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Summary

Medical ultrasound imaging is a widely used real-time technique for non-invasive diagnostics. A key part of an ultrasound scanner system is the transducer probe, which enables
the transmission and reception of ultrasound waves. Conventional ultrasonic transducers
are based on bulk-machined piezoelectric materials, such as lead zirconate titanate (PZT).
In this thesis, an emerging transducer technology is investigated, namely the capacitive micromachined ultrasonic transducer (CMUT). The CMUT relies on an electrostatic
transduction mechanism and provides attractive properties such as high design flexibility
and large frequency bandwidth. The CMUT has been investigated since the early 1990s
and the technology is now matured to the stage of commercialization.
The overall purpose of this PhD thesis is to develop CMUT-based ultrasound probes
for medical imaging. In particular, the focus is to design, fabricate and characterize 1-D
linear CMUT arrays. The CMUT arrays are mounted in prototype probes with integrated
electronics. The CMUT probes presented in this thesis are designed with specifications
similar to commercially available piezoelectric transducer probes from the company BK
Medical ApS (Herlev, Denmark). This allows for a direct comparison between the two
transducer technologies.
A theoretical background is provided, including models for the static behavior and
dynamic behavior of a CMUT. Finite element analysis and experimental studies serve as a
foundation for optimizing the CMUT operating conditions and CMUT design parameters
for medical imaging purposes. 1-D linear CMUT arrays are fabricated using a direct fusion
bonding technique in combination with different schemes for realizing the CMUT cells:
Reactive ion etching, one local oxidation of silicon process, or two local oxidation of silicon
processes.
Seven different CMUT prototype probe generations, based on five different CMUT
array generations, are presented in this thesis. Selected CMUT prototype probes and their
corresponding piezoelectric reference probes are characterized and the results compared.
The CMUT probes are fully functional with commercial BK Medical ultrasound scanner
systems, including bk3000 and bk5000 scanners.
Selected 1-D linear CMUT probes developed during this project are used for ultrasound
imaging of tissue mimicking phantoms as well as in vivo imaging of the carotid artery. The
CMUT probes generally support the same widely used imaging modes as their piezoelectric
equivalents. This PhD project has confirmed that the CMUT technology is a viable
alternative for medical ultrasound imaging.
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SUMMARY

Resumé

(Summary in Danish)
Brugen af ultralyd til medicinsk billeddannelse er en hyppigt anvendt metode til ikkeinvasiv diagnostik i realtid. En central del af et ultralydsskannersystem er transduceren,
som faciliterer udsendelsen og modtagelsen af ultralydsbølger. Konventionelle ultralydstransducere til medicinsk billeddannelse er baseret på et piezoelektrisk materiale, herunder blyzirkonat titanat (PZT).
I denne afhandling bliver en alternativ transducerteknologi til brug inden for medicinsk
billeddannelse undersøgt: Den kapacitive mikrofremstillede ultralydstransducer (på engelsk forkortet CMUT). Denne teknologi beror på et elektrostatisk transduktionsprincip
og giver attraktive egenskaber så som stor designfleksibilitet og stor frekvensbåndbredde.
CMUT-teknologien har været undersøgt siden starten af 1990’erne og har nu udviklet sig
til et stadie, hvor teknologien er kommercialiseret.
Det overordnede formål med denne ph.d.-afhandling er at udvikle CMUT-baserede
ultralydsprober til medicinsk billeddannelse. Projektets fokus er at designe, fremstille
og karakterisere 1-D lineære CMUT arrays. Disse arrays er monteret i prototype-prober
med integreret elektronik. CMUT-proberne er designet med de samme specifikationer som
kommercielle piezoelektriske transducere fra BK Medical ApS (Herlev, Danmark). Dette
muliggør en direkte sammenligning af de to teknologier.
Denne afhandling indeholder en teoretisk baggrund, herunder den statiske og dynamiske opførsel af en CMUT. ”Finite element”-analyse of eksperimentelle undersøgelser
danner grundlaget for at optimere driftsbetingelser og designparametre for CMUTs beregnet til medicinsk billeddannelse. 1-D lineære CMUT arrays er fabrikeret ved brug af en
direkte ”fusion bonding”-metode i kombination med forskellige måder at realisere CMUTcellerne på. Disse metoder er hhv. reaktiv ion-ætsning, en enkelt ”lokal oxidation af
silicium”-proces eller to fortløbende ”lokal oxidation af silicium”-processer.
Denne afhandling præsenter syv forskellige generationer af CMUT-prober, baseret på
fem forskellige generationer af CMUT arrays. Udvalgte CMUT-prober og de tilsvarende
piezoelektriske reference-prober er karakteriseret og deres resultater sammenholdt. CMUTproberne er fuldt ud kompatible med kommercielle ultralydsskannere fra BK Medical,
herunder bk3000-skanneren og bk5000-skanneren.
Udvalgte 1-D lineære CMUT-prober, udviklet i løbet af dette projekt, er brugt til ultralydsbilleddannelse af fantomer (som gengiver kroppens væv) og til ”in vivo”-billeddannelse
af halspulsåren. CMUT-proberne understøtter generelt de samme billeddannelsesteknikker
som deres respektive piezoelektriske reference-prober. Dette ph.d.-projekt har vist, at
CMUT-teknologien er et fordelagtigt alternativ til brug inden for medicinsk billeddannelse.
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Preface

This thesis has been submitted in partial fulfillment of the requirements for obtaining the
Doctor of Philosophy (PhD) degree at the Technical University of Denmark (DTU). The
research presented in this thesis has been conducted in the period from August 2014 to December 2019, mainly at the Department of Micro- and Nanotechnology (DTU Nanotech),
but also at the Center for Fast Ultrasound Imaging (CFU), Department of Electrical Engineering, DTU. The work has been supervised by Professor Erik Vilain Thomsen, PhD,
and co-supervised by Professor Jørgen Arendt Jensen, PhD, Dr. Techn. In January 2019,
the research groups of my two supervisors became part of a new department at DTU,
namely the Department of Health Technology (DTU Health Tech).
This PhD project is part of a larger project named FutureSonics, which is a crossdisciplinary project aiming at developing the next generation medical ultrasound imaging
systems. In particular, the purpose of this PhD project has been to develop integrated ultrasonic transducer prototypes based on capacitive micromachined ultrasonic transducers
(CMUTs). This has been achieved in close collaboration with colleagues at DTU and the
industrial partner BK Medical ApS (including the branch in Herlev, Denmark, and the
branch in State College, PA, USA).
The project has been funded by grant number 82-2012-4 from the Innovation Fund
Denmark (in Danish: Innovationsfonden), BK Medical, and DTU Nanotech.
During the project, the author has had the pleasure of co-supervising a total of 14 engineering projects (five MSc thesis projects, four BSc thesis projects, one Physics project
(in Danish: Fagprojekt), and four special course projects). Furthermore, the author has
had the privilege of attending international conferences in Chicago (USA), Dresden (Germany), Taipei (Taiwan), Rome (Italy), Tours (France), Glasgow (Scotland), Washington
D.C. (USA), Corsica (France), and Kobe (Japan).

Søren Elmin Diederichsen
Kgs. Lyngby, December 2019
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1

Introduction

Ultrasound has been used for medical diagnostics for decades and the field has developed
substantially since the early 1950s, where the first medical ultrasound systems were presented [1–3]. Nowadays, ultrasound imaging systems are very comprehensive and support
multi-purpose diagnostics, including anatomical imaging and blood flow visualization in
real-time. Medical ultrasound imaging, also known as ultrasonography, is considered a
fast, inexpensive, and non-invasive imaging technique. Furthermore, ultrasound scanner
systems are mobile, which makes them easy to relocate.These are some of the reasons why
ultrasound imaging is routinely being used by clinicians and other health professionals as
an alternative or supplement to other imaging modalities, including computed tomography
(CT) scanning, magnetic resonance imaging (MRI), etc.
This chapter begins with a brief description of the basic physical principles of ultrasound. Next, some important concepts of medical ultrasound imaging are covered. Later
in this thesis, these concepts are applied to obtain ultrasound images with a commercial piezoelectric ultrasound probes as well as with CMUT-based ultrasound probes made
during this project.
Then, two transducer technologies are reviewed; starting with the conventional piezoelectric transducer and followed by a description of an alternative transducer technology,
namely the capacitive micromachined ultrasonic transducer (CMUT). In this context, a
brief historical literature review provides an overview of the development of the CMUT
technology, with a particular focus on the 1-D linear CMUT probe development. Then,
the objective and motivation of this PhD project is provided, and a list of the publications
resulting from the work of this PhD project is given. Finally, this chapter is concluded
with an overview of the remaining content of this thesis.

1.1

Ultrasound Physics

The following covers some important aspects of the underlying physics behind ultrasound.
Sound is a propagating mechanical vibration of particles through a medium, such as gas,
liquid, or solid. No net particle displacement takes place, so sound can be considered
a propagating disturbance in the medium. Sound is therefore categorized as a wave of
pressure, and consequently it can be described by the nature of mechanical pressure waves.
Ultrasound is defined as pressure waves with frequencies above the human audible limit,
1

2

CHAPTER 1. INTRODUCTION
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Position, x

Figure 1.1: Basic definitions associated with a periodic wave.

which is around 20 kHz. For medical imaging purposes, the frequency typically in the
range from 1 MHz to 15 MHz [4].
Ultrasound can propagate in a medium as different types of waves. It is primarily
longitudinal waves that are of interest for conventional medical imaging. In particular,
longitudinal waves are per definition waves where the particle displacement is in the same
direction as the wave motion or in the opposite direction of the wave motion.
Cyclic pressure waves are characterized by their amplitude, p, frequency, f , and wavelength, λ, or period, T , as illustrated in Fig. 1.1.
The frequency of a wave can be expressed in terms of its period:
f=

1
,
T

(1.1)

which has the unit of Hz. Moreover, a wave can also be expressed in terms of its angular
frequency, ω:
ω = 2πf .

(1.2)

The acoustic wavelength of an ultrasound wave can be expressed as:
λ=

c
,
f

(1.3)

where c is the speed of sound. As an example; using a scanning frequency of 5 MHz
and the speed of sound in soft tissue (c = 1540 m s−1 ), the wavelength is 0.308 mm. The
wavelength of the ultrasound wave will influence the minimum resolvable object size, so as
a consequence the scanning frequency becomes important in relation to the resolution of an
ultrasound image. In particular, increasing the frequency will increase the axial resolution
(i.e. perpendicular to the transducer surface). However, increasing the frequency comes
with a trade-off; the signal attenuates as it propagates through the medium and this
attenuation is larger at higher frequencies [5]. The attenuation is caused by absorption
and scattering in the tissue. The former is associated with thermal energy dissipating
into the surroundings, while the latter is spread of ultrasound waves in all directions. The
attenuation for different tissues is provided in Tab. 1.1 (given in units of dB/[MHz · cm]).
As an example, for an attenuation of 0.7 dB/[MHz · cm] and looking at tissue in a depth
of 5 cm using a scanning frequency of 5 MHz, the received wave will be attenuated by
35 dB compared to the amplitude of initially transmitted wave. For a 10 MHz signal at
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Table 1.1: Approximate values for attenuation of ultrasound in different tissues. Note that the attenuation
in bone tissue is substantially larger compared to the other listed tissues. Values from [5].

Tissue

Attenuation [dB/(MHz·cm)]

Liver

0.6-0.9

Kidney

0.8-1.0

Spleen

0.5-1.0

Fat

1.0-2.0

Blood

0.17-0.24

Plasma

0.01

Bone

16.0-23.0

the same distance, the attenuation will be 70 dB. Therefore, higher scanning frequencies
are primarily used for visualizing regions close to the transducer surface.
Real-time imaging with ultrasound is one of the key advantages of this imaging modality. The time, t, it takes a pressure wave to travel from the transducer surface to an object
inside the body and back again can be expressed as:
t=

d
,
c

(1.4)

where d is the total distance of the round-trip. As an example, if a transducer emits
pressure waves into soft tissue (c =1540 m s−1 ) to visualize an object at a distance of
10 cm, it takes 65 µs for the round-trip.
The human eye will perceive any motion within a scan section as real-time movement
if the frame rate is above approximately 20 Hz, corresponding to one frame every 50 ms.
Essentially, the speed of sound travelling inside the body tissue allows for high frame rates.
In fact, several hundred transmit-receive (also referred to as pulse-echo) events can be used
to create one image frame.

1.1.1

Characteristic Acoustic Impedance, Reflection and Scattering

The characteristic acoustic impedance is defined as the ratio of acoustic pressure at a
point in the medium to the particle speed at that point. For a plane, progressing wave, a
characteristic acoustic impedance, Zc , can be defined [5]:
Zc = ρc ,

(1.5)

where ρ is the mass density of the medium. The characteristic acoustic impedance plays
an important role in the characterization of plane waves. The densities and characteristic
acoustic impedances for different types of human tissues are listed in Tab. 1.2.
An acoustic wave travelling through a medium will eventually reach an interface to
another medium. When this occurs, the wave will partially reflect and partially continue
to propagate through the interface, potentially in a new direction. The greater the acoustic impedance mismatch, the greater the reflection. Echo signals arising from reflection
are most pronounced when the propagating wave impinges on a plane boundary. However, plane boundaries are rarely seen when visualizing the human body, because the
visualisation of such boundaries is very dependent on the scan angle [5].
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Table 1.2: Table with values for density, speed of sound and characteristic impedance for different types
of human tissues. Data from [5].

Medium
Air
Blood
Bone
Brain
Fat
Kidney
Lung
Liver
Muscle
Spleen
Distilled water

Density
ρ, [kg/m3 ]

Speed of sound
c, [m/s]

Characteristic acoustic impedance
Zc , [kg/(m2 s)]

1.2
1.06 × 103
1.38 − 1.81 × 103
1.03 × 103
0.92 × 103
1.04 × 103
0.40 × 103
1.06 × 103
1.07 × 103
1.06 × 103
1.0 × 103

333
1566
2070-5350
1505-1612
1446
1567
650
1566
1542-1626
1566
1480

0.4 × 103
1.66 × 106
3.75 − 7.38 × 106
1.55 − 1.66 × 106
1.33 × 106
1.62 × 106
0.26 × 106
1.66 × 106
1.65 − 1.74 × 106
1.66 × 106
1.48 × 106

Another phenomenon that gives rise to echo signals is scattering of the ultrasound
wave. This occurs when the size of the structures in the medium is much smaller than
the ultrasound wavelength. Small changes in density, absorption, and compressibility may
result in a scattered wave radiating in all directions. The part that is backscattered is
received by a transducer and can therefore be visualized. Backscattering is an essential
phenomenon for making ultrasound imaging useful for diagnostic purposes. The backscattered signal is typically weaker than the signals reflected from boundaries. Nevertheless,
ultrasound scanners are optimized to show the backscattered signal, which makes it possible to distinguish different tissues [5].

1.2

Medical Ultrasound Imaging

Acquiring knowledge about internal body structures can be accomplished with the application of ultrasound, and the result is in most cases a grayscale image. An example of a
commercial ultrasound scanner system from BK Medical ApS (Herlev, Denmark) is shown
in Fig. 1.2a. Furthermore, an example of a grayscale image of the author’s carotid artery
is shown in Fig. 1.2b.
In the following, the process of acquiring ultrasound images is briefly described (based
on [5]). An ultrasonic transducer (treated in more detail in Section 1.3) is capable of
creating a pulsed pressure field, which can propagate into a medium of interest, e.g. human
tissue. As explained in Section 1.1.1, the pressure waves will partially reflect and scatter,
e.g. when the pressure waves reaches a body organ. These reflected and scattered pressure
waves are captured by the same transducer, which is capable of converting the incoming
sound pressure into an electrical signal. This two-way sequence is known as a pulse-echo
sequence. Moreover, the behavior of only the emitted pressure wave or only the incoming
pressure wave is referred to as the transmit mode or the receive mode, respectively. The
time between the transmission (pulse) and reception (echo) can then be converted into
a corresponding distance (scan depth) using an estimate for a constant sound velocity of
the medium.
The backscattered signal is usually amplified with a time-gain-compensation (TGC)
to account for the signal attenuation as function of depth. Finding the envelope function

1.2. MEDICAL ULTRASOUND IMAGING

(a) BK Medical ultrasound scanner system.

5

(b) B-mode image of a carotid artery.

Figure 1.2: (a) A commercial BK Medical ultrasound scanner system (bk3000). (b) B-mode image of
the author’s carotid artery as acquired using a 1-D linear CMUT probe (later referred to as the Tabla IV
probe) connected to a bk3000 scanner. The CMUT probe has been fabricated during this PhD project.

of the signal and then compressing the signal logarithmically will allow for visualization
that includes the large dynamic range of the ultrasound signal. The measured amplitude
response is denoted an A-line, and is displayed with the amplitude on the vertical axis and
the time, or correspondingly the depth, on the horizontal axis. In this way, the acoustic
properties of the medium and any objects herein can be obtained. This will provide
information about the tissue layers, but does not reveal anything about the size and shape
of a complex object such as a body organ. Nevertheless, this technique can track the
real-time motion of for instance the heart walls.
By displaying several A-lines over time side by side, it is possible to visualize the layermotion of a line perpendicular to the transducer surface. This is known as motion mode
(M-mode). In the resulting image, the amplitude of the lines are displayed as grayscale
values, where white represents high reflection.
A two-dimensional image of subcutaneous structures can be obtained using so-called
brightness mode (B-mode) systems. The early versions of such systems acquired a static
image by tracking the position and orientation of a transducer mounted on a scan arm.
By sweeping the scan arm across a region and thereby obtaining several A-lines, it was
possible to combine depth-dependent grayscale values into a combined, semi-static 2-D
image. The acquisition time was, however, fairly long and thus the resulting image was
prone to blurriness caused by tissue motion.
Nowadays, dynamic or real-time B-mode scanners are used instead. These scanners
acquire several A-lines by moving the ultrasound beam over a region. This beam steering
is achieved by either rotating the sound source (i.e. the transducer) or by utilizing a transducer with several elements. The latter is unquestionably the most common approach.
The obtained data is mapped for display by a digital scan converter.
Overall, two commonly used types of one-dimensional, multi-element transducers exist: The linear array transducer and the phased array transducer. Also, the former can
be slightly curved (known as a convex array transducer) to obtain a larger field of view.
The linear array transducer continuously scans small sections by activating groups of contiguous elements directly over the applicable scan sections. The resulting imaging window
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Figure 1.3: A linear array transducer is shown to the left and a phased array transducer is shown to the
right. Illustrations from [5].

is therefore a combination of all the small sections directly below the flat transducer surface. The number of elements utilized in receive mode is usually increased over time to
compensate for the tissue attenuation. In both the transmit mode and the receive mode
of operation, the focusing is achieved by suitably delaying the individual element signals
in order to obtain a concave wavefront.
The phased array also functions by electronically delaying signals to and from the
elements, but in contrast to the linear array transducer, all elements are active simultaneously and by means of the time-delayed signals, the resulting ultrasound beam can
be steered in different angles to obtain a wider field of view. For both transducer types,
multiple focal points are usually obtained in receive mode.
Principle illustrations of the two transducer types are shown in Fig. 1.3. An ultrasonic
transducer array consists of many transducer elements.The desired frequency and corresponding wavelength of the ultrasound determines the element width and particularly the
element pitch (inter-element distance). The element pitch is in most cases designed to
be less than the wavelength of the ultrasound wave. This is done to avoid interference of
grating lobes resulting from the periodicity of the array. For linear and convex arrays, the
pitch is set to the wavelength (λ-pitch), but for phased arrays the pitch is usually λ/2,
allowing beam steering up to a 90◦ sector angle [5].

1.2.1

Tissue Harmonic Imaging

A widespread ultrasound imaging mode is tissue harmonic imaging (THI). With conventional B-mode imaging, a waveform is transmitted at a specific center frequency (also
referred to as the fundamental frequency), f0 , and the received signal is processed at the
same frequency to create an image. In contrast, THI utilizes that a signal is transmitted
at f0 and that a harmonic frequency (2f0 , 3f0 , ...) of the received signal is processed to
create an image. Most commonly the second harmonic frequency (2f0 ) is used for the
image processing.
The reason why higher order harmonics appear in the first place is that tissue is a non-
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c0 + βu

u

c0
c0

c0

x

c0 − βu
Figure 1.4: Illustration showing the speed of an ultrasound wave as it propagates through a non-linear
medium. The ultrasound wave travels faster in the compressive phase and slower in the rarefaction phase.
c0 is the mean propagation velocity of the waveform, u is the local particle velocity, and β is a non-linearity
parameter.

p
x

Figure 1.5: Principle illustration of how the signal becomes distorted in a non-linear medium. It shows
the local acoustic pressure as function distance for a pulse as measured at two instants.

linear medium, which means that the transmitted ultrasound pulse will distort as it travels
through the medium. This happens because the acoustic pressure changes locally and
thus locally affects the density of the medium [6, 7]. Fig. 1.4 illustrates the instantaneous
velocity components of an ultrasound wave as it propagates through a medium, with mean
speed c0 (i.e. when the medium is at rest) and distorted by a non-linearity term βu, where
β is a non-linearity parameter that describes how much the wavefront is distorted and u
is the local particle velocity.
As just stated, the outcome is that the pressure waves are distorted as they propagate
through the medium. The result is that harmonics build up as function of distance. The
concept is illustrated in Fig. 1.5, where an initial sine waveform turns into a sawtooth
waveform. Among several advantages, the THI mode offers improved lateral resolution,
improved signal-to-noise ratio, and reduced image artefacts resulting from side lobes, grating lobes, and reverberations [6, 7].
As previously described, the signal is significantly attenuated in the medium, so a high
initial pressure is often desirable. In fact, this is particularly true for the case of THI, as
the harmonic content of the received signal is less than the fundamental frequency content
of the received signal. This point is very important to consider in the development of
CMUT probes, as they should support the possibility of THI (as this is a very widespread
imaging mode). Unfortunately, CMUTs intrinsically generate second harmonics, which
should therefore be minimized to achieve a second harmonic signal that reliably comes
from the tissue-generated second harmonics.

1.3

Ultrasonic Transducers

An important part of an ultrasound scanner system is unquestionably the transducer. The
word transducer is popularly used interchangeably with probe and often refers to the probe
handle as such. In general terms, however, a transducer is a physical component that is
able to convert energy from one form to another, e.g. from electrical energy to mechanical
energy. Sensors and actuators are therefore transducer subclasses. Moreover, transducers

8

CHAPTER 1. INTRODUCTION

(a)

(b)

Figure 1.6: (a) Illustration of a piezoelectric transducer array mounted on a flexible PCB. Illustration
from [8]. (b) Cross-sectional photo a piezoelectric transducer array.

for medical imaging are capable of facilitating a two-way transduction mechanism and
are therefore to be considered transceivers. In the following, two different transducer
technologies are presented.

1.3.1

Piezoelectric Transducers

The conventional transducer for medical imaging is based on the piezoelectric effect and is
typically made of a piezoelectric ceramic, most commonly lead zirconate titanate (PZT).
Piezoelectric materials have the property that mechanical deformations occur when an
electric field is applied to the material. Moreover, if a mechanical force is applied to the
material, a change in electrical potential occurs. The reason for this phenomenon is the
electric dipole moments within the piezoelectric material. When a mechanical stress is
applied to the crystal, the electric dipole density is affected such that a change in surface
charge density on the crystal surfaces gives rise to a change in electric field across the
crystal. This change in electrical signal can be captured by a read-out circuitry and
essentially result in an ultrasound image [5].
A generalized structure of a multi-element piezoelectric transducer array mounted
on a flexible printed circuit board (PCB) for medical imaging is shown in Fig. 1.6a,
and an actual cross-sectional photo of a piezoelectric layer stack is shown in Fig. 1.6b.
It essentially consists of a piezoelectric crystal, which facilitates the electromechanical
transduction, metal electrodes on each side, a backing layer, matching layers, and an
acoustic lens.
The matching layers help maximize energy transferred from the probe into the tissue
and from the tissue into the probe. Essentially, the matching layers have an impedance
between that of the transducer material and the scanning medium (for instance soft tissue).
For optimal energy transfer, the thickness of each matching layer (typically two or three
matching layers) should be around 1/4-wavelength. In this way, reflected waves internally
in the matching layer will be in phase when exiting the transducer probe surface. The
acoustic lens in front of the transducer elements acts to electrically insulate the elements
from the patient as well as to focus the pressure waves at a fixed distance, which depends
on the application. To ensure that the signals detected during reception come from the
medium being imaged, a backing layer is included to eliminate unwanted echoes that come
from the back side of the transducer. There are two main backing design approaches: Highimpedance backing and high-attenuation backing. The former has a larger impedance
mismatch to PZT, which produces higher energy output but typically also more ringing.
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Plate/top electrode

Insulation layer(s)

V

Substrate/bottom electrode
Figure 1.7: Cross-sectional schematic of a generalized CMUT cell. A flexible top plate/electrode is
suspended over a fixed bottom substrate/electrode. The plate is supported by an insulation spacer and
an insulation layer is present in the bottom of the cavity to prevent short-circuiting. A vacuum is present
between the insulation layer and the plate.

The latter makes use of a smaller impedance mismatch to PZT, which results in absorption
and therefore lower energy output and less ringing. Furthermore, the backing also serves as
a mechanical fixture that holds all the elements rigidly in place. This is important because
the beamforming algorithms require a known, consistent location of every element.
The resonant frequency of a piezoelectric transducer is, f0,pe , thickness-dependent [5]:
f0,pe =

ccrystal
,
2Lcrystal

(1.6)

where ccrystal is the speed of sound in the crystal (for PZT, ccrystal = 4000 m s−1 ) and
Lcrystal is the thickness of the crystal. As an example, to obtain a frequency of 3 MHz,
the crystal thickness should be 0.67 mm. On the other hand, if an operation frequency of
30 MHz is desired, the thickness should be only 67 µm.
One of the major drawbacks of this transducer technology is related to the way the
elements are made. Considering the fabrication tolerances for the piezoelectric ceramic
and matching layers, it poses a challenge for high frequency transducers, as the layers need
to be very thin (in accordance with Eq. 1.6). Furthermore, the elements are mechanically
diced out by a saw. Thus, the width of the saw blade, which is typically in the range
15 µm to 40 µm for medical transducers, limits the minimum separation distance between
the elements, also known as the acoustic kerf. This means that the relative proportion
of active area versus acoustically dead area decreases with increasing frequency. In other
words, the PZT transducer technology has very limited use for high frequency applications.

1.3.2

Capacitive Micromachined Ultrasonic Transducers

Since the early 1990s, the capacitive micromachined ultrasonic transducer (CMUT) has
been researched as an alternative ultrasonic transducer technology. The CMUT technology
is the fulcrum of this thesis, as it is an exciting and maturing technology, which offers
properties such as large bandwidth and a high degree of design flexibility. A cross-sectional
sketch of a generic CMUT cell is shown in Fig. 1.7. The CMUT relies on a capacitive
actuation mechanism and consists of an electrode pair separated by a gap. In particular,
a thin, flexible plate is suspended over a fixed substrate, both of which are electrically
conductive, and typically made of highly doped silicon and/or metal layers. The support
material is an electrical insulator, e.g. silicon dioxide. In addition to the gap, which is
typically a vacuum, some insulating material(s) (e.g. silicon dioxide and/or silicon nitride)
is usually also present between the electrodes to prevent direct electrical contact between
the two electrodes.
When an external voltage is applied to the capacitor, it becomes charged. Oppositely
charged electrodes induce an electrostatic force, which is always an attractive force. As

10

VAC
VDC

To scanner

CHAPTER 1. INTRODUCTION

VDC
(a) Transmitting CMUT cell.

(b) Receiving CMUT cell.

Figure 1.8: Operation principle of a CMUT. Left: A transmitting CMUT cell. An DC bias voltage, VDC ,
and an AC voltage signal, VAC , are applied to the CMUT. Right: A receiving CMUT cell. The CMUT
operates only with a DC bias voltage. The signal is amplified before interpreted by the scanner electronics.

a result, the flexible plate deflects. If the voltage signal is time-varying, the plate will
generate pressure waves at its surface, with a frequency determined by the drive signal.
In receive mode, impinging pressure waves from the insonified area will cause the
flexible plate to deflect, giving rise to a current or voltage read-out, depending on the
electrical circuitry. In addition to the AC voltage, a DC voltage bias is applied to the
electrode pair to improve the transducer efficiency, which is explained in more detail in
Chapter 2. The principle of operation for the two operating modes are shown in Fig. 1.8.
The lateral geometry of a CMUT cell can be of any shape, but is typically circular,
square or hexagonal. These geometries are used for the CMUTs presented in this thesis.
The size of the individual CMUT cells depend on the operating frequency and available
voltages. Nevertheless, the plate thickness is usually in the order of approximately 1 µm
and the plate diameter/side length is typically approximately 50 µm. The two electrodes
are separated by a vacuum gap of a few hundred nanometers.
The dimensions of the individual CMUT cells are in most cases much smaller than the
wavelength and each element consists of many CMUT cells, all actuated simultaneously
within each element. An overview of a CMUT array layout is shown in Fig. 1.9.

1.4

CMUT Literature Review

In this section, a brief historical review concerning CMUT technology will be provided.
In particular, an overview of some important milestones up until the fabrication process
used in this thesis is presented. Next, special attention is given to the development of 1-D
CMUT probes. More references to publications related to CMUTs will be presented in
the chapters to which they are relevant.
Statistics for the number of CMUT-related publications from 1994 until mid-August
2019 are shown in Fig. 1.10. The two bar charts show the number of publications per year
for publications concerning CMUTs in general and CMUT probes, respectively. Based
on a specific search string, there are 1131 CMUT-related articles published since 1994.
Furthermore, there are 132 search results for the articles related to CMUT probes since the
first of these was published in 2002. Although the number of published articles fluctuate
from year to year, the overall trend is that the number of publications per year has
increased over the years. Note that many of these publications are conference proceedings
from the IEEE IUS conference.
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Figure 1.9: CMUT array layout.
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Figure 1.10: Bar charts of CMUT publications per year between 1994 and mid-August 2019 using different search criteria. (a) (”capacitive micromachined ultrasonic transducer*” OR ”CMUT” OR ”CMUTs”
OR ”electrostatic ultrasonic air transducer”) (removed one from 1986 and one from 1993). (b) (”capacitive micromachined ultrasonic transducer*” OR ”CMUT” OR ”CMUTs” OR ”electrostatic ultrasonic air
transducer”) AND ”probe*”.
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CMUT Development

The principle of using a capacitive actuation mechanism for ultrasound generation and
reception has been described by Schindel et al. in a publication from 1993 [9] and in an
extended version in 1995 [10]. These transducers were, however, only partly microfabricated, as they had microfabricated cavities, but were covered by a kapton or mylar film.
This made it difficult to control the resonant frequency.
The first work on what is now known as the CMUT was published in a conference
proceeding in 1994 by Mathew I. Haller and Butrus T. Khuri-Yakub [11] at Stanford
University. A technique for fabricating an electrostatic transducer using standard silicon
surface micromachining techniques was presented. In particular, a 1.9 MHz transducer
for air applications was described and models for the theory of operation were presented.
The CMUTs were fabricated using a sacrificial release process (with silicon dioxide as a
release layer) and the plate was made of silicon nitride. In fact, only one mask was used.
In 1996 an extended version of this work was published in a journal article by the same
authors [12].
Almost concurrently, Ladabaum et al. from Siemens worked on the development of what
they referred to as Micromachined Ultrasonic Transducers (MUTs). In 1995, they published a conference proceeding about the fabrication and modeling of MUTs [13]. The
year after, in 1996, an expanded journal paper by the same authors was published [14].
Also in 1996, Eccardt et al. presented CMUTs fabricated with a standard complementary
metal-oxide-semiconductor (CMOS) process [15].
The first demonstration of CMUTs generating ultrasound in water was presented by
Soh et al. [16] in 1996. In particular, results from transmission measurements of CMUTs
in water indicated that CMUTs have a very broadband behavior.
These early publications on CMUTs established a future hope for making transducers
that could be fabricated using standard silicon processing methods and potentially be
integrated with control electronics.
In a proceeding from 2002, Ergun et al. [17] presented a new method for fabricating
CMUTs, namely using a wafer bonding technique. The same research group from Stanford
treated this approach in more detail in a journal paper from 2003 (Huang et al. [18]).
With this technique, two wafers are bonded directly by means of fusion bonding in a
vacuum environment. One wafer contains the CMUT cell cavities (resulting from etching
in thermally grown silicon dioxide) and the other wafer is a silicon-on-insulator (SOI)
wafer that eventually will be thinned down to define the flexible plate.
A new type of sacrificial release method was presented by Caliano et al. in 2005 [19].
In this work, a method referred to as a reverse fabrication process was successfully used
to fabricate CMUTs. In contrast to conventional sacrificial release processes, which can
be considered bottom-up approaches, the fabrication method proposed by Caliano et al.
is a top-down approach with which the top layers of the resulting device are made first.
One important structural outcome of this approach is that the electrical pads are placed
on the backside of the final device.
In 2008, a local oxidation of silicon (LOCOS) process for making the CMUT cavities
was presented by Park et al. [20]. A more detailed journal paper on CMUT fabricated
using a LOCOS process in combination with a wafer bonding technique was presented by
the same group in 2011 [21].

1.4.2

1-D Linear CMUT Array Development

Several academic groups and private companies have engaged themselves in the development of CMUT probes intended for clinical use.
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In the year 2000, the very first experimental results of pulse-echo imaging with a 16element, 1-D linear CMUT array were presented by Oralkan et al. [22]. The CMUT array
was fabricated using a sacrificial release process, as reported earlier by Jin et al. [23].
In 2002, further development of linear CMUT arrays for 2-D imaging were presented
[24, 25]. Oralkan et al. from Stanford University presented the first pulse-echo phased
array B-scan sector images using a 128-element, 1-D linear CMUT array [24]. Caliano
et al. [25] presented the design and fabrication of a 64-element, 1-D linear CMUT array
intended for connection with the Technos R echographic system from Esaote SpA (Genoa,
Italy).
As a brief remark, Oralkan et al. presented the first volumetric imaging obtained
using a 2-D CMUT array in 2003 [26]. Companies have also been interested in medical
ultrasound imaging using CMUTs. In 2003, General Electric (Boston, MA, USA) achieved
the first real-time in-vivo ultrasound images [27,28] having a CMUT array connected to a
commercial ultrasound system. The CMUT array was provided by Sensant Corp., which
was later acquired by Siemens. In 2004, a collaboration between Esaote and AcoustoElectronics Laboratory of Roma Tre University (Aculab) also led to real-time in-vivo
images with a CMUT probe [29], which was further improved in [30]. Also in 2004, David
M. Mills from General Electric (GE) Global Research presented results from measurements
with a wafer-bonded CMUT probe [31]. In 2005, Daft et al. from Siemens Medical
Solutions explored the synergies between CMUTs and electronics for medical imaging,
using a curved CMUT array [32]. Vermon S.A. (Tours, France), a French ultrasound probe
manufacturer, has also been involved in the development of CMUT probes. In 2008, they
presented a comparative study of the performance of both a piezoelectric probe and a
CMUT probe [33].
Another effort to commercialize a linear CMUT array probe was made by Hitachi
Medical Corporation (Tokyo, Japan). In 2009, they announced the allegedly first commercial CMUT product [34, 35]. The probe was named Mappie and was intended for
breast imaging. In 2017, they presented a so-called 4G CMUT probe. The probe relies
on a what the refer to as a matrix arrangement of CMUT cells to achieve a high degree
of freedom in terms of imaging capabilities, by selectively operating a subset the CMUT
cells. The 4G CMUT probe is compatible with the Hitachi ARIETTA 850 ultrasound
scanner system [35].
In 2012, Savoia et al. [36] presented a 192-element, 12 MHz linear CMUT probe for
medical imaging. The CMUT array was fabricated using a reverse fabrication process,
particularly using the top-down approach presented in [19]. A custom acoustic backing
was applied as part of a special packaging procedure. Electrical impedance measurements
were performed on a CMUT array mounted in a probe handle, but without a silicone
lens. Acoustical measurements were performed on a fully assembled prototype probe
(with a silicone lens). The performance of the CMUT prototype probe was compared to
that of an Esaote LA435 commercial piezoelectric transducer. When comparing with the
piezoelectric probe, it was found that the CMUT prototype probe had a lower transmission
sensitivity (−4.2 dB at the nominal center frequency) and a higher two-way sensitivity
(5 dB at the nominal center frequency). The higher two-way sensitivity of the CMUT
probe is the result of a higher reception sensitivity. Furthermore, in vivo images using
different imaging modes were successfully acquired with the CMUT probe connected to
an Esaote Technos ultrasound imaging system.
In 2014, the Technical University of Denmark (DTU) presented a 128-element, 1-D
linear CMUT prototype probe, containing a CMUT array made by the author of this
thesis [37]. This was achieved in collaboration with BK Medical and the fully assembled
CMUT probe worked with a commercial BK Medical ultrasound scanner. Since 2014,
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several linear CMUT prototype probes have been made as a result of this collaboration.
The development of these probes as well as the assessments of their performance are
presented in this thesis.
Kolo Medical Inc. (San Jose, CA, USA) is a company that develops high frequency
CMUT probes. The company collaborates with Verasonics, specialists in research ultrasound systems. In 2015, Kolo Medical presented its first high frequency probe for medical
imaging, namely a 15 MHz, 256-element linear CMUT probe [38]. Since then, Kolo Medical has developed a variety of CMUT probes, including a so-called one-probe solution in
2016 [39], with multiple elements in the azimuthal and elevational dimensions. Furthermore, in 2018, an ultra-high frequency, 50 MHz CMUT probe was presented [40].
Phillips Research NV (Eindhoven, the Netherlands) has also worked with the development of CMUT-based ultrasound probes, including their work on frequency tuning of
collapse-mode CMUTs [41–43]. They currently offer to assist in the design of CMUTbased devices as well as to fabricate the devices at their MEMS foundry (Eindhoven, the
Netherlands), which is specialized in low to medium volume custom MEMS manufacturing.
Another facility that has developed CMUT arrays and also offers to manufacture
CMUT-based devices for costumers is Fraunhofer IPMS (Dresden, Germany). They claim
to offer a process that can deliver small series and pilot productions on 200 mm wafers of
CMUT modules that can be integrated in standard CMOS processes [44].
Most recently, in 2018, Butterfly Network, Inc. (Guilford, CT, USA) introduced an
inexpensive, one-probe CMUT-based solution for point of care medical ultrasound imaging. The probe is named Butterfly iQ and contains a 2-D array of 9000 micromachined
transducer elements. It connects directly to mobile devices (smartphones or tablets) via
a cable. Furthermore, the probe is capable of emulating linear, curved, or phased array
transducers - and in principle also volumetric imaging (not yet supported by the software).
The Butterfly iQ probe was first cleared by the Food and Drug Administration (FDA)
for the US market, but has since 2019 achieved the CE marking and thereby been made
available for several markets in Europe. The probe is priced under USD 2000 (plus subscription). With the affordability, portability and versatility of the Butterfly iQ probe, it
has definitely disrupted the market of point of care ultrasound. Nevertheless, the Butterfly
iQ probe does not compete with the highest image quality of the highly specialized probes
and ultrasound systems currently available on the markets. There are therefore certainly
still incentives for developing CMUT-based ultrasound probes.

1.5

Motivation and Objective

Current medical ultrasound imaging relies on multi-element piezoelectric transducers, typically with an element pitch of one wavelength (λ) or half a wavelength (λ/2). As the
frequency of operation in medical ultrasound is typically in the range of 1 MHz to 20 MHz,
the wavelength is in the order of 0.075 mm to 1.5 mm. Plots of the element pitch as function of operation frequency for three different element pitches are shown in Fig. 1.11.
The shaded areas mark the typical imaging applications associated with the respective
frequency range. For instance, deep organs are typically visualized at frequencies between
1 MHz and 10 MHz. On the other hand, higher frequencies are used for imaging skin, eyes,
and for IntraVascular UltraSound (IVUS) imaging. Note that the higher the frequency is,
the smaller the numerical element pitch needs to be. Especially for λ/2-pitch transducers,
the element pitch has to be very small for high frequency applications.
Plots of the relative active area (nomalized to the array footprint) as function of
frequency for both a CMUT and a piezoelectric transducer are shown in Fig. 1.12. It is
assumed that the CMUT cell fill-factor is 70% and that the distance between the CMUT
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Figure 1.11: Element pitch versus frequency for three different imaging array types, namely λ-, λ/2-, and
2λ-pitch arrays. The shaded areas indicate the typical imaging purposes. Higher frequency applications
require a small element pitch, especially critical for the λ/2-pitch array.

element electrodes is 4 µm. The width of the saw blade and hence seperation distance
between the piezoelectric elements is set to 20 µm. Note that the λ/2-pitch transducer
graphs intersect at approximately 12.5 MHz, indicating a relatively larger active area for
the CMUT at higher frequencies.
An important application of particular interest for the CMUT technology is high frequency medical imaging applications. This is the case due to the possibility of defining
small-sized features using photolithographic processes. In particular, the separation between the element electrodes can be made very small and even result in a negative effective
kerf. Furthermore, as the resonant frequency of the piezoelectric transducer is inversely
proportional to the crystal thickness, it may be impractical to fabricate high frequency
piezoelectric transducers. Thus, a new transducer technology is needed to advance and
exploit the possibilities of ultrasound technology.
Silicon-based integrated transducers have been developed in recent years. Especially
the CMUT technology has shown promising results as acoustic transducers. CMUTs
are made using well-known fabrication techniques developed by the semiconductor industry. This allows for precise control over small feature sizes and hence the possibility to
make miniaturized ultrasonic transducers with characteristic sizes of some tens of microns.
These can then be grouped to form larger elements in equivalence with the piezoelectric
blocks/elements featured in current ultrasonic transducers. Even though the technology
has been around for many years, it still has not had its global commercial breakthrough.

1.5.1

The FutureSonics Project

This PhD project is part of a larger research project with the overall aim of developing
a new platform and business model for on-demand diagnostic ultrasound imaging. The
nature of the overall project makes it a multidisciplinary collaboration with partners from
the industry as well as from the academia. The total budget is DKK 149 million and
the project, which started in 2012, was originally set to last five years. Co-financing with
DKK 75 million, the Innovation Fund Denmark (formerly known as the Danish National
Advanced Technology Foundation) made its largest single financial contribution in the
history of the foundation, in line with their goal of strengthening research and innovation

16

CHAPTER 1. INTRODUCTION

Normalized active area

1

λ-pitch CMUT
λ/2-pitch CMUT
λ-pitch PZT
λ/2-pitch PZT

0.9
0.8
0.7
0.6
0.5

0

10
20
Frequency [MHz]

30

Figure 1.12: Normalized active area versus frequency for a piezoelectric array and a CMUT array with
both λ-pitch and λ/2-pitch. The normalized active area, or fill-factor, is the active part of the transducer
elements normalized to the total area of the array footprint. In the case of the CMUT, a cell fill-factor of
70% is assumed. Due to the difference in manufacturing, the kerf of the CMUT array can be made very
small compared to the piezoelectric array. At higher frequencies, the CMUT arrays have a higher relative
active area compared to the piezoelectric arrays, especially for the λ/2-pitch array.

with the purpose of creating progress and jobs in Denmark. The collaborating partners
include the ultrasound scanner company BK Medical ApS (Herlev, Denmark) and their
ultrasound probe development department (formerly known as Sound Technology, Inc.) in
State College, PA, USA. Furthermore, the Danish hospital Rigshospitalet (Copenhagen,
Denmark), the sensor manufacturer Meggitt A/S (Kvistgård, Denmark), and the IT company Alexandra Institute (Aarhus, Denmark) have been involved. Finally, several groups
from the Technical University of Denmark (DTU) have been involved: The Electronics
Group at DTU Electrical Engineering, and the Center for Fast Ultrasound Imaging and the
MEMS-AppliedSensors group at DTU Health Tech. The last two groups were previously
part of DTU Electrical Engineering and DTU Nanotech, respectively.

1.5.2

This PhD Project

In this PhD project, 1-D linear CMUT arrays are designed, fabricated and characterized.
The aim is to provide an alternative transducer platform for medical ultrasound imaging. Analytical models and numerical simulations are used to design the CMUT arrays.
The CMUTs are fabricated in a world-class research cleanroom located on DTU campus, namely at DTU Nanolab (formerly known as DTU Danchip), the National Centre
for Micro- and Nanofabrication. The performance of the fabricated CMUT arrays is assessed for the bare CMUT chips as well as for CMUT arrays fully mounted in prototype
probes. New CMUT prototype probes have iteratively been made based on the knowledge
of previous versions.
The development of CMUT probes, in the light of this project, was given the name
Tabla for its metaphorical similarity with the Indian membranophone percussion instrument of the same name. This will therefore be used in the naming of the different prototype probe iterations described later on. All together, seven different generations of
linear CMUT prototype probes are presented in this thesis. Some of these have been
characterized and directly compared to commercial piezoelectric ultrasonic probes. Several requirements were set for the CMUT probes: First of all, they should imitate already
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Figure 1.13: A mindmap illustrating some of the considerations associated with the requirements, restrictions, and processes involved in the development of a CMUT probe.

existing and commercially available linear PZT probes, please see Table 1.3 for more details. Secondly, the CMUT probes are made to be connectable to commercial BK Medical
scanners. Thirdly, the CMUT probes should be applicable to the same imaging modes as
their piezoelectric counterparts, including THI.
The successful realization of CMUT probes involves many considerations regarding the
system integration. Fig. 1.13 provides an illustrative overview of the different considerations involved in the process of developing a CMUT probe. Regarding scanner system
compatibility, requirements arise from the available supply voltages as well as cable and
connector standards. This directly imposes crucial design criteria for the CMUT arrays,
for instance in terms of the need of custom made probe electronics, flex-print and buffer
amplifier electronics boards. For the CMUT chip, a suitable fabrication process should be
chosen and the array layout/footprint should comply with the electronics and fit inside
the probe nose-piece. Furthermore, the individual CMUT cell designs are based on the
requirements related to the pull-in voltage and center frequency. The latter is determined
by the imaging application of the specific transducer. Also, the probe handle, whether
3D printed or milled, should be mechanically robust and must be safe for the operator
and patient to use. For instance, a polymer material should prevent the user from electric
shock and act as an acoustical lens.
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Because of the aforementioned interrelations, the design space associated with the
realization of a fully assembled prototype CMUT probe for medical imaging is therefore
somewhat limited. The process of meeting these requirements is a cornerstone of this
thesis.
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Table 1.3: Overview of 1-D linear piezoelectric transducers used as reference probes for the CMUT probes
presented in this dissertation. For later reference, the Tabla CMUT probes corresponding these reference
probes are listed in the bottom of the table. The transducers are produced by BK Medical.

BK Medical Transducer
Parameter

8812

9032/8L2

9070/18L5

Transducer type

Linear

Linear

Linear

Frequency range, [MHz]

3.75-8

2-8

5-18

128

192

192

38 × 5

38.4 × 6

38.4 × 3.5

45 mm × 14 mm

45 mm × 14 mm

630 mm2

20

42

15

4-75

10-75

5-60

Small organs,

Small organs,

Small organs,

peripheral vessels,

peripheral vessels,

peripheral vessels,

pediatrics

pediatrics,

pediatrics,

musculoskeletal

musculoskeletal

B, M,

B, M, CFMa,

B, M, CFMa,

Doppler, CFMa

Doppler, THIb,

Doppler, THIb,

elastography, VFIc,

elastography

No. of elements
Contact surface (acoustic), [mm]
Contact surface (overall)
Transverse focal length, [mm]
Focal range, [mm]

Typical applications

Basic imaging modes

contrast imaging
Scanner compatibility
Corresponding CMUT probe
a
b
c

CFM: Color Flow Mapping
THI: Tissue Harmonic Imaging
VFI: Vector Flow Imaging

bk2100, bk2200,

bk3000, bk3500,

bk3000, bk3500,

bk2300

bk5000

bk5000, bkSpecto

Tabla I-IV

Tabla V-VI

Tabla HF
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by the topic). These publications are also listed chronologically in Appendix A. The
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Thesis Outline

This PhD thesis consists of the following chapters:
Chapter 1 - Introduction: This introductory chapter provided a basic background for
the understanding of medical ultrasound imaging, including imaging schemes and
two different transducer technologies. The choice of the capacitive ultrasonic transducer (CMUT) technology as the platform for this PhD project was justified, and
a brief literature review with focus on 1-D linear CMUT arrays was provided. Furthermore, the details regarding the project were given.
Chapter 2 - Theory: This chapter provides a theoretical foundation for understanding
the static and dynamic behavior of the CMUT. Lumped element modeling provides
expressions that can be used to evaluate impedance measurements on bare CMUT
arrays.
Chapter 3 - CMUT Optimization: This chapter covers the process of optimizing the
CMUT design and the CMUT operating conditions for medical imaging purposes.
The chapter includes finite element analysis as well as experimental work.
Chapter 4 - CMUT Design: In this chapter, the Tabla CMUT design considerations
are covered. This includes the structural layout of the individual CMUT cells as well
as the layout of the CMUT arrays. This leads to the choice fabrication processes for
the different CMUT array generations realized during this project.
Chapter 5 - Microfabrication: Different methods for fabricating CMUTs are reviewed.
The quality of thermally grown silicon dioxide is examined. Furthermore, the fabrication processes of the different Tabla CMUT generations are provided.
Chapter 6 - Back-End Processing: The process of mounting CMUT arrays on printed
circuit boards is described. This includes the process of wire-bonding and coating
with a polymer for acoustic measurements.
Chapter 7 - CMUT Chip Characterization: The CMUTs are characterized on a chiplevel, i.e. they are not mounted in a probe handle. The characterization includes
impedance and acoustic measurements.
Chapter 8 - CMUT Probe Development: The design considerations of the linear
Tabla CMUT prototype probes are presented and a generic probe assembly process is described.
Chapter 9 - Probe Characterization: This chapter presents the acoustic characterization of some of the fabricated linear Tabla CMUT prototype probes and their
equivalent piezoelectric reference probes. In addition, images acquired with the
Tabla probes are presented and compared to piezoelectric probes.
Chapter 10 - Conclusion and Outlook: Finally, an overall conclusion and some future prospectives are provided.

CHAPTER

2

Theory

In this chapter, a theoretical foundation is provided to better understand the important
mechanisms determining the CMUT characteristics. This serves as the basis for achieving
optimized CMUT designs. As such, the models presented in this chapter serve as a toolbox
for predicting various scaling tendencies. Furthermore, the models are used to verify Finite
Element Models (FEM), which are used to find the design parameters of the CMUT
cells. The governing equation for the plate deflection serves as a starting point for finding
the deflection profile of both a circular plate and a square plate under uniform load,
including expressions for the center deflection. Then, the first eigenfrequency of a CMUT
plate is given to provide some important dimensional scaling dependencies for the first
resonant frequency in air. From an electrostatic analysis, the stable position, effective
spring constant, and the pull-in voltage are derived. Next, an electrodynamic analysis
starts with an expression for the total energy stored in a CMUT system and leads to the
state equations describing the dynamic behavior of a CMUT. Then, the analytical models
are used to derive the small signal dynamic behavior of a CMUT, by lumping parameters
in the relevant energy domains, namely the electrical domain, the mechanical domain,
and the acoustical domain. The circuit equivalent modeling is used to extract important
figures of merit from impedance measurements, as will be presented in Chapter 7.

2.1

Plate Bending

A cross-section of a CMUT cell is shown Fig. 2.1, together with annotations of important
parameters used in the theory development.
a, L/2
h
g

w0
V

hox

Figure 2.1: Cross-sectional sketch of a CMUT cell with annotations.
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The governing equation for the deflection of isotropic thin plates can in cartesian
coordinates be written as [45]:
∂4w
∂4w
∂4w
p
+
2
+
=
,
4
2
2
4
∂x
∂x ∂y
∂y
D

(2.1)

where w is a function that describes the plate deflection profile, p is the lateral distributed
load applied to the top plane of the plate. Note that the total applied pressure results
from the forces from both the atmospheric pressure patm and the electrical force Fe due
to the applied voltage, i.e. p = patm + Fe /A, where A is the area of the plate [46]. D is
the isotropic flexural rigidity of the plate:
D=

Eh3
,
12(1 − ν 2 )

(2.2)

where E is the modulus of elasticity (or Young’s modulus), h is the thickness of the plate,
and ν is Poisson’s ratio.
For circular plates it is convenient to express the governing equation (Eq. 2.1) in polar
coordinates:
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An exact solution for a circular, clamped plate can be calculated by integrating Eq. 2.3
using proper boundary conditions, namely a finite center deflection, no deflection at the
edge, and zero slope at the center and edge.
The resulting deflection profile of an isotropic circular plate becomes:

 r 2 2
w(r) = w0 1 −
,
(2.4)
a
where r is a radial point away from the center, a is the plate radius of the circle, and w0
is the center deflection (thus maximum displacement):

pa4
.
(2.5)
64D
For a square, isotropic plate with side length 2L, the numerically determined center
deflection can be written as [47]:
w0 =

pL4
.
(2.6)
D
So far, the plate theory has been developed for isotropic plate materials. Nevertheless,
the plate of a CMUT is in fact often of an anisotropic material, such as silicon. This is
for instance the case for wafer-bonded CMUTs, where the device layer of a Silicon On
Insulator (SOI) wafer consitutes the plate. For such plates, an anisotropic plate equation
exists [47]:
w0,square = 0.020245
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(2.7)

where k2 is a plate equation coefficient and Dani is the anisotropic flexural rigidity:
1 3 eff
h C11 ,
12
is an element from the stiffness matrix, as explained in detail in [47].
Dani =

eff
where C11

(2.8)
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In the work by la Cour et al. [47], it was shown that the error of using an isotropic
plate deflection profile can be up to 10% compared to finite element modeling, whereas
the error is < 1% using the anisotropic plate equation.
The anisotropic plate deflection profile is:


wani (r) = w0,ani 1 −

 r 2 2
a

,

(2.9)

where w0,ani is the center deflection and thus maximum deflection given by:
w0,ani =

1
pa4
,
8(3 + k2 + 3k4 ) 64Dani

(2.10)

where k4 is a plate equation coefficient. Note that the isotropic plate deflection profile
and the anisotropic plate deflection profile differ only by a factor on the center deflection.
In other words, the shape of the deflection profile is identical for the two cases and the
scaling with respect to dimensional parameters is the same.

2.2

Eigenfrequency

The eigenfrequency, or natural frequency, is the oscillation frequency of an undamped
system. The fact that the system is undamped means that no external forces acts on it
and so energy is conserved. The Rayleigh-Ritz method can be used to estimate the first
eigenfrequency in air, ω0 . It is a classical variational method used to find the eigenvalues
of an oscillating system, as described in [48]. The eigenfrequency can be approximated
using the Rayleigh-Ritz quotient, R(ω):
ω0 ≈

p
R(ω) .

The starting point is therefore the Rayleigh-Ritz quotient, R(ω):
Ra
(ωD∇2 ∇2 ω)2πrdr
,
R(ω) = r=0R a
2
0 (ρhω )2πrdr

(2.11)

(2.12)

where ∇ is a differential operator.
The calculations are omitted, but the resulting Rayleigh quotient becomes:
R(ω) =

302D
.
3a4 hρ

(2.13)

Inserting the expression for the flexural rigidity (Eq. 2.2), the first eigenfrequency for
a circular isotropic plate in air is given as:
s
p
80
E
h
ω0 ≈ R(ω) =
.
(2.14)
2
9 ρ(1 − ν ) a2

This frequency is in units of radians per second. Note the direct linear proportionality
with the plate thickness, h, and that the frequency scales with one over the radius squared,
1/a2 . These scaling trends are part of the considerations when finding the dimensional
design parameters. In fact, the same scaling trends are seen for the eigenfrequency of
square plates [49].
However, the frequency that can be measured is the resonant frequency, which is the
oscillating frequency of a damped system. In general, the resonant frequency is always
lower than the eigenfrequency due to the overestimate of the Rayleigh-Ritz method [45] as
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well as the media damping of a real system. Nevertheless, Eq. 2.14 is a good approximation
for the resonant frequency in air.

2.3

Electrostatic Analysis

The deflection profile of a flexible plate of a CMUT can be used to develop expressions for
the electrostatic behavior of a CMUT. In the following, an expression for the total capacitance of a CMUT with a deflection profile is presented. Furthermore, a brief comment on
the phenomenon of parasitic capacitance is given. Then, based on energy considerations,
the important electrostatic parameters are found, including the pull-in voltage and the
pull-in displacement point. Note that the center deflection, w0 , is used as a reference
throughout the remaining theory development. Furthermore, a constant shape deflection
profile is assumed and the center deflection has an implicit time-dependency. In reality,
the electric field is not uniform across the CMUT for a given voltage. This is due to the
deflection profile of the plate. As a result, the deflection profile depends on the center
deflection. However, the distortion caused by the varying electric field can be shown to be
negligible, so considering a constant deflection profile is in general a good assumption.

2.3.1

Capacitance

Capacitance is a measure of the stored electrical charge of a system, Q, as a response to
an applied voltage, V . In particular, the capacitance between two electrodes is C = Q/V
and is in units of coulomb per volt, or simply Farad.
As illustrated in Fig. 2.1, a generalized CMUT cell is comprised of two conductive
layers (electrodes) separated by a vacuum gap and one or more dielectric layers.
Consider a CMUT cell with no plate bending, and ignoring the contribution from
the area outside the vacuum gap. Under this simple assumption, the CMUT cell can be
considered as a parallel plate capacitor, and its capacitance can be found as:
0 r A
,
(2.15)
l
where 0 is the vacuum permittivity, r is the relative permittivity of the insulating material
between the electrodes, A is the area of the flexible part of the top plate/electrode, and l
is the distance between the electrodes.
For the simplified CMUT cell, an effective gap, geff , can be defined. This takes into
account the different permittivities of the insulation stack between the electrodes:
C=

geff = g +

N
X
hn
,
r,n

(2.16)

n=1

where g is the vacuum gap, N is the total number of other insulation layers, hn is the
thickness of the nth dielectric layer and r,n is the relative permittivity of the nth dielectric
layer. Note that geff has no physical meaning. As an example, imagine two electrodes
separated by a vacuum gap, a silicon dioxide layer of thickness of hox , and a silicon nitride
layer of thickness hni . This will result in an effective gap as given by:
geff = g +

hox hni
+
,
ox
ni

(2.17)

where ox and ni are the relative permittivities of silicon dioxide and silicon nitride,
respectively.
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Cp

Ccell

Figure 2.2: Illustration of the measurable capacitance mapped into discrete components: The active part
of the cell, Ccell , and the non-active areas that contributes with parasitic capacitance, Cp .

In this way, a total series capacitance for a zero-deflected CMUT, Ctotal,0 can be written
as the sum of the contributions from the vacuum gap and all the layers of the dielectric
stack:

Ctotal,0 =

N
X
1
Cn

n=1

!−1

=

0 A
,
geff

(2.18)

where N is the total number of insulation layers (including the vacuum gap) and Cn is the
capacitance of the nth insulation layer. As shown earlier in this chapter, a CMUT has a
static deflection profile. The total capacitance of a CMUT can be written as:

C(w0 ) =

Z

geff

0
dA ,
− w(x, y)

(2.19)

where w(x, y) is the deflection.
The total electrical capacitance for a circular plate can be found by using the known
deflection profile w(r) (as given in Eq. 2.4):

Ctotal,circular =
=
=

R a R 2π

r0
r=0 θ=0 geff −w(r) dθdr
Ra
2πr0

 dr
2 2
0
geff −w0 1−( ar )
q

w0
0 πa2 arctanh
geff
√
geff w0

= Ctotal,0

q

geff
w0 arctanh

q

w0
geff

(2.20)
(2.21)



(2.22)
.

(2.23)

For different geometries, the capacitance will vary because of the different deflection profiles.
Parasitic Capacitance
In short, parasitic capacitance in a electrical system is the unwanted capacitance. This is
also the case in ultrasound scanners, where it exists several places in the scanner system.
Particularly for a CMUT, the parasitic capacitance comes from the static areas outside
the active part of the CMUT cells, i.e. the inactive areas covered by the electrode pair.
This is conceptually illustrated in Figure 2.2, where the lumped parameters, Cp and Ccell ,
represent the is the parasitic capacitance and capacitance of the active part of the cell,
respectively.
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Energy Considerations

The total energy stored in a CMUT, Ut , when the system is assumed to be loss-less, can
be expressed as [47]:
Ut = Us − Ue − Up ,

(2.24)

where the first term accounts for the internal energy of the transducer, in the static case
therefore the potential energy. It is also known as the strain energy. The last two terms
in Eq. 2.24 are the electrical energy stored in the capacitor due to the applied voltage and
the work done by the external pressure, respectively. Note that Ue and Up have negative
signs, which is due to the fact that work is done on the system by both the voltage and the
external pressure. Since only the static behavior is considered, the applied voltage is the
DC bias voltage and the pressure is the pressure difference due to the difference between
atmospheric pressure and vacuum. As previously stated, the center deflection, w0 , is used
a reference in the calculations.
As the plate is considered thin, stress in the z-direction can be ignored and so plane
stress is assumed. The strain energy is found as a volume integral of the strain energy
densities, using the strain and stress relations as provided in [47]. The strain energy can
be calculated as:
Z Z Z
1
Us =
(σ1 1 + σ2 2 + σ6 6 )dxdydz ,
(2.25)
2
Ω
2

2

2

w(x,y)
where 1 = −z ∂ w(x,y)
, 2 = −z ∂ w(x,y)
and 6 = −z ∂ ∂x∂y
.
∂x2
∂y 2
The strain energy of the plate can be expressed as [48]:

1
Us = k0 w02 .
2

(2.26)

The stored electrical energy [48]:
1
Ue = C(w0 )V 2 ,
2
where C(w0 ) for the circular plate is the capacitance described by Eq. 2.23.
The work done by the external pressure, p, on the CMUT system is:

Up =

Z

pwdA ,

(2.27)

(2.28)

A

which corresponds
to the work done by a pressure, p, on a flat piston with a surface area
R
of A0 = A w/w0 dA. Therefore:
Up = pw0 A0 .

(2.29)

Writing Eq. 2.24 in full gives:
1
1
Ut,mech = k0 w02 − C(w0 )V 2 − pw0 A0 .
(2.30)
2
2
This equation accounts for the mechanical energy stored in the CMUT.
The total mechanical force is found as the first derivative of the total potential energy
with respect to the center deflection:
Ftotal =

∂Ut,mech
1 ∂C(w0 ) 2
= k 0 w0 −
V − pA0 .
∂w0
2 ∂w0

(2.31)
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The stable position, in the static case (with no kinetic force term), is where the total
force is zero, thus:
k0 w0 = pA0 +

1 ∂C(w0 ) 2
V .
2 ∂w0

(2.32)

An effective spring constant, keff , can be found by differentiating the total force with
respect to the center deflection:
keff =

1 ∂ 2 C(w0 ) 2
∂Ftotal
= k0 −
V .
∂w0
2 ∂w02

(2.33)

Note that the effective spring constant depends on a constant related to the spring and
a term due to the electrostatic force. The latter term decreases with increasing voltage, V ,
and this voltage-dependency of the effective spring constant is known as spring softening.
When the effective spring constant is zero, the electrostatic force equals the spring
force, and this is referred to as the pull-in condition. The pull-voltage, Vpi , at which this
occurs can be found by setting keff = 0 in Eq. 2.33:
v
u
u 2k0
Vpi = t ∂ 2 C(w

0)

.

(2.34)

∂w02

Inserting the above equation into the equation for the stable position (Eq. 2.32), an
expression for the center deflection at the pull-in point can be obtained:
∂C(w0 )
∂w0
∂ 2 C(w0 )
∂w02

w0,pi =

+

pA0
.
k0

(2.35)

For a circular plate and in the case of zero applied pressure, the relative pull-in distance
is w0,pi,circ = 0.463geff and the pull-in voltage is [47]:
Vpi,circ =

s

2
89.4459Dgeff
.
2
a Ctotal,0

(2.36)

Thus, the pull-in voltage of a circular CMUT plate scales with geff /a and h3/2 .

2.4

Electrodynamics

In this section, the energy relations of a dynamic CMUT model leads to the development
of a set of state equations. These results will later be used in a small signal circuit
representation of the CMUT.

2.4.1

Energy Considerations

Considering now a dynamic system, the total energy stored in the CMUT also must take
into account the inertia of the plate, which is associated with the kinetic energy (Ukin ):

Ukin =
Ukin =

1
2

RRR

∂
ρ( ∂t
w(x, y, t))2 dxdydz
∂w0 2
1
2 m0 ( ∂t ) .

(2.37)
(2.38)
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The total stored energy of the system, Ut , can now be written as:
Ut (t) = Us (t) + Ukin (t) − Ue (t) − Up (t) ,

(2.39)

where all the terms may have a time-dependency, (t). This time-dependency is assumed
to be included in the coming expressions, but will not explicitly be written.
The total stored mechanical energy can be found by adding the term in Eq. 2.38 to Eq.
2.30:


∂w0 2 1
1
1
2
Ut,mech = k0 w0 + m0
− C(w0 )V 2 − pw0 A0 .
(2.40)
2
2
∂t
2
By adjusting the sign of the terms associated with the work either being done on or by
the system, it is possible to find an expression for the total stored electrical energy, Ut,elec ,
and an expression for the total stored acoustic energy, Ut,acou . These are:
Ut,elec

1
1
= − k0 w02 − m0
2
2



Ut,acou

1
1
= − k0 w02 − m0
2
2



∂w0
∂t
∂w0
∂t

2

1
+ C(w0 )V 2 − pw0 A0 .
2

(2.41)

2

1
− C(w0 )V 2 + pw0 A0 .
2

(2.42)

The charge, Q, can be found by differentiating Ut,elec with respect to the voltage, V :
∂Ut,elec
= C(w0 )V .
(2.43)
∂V
Finally, the volume displacement, W , is found by differentiating Ut,acou with respect to
the pressure:
Q=

W =

2.4.2

∂Ut,acou
= w0 A0 .
∂p

(2.44)

Lumped Element Modeling

A three-dimensional distributed physical system, such as a CMUT, can be ”lumped” into
a system consisting of discrete components only. Moreover, by representing the lumped
components as electric circuit elements, it is possible to compute the dynamic behavior
of the system using well-known tools for electric circuits. Also, the coupling between the
different energy domains involved in the transduction mechanism can be described. The
following is based on the methods described by Senturia [48] and Tilmans [50, 51].
A lumped element is per construction a discrete element that is able to exchange
energy with other discrete elements. This exchange of energy can be described by a power
flow between the elements. In particular, a pair of conjugate power variables can be
defined, with their product expressing the net power flow between the two elements they
represent. In a generalized form, a set of two time-dependent conjugate power variables
can be expressed in terms of an effort, e(t), and a flow, f (t). Also, a time-dependent
generalized displacement, q(t), is associated with the flow. Table 2.1 shows the conjugate
power variables associated with the mechanical, electrical, and acoustical energy domains
of a system.
Furthermore, the lumped elements can be described as one-port elements, where a
port is defined as a pair of terminals. The ”current” entering at one terminal is the same
that leaves the other terminal. The ”current” can in more general terms be categorized as
the through variable. Furthermore, a generalized voltage across the two terminals can be
termed the across variable. This means that the effort variable is considered the across
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Table 2.1: Conjugate power variables following the e → V convention.

Energy domain

Effort variable

Flow variable

Displacement Variable

Voltage, V

Current, i

Charge, Q

Mechanical

Force, F

Velocity, v

Position, w0

Acoustical

Pressure, p

Volume
flow, Ẇ
m

Volume, W

Electrical

Zec

V

i

1:

1/keﬀ
em

v

m0

am

:1

Ẇ

1

Zac

p

C(wop )

CMUT
Figure 2.3: Circuit representation of a CMUT and external circuits. The grey box marks the components
associated with the CMUT, whereas the external electrical and acoustical circuits are represented by their
respective Thévenin equivalents, as shown to the left and right in the figure, respectively. Illustration
from [52].

variable and the flow variable is considered the through variable. This is known as the
e → V convention, and will be used in the following. Three basic one-port elements can be
defined: The generalized resistor (dissipative element), the generalized capacitor (energy
storage element), and the generalized inductor (energy storage element).
The CMUT Equivalent Circuit Representation
The purpose of this analysis is to present a two-port linear element that describes the
transduction mechanism of a CMUT system. The two-port linear element should support
the conversion from an input voltage, V , into a pressure, p, or vice versa.
A generalized equivalent lumped circuit representation of a CMUT is shown in Fig. 2.3.
The box in Fig. 2.3 represents the two-port linear element. Note that the transduction
of a CMUT occurs between three energy domains: The mechanical domain, the electrical
domain, and the acoustical domain. In the electrical domain, a voltage source/output port
(depending on the operation mode) is connected in parallel with a capacitor representing
the electrical capacitance of the system. The mechanical system consists of a mass-springdamper system (inductor, capacitor, and resistor). In the acoustic domain, an acoustic
impedance represents the damping due to media loading. Also, either a pressure source or
pressure output port represents the receive mode or transmit mode, respectively. The three
energy domains are coupled by means of ideal, loss-less transformers. In this context, the
transduction factors, Γem and Γam , represent the conversion from the electrical domain
to the mechanical domain and from the acoustical domain to the mechanical domain,
respectively.
A small-signal dynamic model of the CMUT can be derived based on the assumption
that the applied signals are small. This is a good assumption when the CMUT is operating
in receive mode. A linearized model around an operation point can be derived. These
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operating points are Vop , wop , and pop for the applied voltage, plate deflection and applied
pressure, respectively. The linearization will allow for Laplace transformations. Writing
this linearization in matrix form:





∂Q
∂V
 ∂F  = A ∂w0  ,
∂W
∂p

(2.45)

where A is a matrix that represents the static DC conduction:
 ∂Q ∂Q ∂Q  
∂C(w )
C(wop )
Vop ∂w0op
∂V
∂w0
∂p

 ∂F
∂F
∂F 
∂C(wop )
∂2
A =  ∂V
keff + m0 ∂t
∂w0
∂p  = −Vop ∂w0
2
∂W
∂W
∂W
0
A0
∂V
∂w0
∂p

0




−A0  .
0

(2.46)

Having linearized the system around their specified operation points, it is now possible
to investigate the dynamic behavior of the system. For this, the time derivatives of the
state variables are of interest, namely dQ/dt = i, dw0 /dt = v and dW/dt = Ẇ . Rewriting
gives:
R



∂idt
R ∂V
 ∂F  = A  ∂vdt .
(2.47)
R
∂p
∂ Ẇ dt

Since it is a linear system, it is possible to Laplace transform the system into the frequency
domain:

 




∂i
∂i/s
∂V
∂V
 ∂F  = L{A} ∂v/s ⇔  ∂F  = B  ∂v  ,
∂p
∂p
∂ Ẇ
∂ Ẇ /s

where B is:



sC(wop )


B = −Vop ∂C(wop )
0

∂w0

Vop

∂C(wop )
∂w0

0




keff /s + sm0 −A0  ,
A0
0

(2.48)

(2.49)

where s = jω is the complex angular frequency, with j as the imaginary unit and ω as the
real angular frequency.
Per construction, the individual matrix elements in B represent either an impedance
or a transformation factor. More specifically, the first diagonal element in B describes the
current i as function of voltage V for a constant velocity and pressure. This corresponds
to the inverse of the electrical impedance when the mechanical system is blocked, 1/Ze,b .
The second diagonal matrix element describes the relation between force, F , and velocity, v, at constant voltage and pressure, which therefore corresponds to the mechanical
impedance, Zm,s , for a short-circuited electrical system and operating the CMUT in an
acoustical system of vacuum. The third and last diagonal matrix element is zero, which
is a consequence of the fact that no acoustical impedance is included in the CMUT itself,
it merely interfaces to the acoustical domain.
The first two off-diagonal matrix elements describe the relation between force, F , and
voltage, V , and also the current, i, and velocity, v. In other words, they describe the
coupling between the mechanical and electrical energy domains, Γem . In similarity, the
last two off-diagonal matrix elements also describe a coupling, but this time it is the
coupling between the mechanical and acoustical energy domains, Γam . This means that
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L1

C0

R1

Figure 2.4: Butterworth-Van Dyke circuit showing the lumped CMUT system when operating in a
vacuum. Illustration from [52].

they describe the relation between force, F , and pressure, p, as well as volume flow, Ẇ ,
and velocity, v.
With the above in mind, the matrix B can be expressed as:


1/Ze,b Γem
0
B =  −Γem Zm,s −Γam  .
(2.50)
0
Γam
0

Note that there is no direct coupling between the electrical and acoustical energy domains,
as it is done through the mechanical domain of the plate.
By shorting the acoustic circuit, it corresponds to operating the CMUT in a vacuum.
But in fact, it approximates the operation in atmospheric air, as air is a low-impedance
medium. This corresponds to the network shown in Fig. 2.4, where the components
have been mapped into the electrical domain. This network is also known as the classical
Butterworth-Van Dyke circuit for a resonator. Note that a resistor has been added as a
representation of the mechanical losses in the CMUT.
By mapping the components of the equivalent circuit diagram into the electrical domain
gives the following relations:
C0 = C(wop )
C1

=

L1

=

R1

=

Γ2em
keff
m0
Γ2em
b
Γ2em

(2.51)
(2.52)
(2.53)
(2.54)

Furthermore, the electromechanical transformation factor, Γem is identified as:
δC(wop )
.
(2.55)
δw0
This means that the higher the applied bias voltage, the higher the electromechanical
transformation factor. Note also that, at a fixed operating point wop , any parasitic capacitance in the system will decrease the change in total capacitance and thereby the
transformation factor.
Γem = Vop

2.5

Electromechanical Coupling Coefficient

The electromechanical coupling coefficient, k 2 , is a measure of how well the electrical
energy, Ee , is converted into mechanical energy or vice versa. It is defined as the ratio
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of stored mechanical energy, Em , to the total stored energy, Etotal , as expressed in the
following:
k2 =

1
Em
Em
=
=
Etotal
Em + Ee
1 + Ee /Em

(2.56)

Under dynamic operation, it is more convenient to express the coupling coefficient in
terms of the power. If the transducer is operated in vacuum, it corresponds to shortcircuiting the acoustic terminal. In this case, the coupling coefficient can be expressed
as:
k2 =

1
1
=
,
1 + Pe /Pm
1 + Zm,s /(Γ2em Ze,b )

(2.57)

where Pe is the electrical power and Pm is the mechanical power. Note that the mechanical
impedance, Zm , should be lowered, and Ze,b and Γem should be increased to improve
the electromechanical coupling. Since the electromechanical turns ratio increases with
increasing bias voltage, the electromechanical coupling is improved by applying a bias
voltage as close to the pull-in voltage as possible. This is a key argument for applying
a DC bias voltage to the CMUT. In practice, the applied DC voltage corresponds to
a fraction of the pull-in voltage (typically 0.8Vpi ) to account for fabrication tolerances
and for the applied AC excitation voltage. Furthermore, as shown in 2.55, the parasitic
capacitance should be minimized to maximize the electromechanical coupling coefficient.
Another approach for finding k 2 is in terms of resonant frequency and antiresonant
frequency, the coupling coefficient can be found as:
k2 = 1 −

2
fres
,
fa2

(2.58)

which is easily obtained using impedance spectroscopy.

2.6

Chapter Summary

In this chapter, models describing the CMUT characteristics were presented. The mechanical properties were derived, starting out with the governing second order differential
equation for the plate deflection of a thin, circular plate. Also, the eigenfrequency and
resonant frequency were presented. Then, an electrostatic analysis led to expressions for
the pull-in distance, pull-in voltage, and total capacitance. Finally, an effective toolbox
for modeling the dynamic behavior of a CMUT cell was developed, in the form a small
signal equivalent model based on lumped parameters from an analytical foundation. This
chapter served as a theoretical foundation for understanding some of the basic features of
a CMUT. More investigations are, however, needed to get a deeper understanding of how
the performance of CMUTs can be optimized. That is the topic of the next chapter.

CHAPTER

3

CMUT Optimization

This chapter presents various optimization studies conducted throughout this project. The
studies serve to explore the possibilities of tailoring the CMUT performance for medical
imaging applications. In particular, increasing the output pressure, while minimizing
the intrinsically generated second harmonics is of particular interest for tissue harmonic
imaging using CMUT arrays.
The chapter is divided into two overall topics: How the CMUT performs under different operating conditions and how the geometrical dimensions of the CMUT influence
its performance. The chapter starts with a study of how different excitation signals affect
the intrinsically generated harmonics of the CMUT. This is followed by a finite element
study of how the transmit sensitivity, receive sensitivity, and second harmonic content
scale with the operating voltages. Then, the effect of scaling the CMUT cell dimensions
is investigated with finite element analysis as well as with measurements of the output
pressure and receive sensitivity. Finally, some of the key findings of the aforementioned
studies are further put to the test in an experimental study to examine how the output
pressure and receive sensitivity scale with the plate dimensions of a CMUT.

3.1

CMUT Operating Conditions

This section will go through some considerations regarding the operating conditions of
the CMUT. First, different excitation waveforms are investigated with respect to their
influence on the intrinsically generated second harmonics of a CMUT. Next, a study of
the scaling trends for the output pressure and receive sensitivity as function of applied
voltage is presented.

3.1.1

Excitation Waveforms

Sine Wave Excitation
A CMUT is typically operated with a DC bias voltage, VDC , and an AC voltage signal,
VAC . If the CMUT is harmonically driven with a sinusoidal excitation signal, the applied
voltage, Va , can be expressed as:
Va (t) = VDC + VAC sin(ωt) ,
35
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where ω is the angular frequency and t is the time. As shown in Chapter 2, the force
acting on the movable CMUT plate depends on the total applied voltage squared, thus:
2
2
Va2 (t) = VDC
+ VAC
sin2 (ωt) + 2VDC VAC sin(ωt) .

(3.2)

Note that the second and last terms in Eq. 3.2 are time-dependent. The third term in Eq.
3.2 accounts for the pressure generated at the fundamental frequency, f0 = 2πω, and is
equally proportional
 to bothVDC and VAC . Moreover, the second term in Eq. 3.2 can be
2
re-written as VAC 1−cos(2ωt)
, which reveals that an intrinsic pressure contribution at the
2
second harmonic frequency is generated due to the use of a sinusoidal excitation signal,
2 .
and the magnitude of this contribution is proportional to VAC
This inherent nonlinear behavior is of course highly unwanted, as it makes it difficult to
distinguish the tissue-generated second harmonics from the intrinsically generated second
harmonics of the CMUT. In addition, the plate displacement of the CMUT is nonlinear
and contributes to the intrinsic generation of harmonics. The intrinsic generation of harmonics is one of the challenges of the CMUT technology and inherently makes it difficult
to use CMUTs for THI. Nevertheless, several methods have been suggested to counteract
the intrinsically generated harmonics. For instance, a straight-forward approach for eliminating the nonlinearity contribution caused by the excitation voltage would be to operate
the CMUT without a bias voltage and with an excitation signal at half of the fundamental
frequency, f0 /2. However, this would significantly reduce the coupling coefficient. This
reduction could in return be accounted for in transmit by increasing the excitation voltage accordingly, but the receive sensitivity would still be reduced considerably because
of the lower coupling coefficient. Furthermore, removing the bias voltage will not eliminate the nonlinear contribution from the plate displacement. Other methods have been
demonstrated, including operating the CMUT at VDC  VAC (such that only the first
and last terms in Eq. 3.2 dominate), using pre-compensated excitation signals [53, 54],
and applying gap feed-back linearization [55]. However, most ultrasound scanner systems
do not support the use of advanced excitation signals. The reduction of second harmonic
distortion has successfully been achieved with alternative excitation pulse-shapes [56], but
in principle it requires individual transducer calibration.
Excitation Waveforms for a Bipolar Ultrasound Pulser
In the following, it is shown how proper pulse coding of a bipolar pulser can significantly
reduce the second harmonic pressure content intrinsically generated by a CMUT. The
reason for investigating coding of a bipolar pulser is that such pulser is used in the commercial BK Medical ultrasound scanners that the CMUT probes developed in this project
will be connected to.
Different periodic excitation waveforms and their respective squared signals are investigated to obtain a suitable excitation waveform that minimizes the contribution of
intrinsically generated second harmonics. The results are also presented in [57] (Appendix
E).
A mathematical exercise reveals some intrinsic characteristics of the waveforms. In
particular, plots of basic periodic signals are plotted together with their squared signals
in Fig. 3.1. All signals are pulses of two periods of the respective waveform at a frequency
of 5 MHz, which could be pulses used for imaging. The sinusoidal waveform shown in
Fig. 3.1a) gives the highest transferred power at the fundamental frequency. However, as
explained in Section 3.1.1, the CMUT will also experience a force at twice the fundamental
frequency (f0 = 10 MHz), which is evident from the squared sinusoidal signal in Fig. 3.1b)
and from the Fourier spectrum of this squared waveform, as depicted in Fig. 3.2. A
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bipolar trapezoidal waveform is also investigated, see plot in Fig. 3.1c). The rise and fall
times for this waveform is set to 1/3 of half of the wavelength to reduce power loss at
the 3rd and 5th order harmonics. The squared outcome is again plotted, see Fig. 3.1d).
Looking at the frequency spectrum of the trapezoidal waveform (Fig. 3.2), it is seen that
forces are generated at higher frequencies, specifically around 12 MHz. A commonly used
waveform in commercial pulsers is the step function, for instance like the step function
shown in Fig. 3.1e), with a duty cycle of 66.6% and a rise/fall time of 5% of half of the
wavelength. Again, the squared outcome of the squared step function is plotted (Fig.
3.1f)) and the corresponding frequency spectrum is plotted in Fig. 3.2. Note that FFT of
the squared step function is very similar to that of the squared trapezoidal waveform with
a spectrum peak at 12 MHz. A tri-level bipolar pulser that can generate the step function
shown in Fig. 3.1e), can also generate a square waveform like the one depicted in Fig.
3.1g) with a rise/fall time of 5% of half of the wavelength. The squared outcome of the
square waveform is plotted in Fig. 3.1h), and it is seen that the resulting signal is a low
frequency square pulse (of the same length as the pulse train) overlaid with narrow square
pulses. The short duration of these pulses (associated with the steepness of the rise/fall
slopes, or simply slew rate) reduces the energy of the pulses and thereby the generated
second harmonic content.
The FFT plots of the squared excitation signals shown in Fig. 3.2 reveal that the higher
order frequency components are significantly reduced when using a square excitation pulse
compared to the other tested pulses, namely: The sinusoidal, the trapezoidal, and the
step function. In particular, at the second harmonic frequency (10 MHz), the squared
sinusoidal signal has a component, which was evident from Eq. 3.2. In comparison, the
squared square signal has around 20 dB lower content at the second harmonic frequency.
In partial conclusion, using a bipolar square wave significantly reduces the intrinsically
generated second harmonic content of the transmit signal (compared to the other tested
periodic signals). In fact, this waveform is easy to implement in commercial scanners, e.g.
for the use in the bipolar pulsers that are available in BK Medical scanner systems.

3.1.2

Output Pressure and Harmonic Characteristics of a CMUT as
Function of Bias and Excitation Voltage

The applied DC voltage and AC voltage have a significant influence on the device performance. Moreover, the ratio between the two is an important factor when it comes to the
CMUT performance, and will be treated in more detail in the following.
In particular, the following results are obtained from measurements on a linear CMUT
fabricated using wafer bonding and two local oxidation of silicon processes. The CMUT
array is made as part of the process development of the Tabla CMUT arrays. In fact,
the CMUT array is intermediate to the Tabla IV CMUT array and the Tabla VI CMUT
array. The development of this intermediate CMUT array is described in [58]. This linear
CMUT array consists of 128 elements with an element width of 296 µm and an element
height of 5 mm. Each cell has a radius of 24.3 µm and the silicon bump inside the cavity
is 2/3 of the plate radius. There are 546 cells in each element, which results in a fill-factor
of 69%. The plate thickness is 1.8 µm. The array is coated with a polydimethylsiloxane
(PDMS) coating. The pull-in voltage is Vpi = 175 V.
A simple acoustic setup, which will be described in Chapter 7, is used to find the
hydrophone-measured output pressure as function of DC bias voltage and AC excitation
voltage. The excitation waveform is a two-period, bipolar square pulse. The results for
DC voltages up to 160 V (i.e. close to pull-in) and AC voltages up to 90 V are shown in
Fig. 3.3. From the graph it is evident that the output pressure is greatly increased merely
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Figure 3.1: Pair-wise plots of different waveforms together with their respective squared signals.
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Figure 3.2: Fast Fourier Transforms (FFTs) of the squared excitation signals shown in Fig. 3.1.

by operating the CMUT closer to the pull-in voltage. For instance, using an AC voltage
of ± 90 V and going from VDC = 30 V to VDC = 155 V, increases the measured output
from 100 mV to 800 mV.
It is not only the output pressure that is affected by the operating voltage, but also
the harmonics generation. Therefore, a study has been carried out to examine the second
harmonic generation with respect to the applied voltages. The results of this study are
also presented in [59] (Appendix D). Considering a periodic excitation signal, a Harmonicto-Fundamental Ratio (HFR) can be defined:
HFR =

2 cos (2ωt))
max( 21 VAC
VAC
.
=
max(2VDC VAC cos (ωt))
4VDC

(3.3)

The surface pressure and the second harmonic surface pressure can be calculated under
some assumptions. First, the medium of propagation is considered non-attenuating and
therefore the pressure waves propagate with constant energy. The amplitudes of the
harmonics can then be calculated as [60]:
pn (σ) =

2p0
Jn (nσ) ,
nσ

(3.4)

where n is the nth harmonic, p0 is the unperturbed pressure, Jn is the nth order Bessel
function, and σ = z/z̄, where z is the distance travelled by the wave and
z̄ =

ρ0 c30
,
βωp0

(3.5)

where ρ0 is the density of the undisturbed medium, c0 is the speed of sound for linear
waves, β is a non-linearity parameter (for water β = 3.6), and ω is the angular frequency
of a transmitted plane wave.
The amplitudes at the fundamental frequency and at the second harmonic are determined separately from the acoustic signal using a low-pass and high-pass digital filter,
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Figure 3.3: Hydrophone measurements of the output pressure of a CMUT at different bias and excitation
voltages.

respectively. By ignoring the medium attenuation (0.0781 dB cm−1 at 6 MHz), the fundamental surface pressure can be found directly from Eq. 3.4 as the unperturbed pressure,
p0 .
The second harmonic surface pressure, pHSP , can then be found from the following
equation:
P2 = p2 + pHSP − α ,

(3.6)

where P2 is the second harmonic pressure measured at a distance of 10 mm from the CMUT
surface, p2 is the second harmonic pressure that is generated in the medium (found from
Eq. 3.4) and α = 0.3125 dB cm−1 is the medium attenuation at 12 MHz.
Hydrophone and pulse-echo measurements are performed in a water tank using the
experimental Synthetic Aperture Real-time Ultrasound System (SARUS) [61], which is
also described in later chapters. For the hydrophone measurements, the acoustic pressure
of a plane wave emission using half of the array elements was measured at 10 mm distance
from the CMUT. The hydrophone is a HGL-0400 connected to an AC-2010 pre-amplifier
(Onda Corporation, CA, USA) A 16-period, 6 MHz sine wave is used for the excitation
and the emission was repeated 10 times per excitation and bias voltage level to reduce the
noise signal. The pulse-echo measurements were performed using a plane reflector at a
distance of 10 mm. The pulse-echo response was measured for all individual elements used
in the hydrophone measurements. The number of periods and repetitions of the excitation
signal were unchanged.
From measurements, the estimated peak pressure, P0 , at the fundamental frequency
is found at different combinations of VAC and VDC , as plotted in Fig. 3.4. The voltages
are normalized to the pull-in voltage, Vpi = 175 V.
Note that the fundamental pressure follows a linear dependency up to a relative excitation voltage of 0.45Vpi . Hereafter, the slope, α, decreases from 0.26 dB/% to 0.15 dB/%.
That is, up to a relative excitation voltage of 45% the fundamental pressure scales linearly
with the excitation voltage, VAC . Likewise, the fundamental pressure is expected to scale
linearly with the DC bias voltage, as shown in Eq. 3.2. This is also confirmed from the
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Figure 3.4: Estimated peak fundamental surface pressure, P0 , as function of VAC normalized to the
pull-in voltage, Vpi . The dashed line marks the dividing line for the average slope values, a.

plot by looking at value of P0 at VAC /Vpi = 40%; the difference in amplitudes between the
relative bias level of VDC /Vpi = 40% and VDC /Vpi = 80% is 6.77 dB, i.e. it is slightly more
than doubled.
The intrinsically generated second harmonic surface pressure (pHSP ) is plotted for a
number of combinations of VDC and VAC , see Fig. 3.5. The relation between second
harmonic content at the surface and VAC is expected to have a quadratic dependency.
This is also what is observed in the plot, as α = 0.43 dB/% up to a VAC /Vpi ratio of 45%
to 50%. Note that the same ratio appears in Fig. 3.4, as an approximate ratio above which
the scaling does not follow the expected squared behavior. The discrepancy is believed
to be caused by harmonic distortion of the excitation signal due to non-linearity of the
transmitters.
Furthermore, it is observed from Fig. 3.5 that the second harmonic surface pressure
increases at higher VDC levels, e.g. this increase is 3.45 dB from a VDC /Vpi ratio of 40%
to 80% at VAC /Vpi = 40%. This trend is not accounted for by Eq. 3.2 alone. A possible
explanation for this is most likely the spring softening effect, which causes an improvement
in electromechanical coupling coefficient with increasing bias voltage. As a result, both the
fundamental pressure and the second harmonic pressure are increased non-linearly with
the DC bias voltage.
The Harmonic-to-Fundamental Ratio (HFR) for different normalized voltage combinations (VAC /Vpi and VDC /Vpi ), as evaluated from Fig. 3.4 and Fig. 3.5, are plotted in
Fig. 3.6. From this figure it is seen that the HFR decreases with decreasing values of
VAC , as expected from Eq. 3.3, due to the squared dependency on the harmonic pressure
in Eq. 3.2. Also, the HFR decreases with increasing VDC , as the fundamental pressure is
increased more than the harmonic pressure, in accordance with Eq. 3.3.
Note that the decrease in HFR as function of normalized bias voltage applies for relative
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Figure 3.5: Second harmonic peak pressure estimated at the surface for various VAC and Vdc combinations.

bias voltage up to approximately VDC = 0.7Vpi , above which the HFR levels even out and
in some cases increases slightly. This is explained by the increased contribution from the
non-linear plate motion when operating close to the pull-in voltage. In partial conclusion,
if CMUTs are to be operated for harmonic imaging, it is essentially a trade-off between:
• Minimizing the contribution of intrinsically generated harmonics of the CMUT (see
Fig. 3.5).
• Obtaining sufficiently high output pressure (see Fig. 3.4) to generate harmonics in
the non-linear medium (body tissue).
This trade-off is further analyzed by looking at the ratio of second harmonic pressure
generated in the medium from the fundamental pressure, p2 , to the total second harmonic
pressure, P2 , as measured by a hydrophone. Based on hydrophone measurements at a
distance of 10 mm, the p2 /P2 ratio is plotted as function of normalized bias voltage in
Fig. 3.7. From the figure it is clearly seen that the p2 /P2 ratio increases with VDC . This
is due to the fact that higher bias voltage levels result in comparably more fundamental
pressure than intrinsic second harmonic pressure. In contrast, the p2 /P2 ratio is not
affected by the VAC level. The fact that this ratio is unaffected by the excitation voltage
implies that the additional intrinsically generated second harmonic content for higher VAC
is counterbalanced by the second harmonic content generated in the medium due to the
increased fundamental pressure.
Fig. 3.7 is based on measurements conducted at a distance of 10 mm between the
CMUT surface and the hydrophone. When a pressure wave propagates through the
medium, second harmonic pressure will build up. Hence, this contribution will increase
at higher scan depth. At the same time, the attenuation is four times greater at 2f0 than
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Figure 3.6: Harmonic-to-fundamental ratios for various VAC and VDC combinations.

at the fundamental frequency, wherefore the second harmonic content generated by the
CMUT is attenuated considerably. Therefore, the second harmonic pressure generated
in the medium will increase for higher VAC as the distance increases. So, in some situations VAC should be maximized along with VDC . For this particular CMUT, Fig. 3.7
also reveals that the second harmonic content generated in the medium at 10 mm from
the CMUT surface is only −12 dB at its highest. This, unfortunately, highlights one of
the inherent challenges of the CMUT technology, namely that it is challenging to use for
tissue harmonic imaging.
Pulse-echo Measurement
The receive sensitivity (mV Pa−1 ) can be determined indirectly from a pulse-echo measurement. From the hydrophone measurements just described, the surface pressure of a
single element is known. This pressure can then be converted into a corresponding pressure
at a distance equal to the total distance travelled from the CMUT to the plane reflector
and back again, i.e. 2×10 mm. It is assumed that the reflectance of the plane reflector is
100%.
A 3-D model of a unit slice of the CMUT element is created with COMSOL Multiphysics 5.1 (COMSOL AB, Stockholm, Sweden). The model resembles a single, semiinfinite element (infinite in the elevation). From this FEM simulation, a compensation
factor between the transmit surface pressure and the incident surface pressure is found to
8.04, which includes medium attenuation. Furthermore, loss of energy due to harmonic
generation in the medium is ignored.
In Fig. 3.8, the calculated receive sensitivity at a constant excitation voltage of VAC =
45 V, corresponding to VAC = 0.25Vpi , is plotted as function of normalized bias voltage.
The pulse-echo measurement was only performed for one excitation voltage, as the receive
sensitivity is only affected by VDC . It is clearly seen that the receive sensitivity increases
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Figure 3.7: Ratio of second harmonic at a distance from the transducer surface and second harmonic at
the CMUT surface (for various VAC and VDC combinations).

with increasing bias voltage. The reason being that the receive sensitivity is affected
through the electromechanical coupling coefficient, which increases with VDC . A point to
emphasize here is the clear gain in receive performance by operating as close to the pull-in
voltage as possible. If the the data in Fig. 3.8 are extrapolated to VDC = 0 V, the receive
sensitivity would be around −70 dB. Note therefore the issue of operating the CMUT with
a bias voltage of 0 V and using an excitation frequency of half the fundamental frequency;
compared to a typical operating bias voltage of 80% of the pull-in voltage, the receive
sensitivity is 18 dB lower at 0 V.
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Figure 3.8: Receive sensitivity measured as function of bias voltage, VDC .

3.2

Dimensional Scaling - A Simulation Approach

It is undoubtedly important to be able to tailor the transmit sensitivity and receive sensitivity of a CMUT for a given application. For instance, the transmit pressure is sought
increased for improved imaging depth as well as the possibility to use for tissue harmonic
imaging.
It is therefore important to understand how the transmit sensitivity and receive sensitivity scale with dimensional parameters; in a basic configuration there are of these:
Gap height, plate thickness, and side length/radius of the plate. The last two parameters
account for the mechanical properties of the CMUT and are interlinked if the resonant
frequency is fixed, which is the case for most CMUT designs. On the other hand, the gap
height determines the electrical properties, such as the capacitance and the pull-in voltage.
The gap height is therefore also designed in accordance with the desired DC bias voltage
and AC excitation voltage. In most practical situations, the bias voltage and excitation
voltage will be fixed fractions of the pull-in voltage. If the immersion frequency is fixed,
there are in fact only two dimensional parameters to adjust independently: The gap height
and either the plate thickness or the plate radius/side length. The scaling trends between
these parameters are therefore investigated in the following, and the work has also been
presented in [62] (Appendix C).
Several methods for investigating these scaling trends have been described in the literature. One such method is lumped element modeling [46, 63]. An advantage of the
lumped element model is the possibility of attaining closed-form expressions. However,
to obtain closed-form expressions, several assumptions must be made [64]. The radiation
impedance, and therefore the overall damping of the system, is often assumed to be equal
to the plane-wave radiation impedance. This assumption is in fact only valid if the transducer is large compared to the wavelength. Nevertheless, the width of a CMUT element
is typically maximum around one wavelength (λ-pitch), and consists of many individual
CMUT cells. Therefore, the plane-wave assumption is unsuitable for many CMUT designs.
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Another method for investigating the dimensional scaling trends is to use numerical
simulations, such as Finite Element Analysis (FEA) [65, 66]. This allows for accurate
prediction of the CMUT behavior, particularly due to the fact that medium loading and
mutual radiation impedance for multiple CMUT cells can be accounted for. A clear
disadvantage, though, is the computational time for analysis of larger (many cells) and/or
complex systems.
In the following, two different FEA models are used to study the dimensional scaling
trends: A model with a single CMUT cell without neighboring cells and a model with a
CMUT cell placed in an infinite array of cells with a fixed spacing. It is expected that
an actual CMUT design will have characteristics somewhere in between those of the two
cell configurations. The center frequency of an ultrasonic transducer for medical imaging
purposes is determined by the specific application. So, in the dimensional scaling analysis
it is necessary to keep the immersion center frequency of the CMUT fixed. In this study,
the center frequency is constant and set to 5 MHz. The simulation results will be compared
to experimental results for two fabricated CMUT arrays.

3.2.1

Finite Element Analysis

This dimensional scaling study is based on numerical simulations with COMSOL Multiphysics V 4.4 (COMSOL AB, Sweden). A full electro-mechanical-acoustical model is
build using the following physics/interfaces: Electromechanics (emi) and Pressure Acoustics, Frequency Domain (acpr). The first covers the electromechanical interaction and
deformation of the CMUT cell. The latter models the acoustic wave propagation in the
medium. The two interfaces are coupled via COMSOL’s own internal variables.
In terms of model geometry, the CMUT cell consists of a 2 µm thick silicon layer that
represents the fixed bottom substrate. A flexible top silicon plate with thickness h is
suspended over the bottom substrate/electrode by a separation distance g, in between
which there is vacuum. The side length of the suspended plate is L. However, the bottom
substrate and the top plate extend further outside the vacuum gap by 2.5 µm. The distance
represents half of the separation distance between neighboring cells. The plate support
structure laterally surrounding the vacuum gap is made of silicon dioxide. To obtain
realistic anchoring conditions, the only mechanical fixations are at then lower boundary
of the bottom substrate and vertically at half of the distance to the neighboring cell.
A 3-D model is required to simulate the square geometry of the CMUT cells in this
investigation. However, only one quarter of the cell needs to be simulated, as symmetry
boundaries are used to ease the computations. Again, two configurations are chosen: A
Single Cell (SC) and an Infinite Array of Cells (IAC). The fundamental difference between
the two configurations is the surrounding medium. For the SC arrangement, a hemispheric
medium with a Perfectly Matched Layer (PML) as the outer rim is used. The PML ensures
that no pressure waves are reflected at this interface, instead they are absorbed. For the
IAC configuration, the medium is shaped as a tube with the same footprint as the CMUT
cell including the cell spacing. In contrary to the medium boundary condition for the SC,
the walls of the tube have a hard boundary condition resulting in full reflections, which
mimics the incoming pressure waves from the neighboring cells. Furthermore, the top of
the tube is a PML block that absorbs all pressure waves, corresponding to an infinite
medium.
To ensure that the transmit immersion center frequency is kept at 5 MHz, a feedback
loop between the dimensional parameters and the simulated transmit spectrum is created
with MATLAB (MathWorks, Inc., Natick, MA, USA) running COMSOL.
In the simulation sequence, a gap height, plate thickness, and plate side length are set
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Figure 3.9: Results from a feedback loop, with which the plate side length is adjusted to ensure a center
frequency of 5 MHz. Plots show: a) Side length of the plate and b) peak frequency as function of plate
thickness. Note results are provided for both the SC and IAC configurations.

and the corresponding pull-in voltage is found for that design. From this, fixed fractions
were used for the DC bias voltage and AC excitation voltage, namely 80% and 50%,
respectively. Based on these parameters, the transmit spectrum is simulated and the
center frequency is extracted. The feedback loop then changes the side length of the plate,
afterwhich the simulation sequence is repeated until a transmit center frequency of 5 MHz
in immersion is obtained.

3.2.2

Simulation Results

The simulation results of the feedback sequence just described can be seen in Fig. 3.9. In
Fig. 3.9(a), the side length of the plate is plotted as function of logarithmic plate thickness.
Note that the two fundamental configurations, SC and IAC, result in different outcomes,
i.e. the same plate thickness results in different plate side lengths depending on the
configuration. The difference between the two cell configurations is even more pronounced
when looking at Fig. 3.9(b), which is a plot of the simulated peak frequencies for vacuum
and immersion as function of logarithmic plate thickness. Or rather, the resulting peak
frequencies for the two cell configurations are very different when the surrounding medium
is vacuum. In the case where the medium is water, the story is of course different, as the
feedback loop ensures that the frequency is 5 MHz for both configurations. The difference
between the vacuum and immersion results is caused by the interaction with the medium,
so Fig. 3.9 clearly highlights the fact that the interaction with the medium greatly depends
on the CMUT cell arrangement.
This difference in interaction with the medium for the two configutarions is analyzed
in Fig. 3.10, which shows the simulation results of the real/resistive part (R) and the
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Figure 3.10: Simulated results for a) the real part and b) the imaginary part of the radiation impedance
as function of plate thickness.

imaginary/reactive part (X) of the radiation impedance (Za = R + iX) at 5 MHz as function of plate thickness. For very thick plates, comparable to or larger than the wavelength
(in this case λ ≈ 480 µm), the radiation impedance is expected to approach the plane wave
impedance. In specific, the plane wave impedance is purely real and equal to the characteristic impedance, Zc , of the medium. Since water is used a medium, the characteristic
impedance is around 1.5 MRayl. For the IAC configuration, the resistive part of the radiation impedance is close to Zc and the reactive part of the radiation impedance is small.
Hence, the impedance of the IAC configuration is close to that of a plane wave.
The difference in reactive parts of the SC and IAC configurations is what mainly causes
the difference in frequency shift between the vacuum and immersion simulations in Fig.
3.9(b). Where the reactive causes a frequency shift, the resistive part of the radiation
impedance affects the overall damping of the CMUT.
This is further investigated in Fig. 3.11, which shows the simulated average surface
pressure versus frequency for the two cell configurations. The results for two different
plate thicknesses with a gap height of 200 nm are shown. The plate thicknesses are 1 µm
and 10 µm, which in the plot are marked with solid lines and dashed lines, respectively.
For the case of a 1 µm thick plate, the peak pressure at 5 MHz for the SC configuration is
considerably higher than for the IAC configuration. The reason being, that the resistive
part of the impedance for the IAC configuration is considerably higher than for the SC
configuration, as shown in Fig. 3.10(a). This high medium loading relative to the mechanical impedance for the IAC configuration results in an over-damping of the CMUT
plate. Fig. 3.11(a) also reveals that the transmit pressure at lower frequencies approaches
zero. This is expected as no static pressure can exist in the medium. Nevertheless, the
plate deflection increases as the frequency decreases, which is expected for an over-damped
oscillator.
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Figure 3.11: a) Transmit and b) receive sensitivities for fixed sets of plate thickness and cell configurations. Gap height is 200 nm.
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Table 3.1: Simulation results of dimensional scaling trends (from Fig. 3.12).

Single cell

Infinite array of cells

TX

RX

TX

RX

Scaling plate thickness (dB)
1 µm → 2 µm

0.8

-4.2

5.3

-1.9

Scaling gap height (dB)
200 nm → 400 nm

6.2

2.8

6.3

3.8

For a 10 µm plate thickness (dashed lines in Fig. 3.11(a)), the mechanical impedance is
comparably larger (than for the 1 µm thick plate), and the resistive part of the impedance
of the SC configuration and the IAC configuration differs less. As a result, the IAC system
is under-damped and now has a resonant peak. Also, the difference in pressure amplitude
compared to the SC configuration is less than for the 1 µm thick plate.
In Fig. 3.11(b), the same CMUT designs are used for simulating the receive sensitivity
in terms of dV /dP , the voltage readout of the CMUT for a given homogenous surface
pressure. Note that the center frequency in receive for the SC configuration with 1 µm
plate thickness is shifted upwards with approximately 0.3 MHz compared to the transmit
center frequency. This shift is likely due to a difference in force distribution between
the electrostatic force in transmit mode and a uniformly distributed incident pressure
in receive mode. The over-damping of the IAC system for a 1 µm thick plate becomes
more clear when looking at the receive sensitivity, as the IAC configuration clearly follows
the characteristics of an over-damped system. On the other hand, the IAC configuration
results in an under-damped behavior for thicker plates and has a receive resonant peak
close to the transmit center frequency.
The full simulated dimensional scaling study is shown in Fig. 3.12. The plots show
the peak surface pressure and peak receive sensitivity as function of plate thickness for
three different gap heights. In Fig. 3.12(a), the peak pressure in transmit is for both
cell configurations increasing with increasing plate thickness. This is expected, as thicker
plates with larger area have more mass and more inertia. Also, the pressure increases
with increasing gap height. This is due to the fact that a higher absolute voltage can be
applied, which increases the potential energy of the system.
In receive mode, shown in Fig. 3.12(b), it is observed that the sensitivity for both
configurations increases with increasing gap height. This is expected as higher voltages
can be applied to the CMUT, which in return is able to store more charge on the plates.
In the SC configuration, the sensitivity increases as the plate thickness decreases. This
is an expected outcome as a lower thickness results in less mass and thus a lowering in
mechanical impedance. Nevertheless, the trend seems to level off for thicker plates. This is
likely due to the maximum in resistive impedance seen in Fig. 3.10(a). The sensitivity for
the IAC configuration is decreasing with plate thickness until a thickness of approximately
5 µm, where is starts to increase. Arguably, this plate thickness corresponds to a turning
point at which the mechanical impedance reaches a value where the system changes from
an under-damped system to an over-damped system. Furthermore, it is observed that
the intersections of the SC and IAC configurations with same gap height in Fig. 3.12(b)
occur at the same plate thickness as where the resistive impedance of the SC and IAC
configurations intersect in Fig. 3.10. The dimensional scaling trends from the simulation
study are summarized in Tab. 3.1.
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Figure 3.12: Plots of a) peak output pressure and b) peak receive sensitivity for the SC and IAC
configurations with different gap heights as function of plate thickness.
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Figure 3.13: Experimental results: a) Hydrophone measurements and b) pulse-echo measurements for
CMUT arrays with plate thickness 1 µm and 2 µm, respectively.

3.2.3

Experimental Validation

Two CMUT designs, both with square plate geometry, were fabricated by the author using
a fusion bonding process. For more details, see [37]. In one of the designs, the plate thickness is 1 µm and in the other the thickness is 2 µm, with side lengths of 35 µm and 49 µm,
respectively. The element area of the two designs is the same. Acoustic measurements
with uncoated CMUTs immersed in vegetable oil are carried out with the experimental
Synthetic Aperture Real-time Ultrasound System (SARUS) [61]. Hydrophone measurements as well as plane reflector measurements were done at a distance of 10 mm to the
CMUT surface. The hydrophone is an Optel 5 MHz (Optel, Wroclaw, Poland) and the
plane reflector is a 40 mm thick polyvinylchlorid element. The CMUTs are excited with
8 cycles of a sinusoidal pulse in steps of 250 kHz and for each step the RMS signal of
the average signal from the center 16 array elements is found. The measured spectra of
the hydrophone and plane reflector measurements are shown in Fig. 3.13 and the results
are summarized in Tab. 3.2. The peak hydrophone signal amplitude differes with 1.3 dB
between the two fabricated arrays. This is within the expected span from the simulation
results listed in Tab. 3.1 between the SC and IAC configurations. For the 1 µm plate,
the center frequency decreases with approximately 0.9 MHz, which is in agreement with
what was observed and explained with the simulation study, in particular Fig. 3.11(b) and
Fig. 3.12(b), where plates thinner than around 5 µm becomes increasingly over-damped
because of a lower mechanical impedance. The measured peak pulse-echo signal is more
than 4 dB higher for the 2 µm plate, as the product of the transmit and receive sensitivity
spectra is increased. This is in agreement with the trends listed in Tab. 3.1.
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Table 3.2: Experimental results from transmit and pulse-echo measurements.

h = 1 µm
TX

TX→RX

TX

TX→RX

Peak values (dB)

-25.7

-21.8

-24.4

-17.4

Center frequency (MHz)

4.43

3.57

4.51

4.41

70

140

77

108

Fractional bandwidth (%)

3.3

h = 2 µm

Dimensional Scaling - An Experimental Approach

This section is partly based on the work presented in [67] (Appendix G). As introduced
earlier, the energy transduction of a CMUT rely on the movement of a mechanical component. This commonly comprises a thin flexible plate, which has a low mechanical
impedance compared to its bulky lead-based piezoelectric counterpart. As a result, the
output pressure of a CMUT is generally lower, which limits the imaging depth as well as
to the usefulness of certain imaging modes such as tissue harmonic imaging. However,
the CMUT technology offers advantages such as large immersion bandwidth, high receive
sensitivity, design flexibility, and integrability with CMOS technology.
Considering again a simple CMUT cell (consisting of a fixed bottom electrode, a dielectric stack and a flexible top electrode), the acoustic performance essentially depends on
the following dimensional parameters: The plate thickness, the plate radius/side length,
and the effective gap height. For medical imaging purposes, the operating voltages and frequency of operation impose certain restrictions on the transducer design. The applicationspecific immersion frequency usually serves as a starting point, as it essentially determines
the cell and element dimensions, e.g. the element width is related to the wavelength λ.
The thickness of the flexible plate typically ranges from submicrons to a few microns
[18, 20, 57, 68], and is in this work predetermined by the SOI wafer device layer thickness.
So, provided with both an immersion frequency and a fixed plate thickness, the plate
radius remains the only unknown plate parameter. Furthermore, the effective gap height
will affect the pull-in voltage, Vpi , and should therefore be determined based on the desired
operating bias and excitation voltages.
Predicting the effect of dimensional scaling of CMUTs can be done in several ways,
for instance with lumped element modelling and finite element analysis. Investigations
on the influence of plate dimensions on CMUT performance include, but are not limited
to [62, 69–71]. However, the aim of this section is to experimentally investigate how the
output pressure and pulse-echo signal are affected by the CMUT plate dimensions. In
particular, the objective is to increase the output pressure without decreasing the pulseecho signal.

3.3.1

CMUT Design

Finite element analysis using the simulation software COMSOL Multiphysics V5.2 (COMSOL AB, Sweden) is used to design CMUTs with an immersion frequency of 5 MHz and
a pull-in voltage of 200 V. This is achieved with a full electro-mechanical-acoustic model,
where the plate thickness is fixed and the circular cell radius and gap height are varied
until the desired immersion frequency and pull-voltage are reached. This is performed by
running COMSOL with MATLAB (MathWorks, Inc., Natick, MA, USA).
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Figure 3.14: Layout of the three designs

For the purpose of obtaining clearly measurable signals during the characterization,
the element width and element height is set to 900 µm and 6 mm, respectively. The circular
cells are packed in a hexagonal closed-packed pattern with an inter-cell distance of 5 µm
to ensure sufficiently bonding area. Three different CMUT designs are realized according
to the available SOI wafers. In specific, CMUTs with plate thicknesses of 2 µm, 9.3 µm
and 15 µm are fabricated. Table 3.3 shows the design dimensions for the three designs.
As a result of the different radii, the fill factors of the CMUT layouts varies. The active
cell part of each element of the 2 µm, 9.3 µm and 15 µm designs amount to 73.3%, 79.6%
and 74.6%, respectively. Please see Fig. 3.14 for an overview of the intra-element cell
arrangement of the three designs in this study.
Table 3.3: CMUT cell design parameters for the experimental dimensional scaling study

3.3.2

Plate thickness [µm]

Plate radius [µm]

Gap height [nm]

2
9.3
15

24.5
60
75

246
151
128

CMUT Fabrication and Experimental Setup

The CMUTs are fabricated using two LOCal Oxidation of Silicon (LOCOS) processes in
combination with a direct wafer bonding method, similar to the procedure first presented
in [20].
In this work, the fabrication process involves four lithographic masks. A highly doped
silicon wafer with a resistivity of <0.025 Ω cm is thermally oxidized at 1100 ◦C under dry
conditions to achieve a SiO2 layer thickness of 100 nm, followed by deposition of both

3.3. DIMENSIONAL SCALING - AN EXPERIMENTAL APPROACH

Si

SiO2

Si3N4
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Figure 3.15: Cross-section of a CMUT made with a LOCOS process and direct wafer fusion bonding.
For simplicity only one cell is shown. The illustration is not to scale.
Table 3.4: Measured vertical CMUT dimensions

Plate thickness [µm]

Bump height [nm]

Gap height [nm]

2
9.3
15

389
453
480

255
154
135

stoichiometric Si3 N4 and polycrystalline silicon layers (both with a thickness of 100 nm).
Patterns are then etched into these layers. After a wet oxidation at 1100 ◦C all layers
are stripped, leaving only silicon bumps (as different gaps are desired, different oxidation
times and thus silicon bumps are needed). The bump radius corresponds to two-thirds of
the cell radius.
This procedure is partly repeated, only this time the insulating layers are not stripped
and the resulting SiO2 and Si3 N4 layer thicknesses are 350 nm and 100 nm, respectively.
A final thermal wet oxidation at 1100 ◦C serves to form the cell cavities. A SOI wafer is
bonded together with the cavity wafer using direct wafer fusion bonding. After removing
the SOI wafer handle layer and buried oxide layer, trenches are etched to access the bottom
substrate. The process is finalized by depositing and patterning 400 nm aluminum for the
top and bottom electrodes. A cross-sectional view of such CMUT is shown in Fig. 3.15.
The measured dimensions for the three CMUT designs are listed in Table 3.4.
Wafers with 54 chips, each containing twelve elements are fabricated. After dicing,
the CMUT chips are mounted on printed circuit boards (PCBs) with wire-bonds ensuring
electrical connection between the chip and the PCB. A photo of such mounted CMUTs is
shown in Fig. 3.16. To measure in water, an acrylic glass (PMMA) dam is glued onto the
PCB and filled with a flat polydimethylsiloxane (PDMS) coating of a thickness of approx.
2 mm. The coating procedure is similar to the one described in [72]. Furthermore, during
measurements a cylindrical PMMA holder pressing down on a rubber ring placed on top
of the PCB serves as a water tank.

3.3.3

CMUT Chip Characterization

The PCB-mounted CMUTs are placed in front of either a hydrophone or a plane reflector.
These are placed at a distance of 1 cm from the CMUT surface and aligned using an XY
stage. The hydrophone and plane reflector measurements are carried out with a 2410
Keithley Sourcemeter to provide a DC voltage, while a Tektronix AGF3102C arbitrary
function generator provides a pulse excitation voltage of ±10 V. The relatively low AC
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Figure 3.16: Photo of two CMUTs mounted on a PCB. In a later preparation step a flat PDMS layer of
approx. 2 mm will cover the CMUT top electrodes and wire-bonds.

Figure 3.17: Photo of the hydrophone/plane reflector measurement setup.

voltage is chosen to maintain the receiver in the small signal linear mode. A photo of the
measurement setup is shown in Fig. 3.17.
The two-way time responses are measured by pulsing with a 16-period square wave at
discrete frequencies, while recording the pulse-echo signals with an AD8332 variable gain
receive amplifier (with Vgain = 0.2 V) connected to a digital oscilloscope. From this, the
maximum peak-to-peak pulse-echo signals, center frequencies, and fractional bandwidths
are obtained. The bias voltage used for the pulse-echo measurements is the positive
voltage polarity (having a positive potential on the CMUT top electrode/plate relative to
an electrically grounded bottom substrate) corresponding to 80% of the respective pull-in
voltage.
The transmit pressure waves are recorded with a digital oscilloscope using a calibrated
ONDA HGL-0400 hydrophone connected to an AC-2010 pre-amplifier (Onda Corporation,
CA, USA). The peak-to-peak pressures are obtained from a two-period, bipolar, square
pulse at the respective center frequencies.
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Figure 3.18: Peak-to-peak pulse-echo signal as function of frequency for CMUTs with plate thicknesses
of 2, 9.3 and 15 µm, respectively. The CMUTs are operated at 80% of their respective pull-in voltage
and excited with a ±10 V bipolar, square pulse. The spectra are obtained by recording the peak-to-peak
amplitude of a 16-period pulsing signal at discrete frequencies.

3.3.4

Results and Discussion: Acoustic Performance

Hydrophone and Plane Reflector Measurements
Fig. 3.18 shows the measured peak-to-peak pulse-echo signal as function of frequency
for the three plate thicknesses. The center frequencies are 5, 5.5 and 6 MHz for a plate
thickness of 2, 9.3 and 15 µm, respectively. These results are also shown in Table 3.5,
together with the measured pull-in voltages, peak-to-peak output pressures, maximum
peak-to-peak pulse-echo signals and -6 dB pulse-echo fractional bandwidths for the three
CMUT designs.
The measured hydrophone signals at the respective center frequencies are shown in
Fig. 3.19. Noe that the three CMUTs are operated at 90% of their pull-in voltage, and
furthermore that the 9.3 µm plate is biased with a negative voltage, whereas the other
two have a positive voltage bias. This is merely to show how the signal becomes mirrored
around the first axis when changing the polarity of the voltage bias. However, the signal
amplitude in this polarity is, as expected, higher than for a positive polarity. In the
comparison, all the transmit signals are obtained at a positive bias voltage polarity at
80% of the pull-in voltage, and the results are listed in Table 3.5.
Nevertheless, the purpose of showing these three plots is to show that the pulse length
increases with increasing plate thickness, which is also the case for the pulse-echo measurements. Consequently, the bandwidth decreases with increasing plate thickness. This
is not surprising, as the plate inertia and stiffness are expected to increase with increasing
plate thickness.
To sum up the measurement results, referring to Table 3.5, the highest peak-to-peak
output pressure of 380 kPa (at 0.8Vpi ) is obtained for the 9.3 µm plate. In fact, an maximum
in both peak-to-peak output pressure and pulse-echo signal is seen for the 9.3 µm plate,
which still has a moderate pulse-echo bandwidth of 60%. The 9.3 µm plate results in a
1.9 times higher peak-to-peak output pressure and a 3.6 times higher pulse-echo signal
compared to the 2 µm plate. On the other hand, the highest pulse-echo bandwidth is
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Figure 3.19: The three plots show the hydrophone signal versus time for CMUTs with plate thicknesses
of 2, 9.3 and 15 µm and biased with positive, negative and positive voltage polarity, respectively. All
CMUTs are biased at 90% of the pull-in voltage and excited with a ±10 V, two-period, bipolar, square
pulse.
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Table 3.5: Measured data of the acoustic performance of CMUTs with different plate thicknesses. The
CMUTs are biased with a positive voltage polarity. The distance between the CMUT surface and either
hydrophone or plane reflector is 1 cm.

Plate
thickness
[µm]

2
9.3
15

Pull-in
voltage, Vpi
[V]

Center
frequency
[MHz]

Peak-to-peak
output pressure
at 0.8Vpi
[kPa]

Peak-to-peak
pulse-echo
signal
at 0.8Vpi
[mV]

Pulse-echo
-6 dB
fractional
bandwidth
in %

210
200
200

5
5.5
6

203
380
238

126
450
261

> 100
60
30

observed for the 2 µm plate.
Several factors affect the acoustic performance of a CMUT. For instance, in this study
the ratio of medium loading to mechanical impedance is different for the three designs
and will therefore affect the oscillation conditions differently. Another difference is the
radiation impedance from neighbouring cells and hence overall damping, which depends
on the cell dimensions and intra-element cell arrangement. Also, the fill factor and support
oxide thickness will directly influence the parasitics of the devices. Furthermore, the
CMUTs in this work are designed to have the same immersion frequency and pull-in
voltage, which is realized by adjusting radii and gap heights. The reasoning being that
the CMUTs should be operated as close to the same absolute voltages as possible is to
imitate real ultrasound scanner conditions. Nevertheless, the gap height influences both
the output pressure and sensitivity. Operating the CMUTs with other excitation signals
of different shapes and/or number of periods will naturally affect the transmit bandwidth.
However, under these particular hydrophone measurement conditions it is the nature of
the excitation signal that limits the transmit bandwidth.

3.4

Chapter Summary

In this chapter, several optimization studies were presented. They all have the purpose
of exploring the design space of CMUTs. More specifically, they serve to map out how
the operating conditions and cell geometry influence the performance. Some important
findings of this chapter are summarized below. Based on this knowledge, the next chapter
will cover the design approach for realizing CMUT arrays intended for the use in fully
assembled ultrasound prototype probes.

3.4.1

Summary: CMUT Operating Conditions

Excitation Waveforms
It was found that a bipolar square wave significantly reduces the intrinsically generated
second harmonic content of the transmit signal, when comparing with other common
periodic signals. This makes it a particularly suitable excitation waveform for THI. In
fact, this bipolar square waveform is easy to implement in commercial pulsers, such as the
bipolar pulsers that are available in BK Medical scanner systems.
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Output Pressure and Harmonic Characteristics of a CMUT as Function of
Bias and Excitation Voltage
It was experimentally examined with hydrophone measurements how the fundamental
and harmonic surface pressure of a CMUT scales with the bias voltage and excitation
voltage. From these measurements, the Harmonic-to-Fundamental Ratio (HFR) of the
surface pressures are calculated. It is observed that the HFR has a declining tendency for
decreasing VAC levels and increasing VDC levels, respectively. The HFR does not decrease
further after VDC levels above 70% of the pull-in voltage, which is believed to be due to
the increased non-linear contribution from the plate deflection. Furthermore, the ratio of
second harmonic content generated in the medium relative to the total measured content
of second harmonic can be maximized by increasing VDC , and also VAC if deeper imaging
is desired. Nevertheless, a maximum ratio of −12 dB is observed (at a 10 mm distance
between the CMUT surface and hydrophone), which emphasizes the inherent limitation
of using a CMUT for THI.

3.4.2

Summary: Dimensional Scaling: A Simulation Approach

Numerical simulations were used to study the dimensional scaling trends of square CMUT
cells with a constant transmit immersion frequency of 5 MHz. In particular, two cell
configurations have been studied: A single cell configuration and an infinite array of cells.
It is believed that a real CMUT array will have characteristics within these two extremes.
It is shown how the mutual radiation impedance between neighboring cells affects the
transmit sensitivity and receive sensitivity. It is found that to optimize the transmit
sensitivity, the plate size and gap height should be increased. The study also show that
to optimize the receive sensitivity, the gap height should be increased, while the scaling
with respect to plate size depends on the specific CMUT array design. The observations
from the numerical simulations have been validated with acoustical measurements on two
fabricated CMUT arrays with plate thicknesses of 1 µm and 2 µm, respectively.

3.4.3

Summary: Dimensional Scaling: An Experimental Approach

The acoustic performance of CMUTs with different plate dimensions was further investigated. CMUTs have been fabricated with plate thicknesses of 2 µm, 9.3 µm, and 15 µm,
respectively. The CMUTs are designed with finite element analysis to have an immersion
center frequency of 5 MHz and a pull-in voltage of 200 V. They have successfully been fabricated using two consecutive LOCOS processes in combination with a direct wafer fusion
bonding process. The CMUTs have been mounted on PCBs, wire-bonded and coated with
a polymer for measurements in immersion. The performance of the three designs have been
assessed with both hydrophone and plane reflector measurements. This study shows that
the highest output pressure and pulse-echo signal is achieved for the 9.3 µm plate. More
generally, this experimental study has shown that customizing the plate dimensions can
be used to adjust the acoustic performance within the framework of a specific transducer
application.

CHAPTER

4

CMUT Design

In this project, several 1-D linear CMUT prototype probes have been designed, fabricated
and/or characterized. These are referred to as the Tabla probes, as introduced in Chapter 1. This chapter covers the design considerations concerning the CMUT arrays mounted
in the Tabla prototype probes. Moreover, this chapter describes a general approach for
designing CMUT arrays for medical imaging.
First, the requirements associated with the design of the different Tabla probes are
provided. In this context, the choice of the respective CMUT cell structures and corresponding fabrication processes are discussed, including a description of the thermal oxidation of silicon process, which is the process used for defining the cell walls of the CMUTs
fabricated in this project. Then, finite element analysis is used to find the dimensional
parameters resulting in pre-specified resonant frequencies and pull-in voltages. Next, the
specific cell designs of the different CMUT probe generations are provided together with
other characteristic parameters, including the plate geometries and insulation layer thicknesses. Furthermore, the arrangement of cells within an element is considered in the
light of obtaining an optimal fill-factor within practical limitations. Finally, illustration
examples of the photolithographic masks used to realize the CMUT arrays are provided.

4.1

Requirements for the Tabla CMUTs

The Tabla CMUT prototype ultrasound probes are designed to imitate commercially available BK Medical piezoelectric ultrasound probes. Moreover, the imaging performance of
the Tabla probes should ideally be non-inferior to the corresponding conventional probes
and potentially enable improved imaging capabilities. More specifically, the Tabla probes
should be able to support the same commonly used imaging modes as their piezoelectric
counterparts. This particularly applies for the Tissue Harmonic Imaging (THI) mode,
which is an absolutely essential and widespread imaging mode of an ultrasound scanner
system.
The working process of designing and manufacturing the different probe generations
has been very iterative in the sense that new generations have been made based on the
performance of previous probes.
A number of requirements are associated with the realization of a CMUT probe for
medical imaging. Some of these have already been motivated in the introductory chapter,
but will soon be concretized. From a CMUT design point of view, the requirements can be
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divided into two main categories: External inputs and internal inputs. The former covers
requirements that are associated with the ultrasound scanner system and the imaging
applications. The latter refers to constraints inherent to the CMUT technology. Some of
the most important considerations regarding these inputs are listed below.
External inputs: Design parameters predetermined by the scanner system and desired
imaging applications:
E-1) Operation voltages, VDC and VAC .
E-2) Immersion center frequency, fc .
E-3) Number of elements, element pitch, and element height.
E-4) Array footprint (CMUT array should fit into a reasonably sized probe nose
piece).
E-5) System integrability (e.g. electrical connectivity with the electronics).
Internal inputs: Constraints imposed by the CMUT technology:
I-1) Minimum inter-cell distance (i.e. minimum bonding area).
I-2) Pull-in voltage of the CMUT array.
I-3) The thickness and quality of the structural insulator material(s).
The above requirements apply for all the probe generations described in this thesis. Bullet
point E-1) refers to the voltages supplied by the scanner system. In this project, all Tabla
probes are designed to operate at VDC = 190 V and up to VAC = ±75 V. The BK scanners
do not normally supply transducers with a voltage bias, nevertheless it is capable of
delivering a bias voltage of ± 95 V, which can be applied to the CMUT arrays in a way
that will give an effective voltage bias of 190 V. Bullet points E-2) to E-5) relate to the
dimensioning of the CMUT cells as well as the array layout. In particular, E-5) implies
that it is necessary to make structures on the CMUT arrays that allow for connection
with the electronics. In this project, wire-bonding is used to facilitate the interconnection
between the CMUT array and electronics.
Considering now the so-called internal design inputs, I-1) states that there should be a
minimum distance between the CMUT cells. It is decided to use fusion bonding to realize
the CMUTs in this project, therefore this distance is also related to the minimum wafer
bonding area. Deciding on a value for this inter-cell distance is mainly based on previous
experience with wafer bonding, but also with consideration to the cell arrangement (which
will be discussed later in this chapter). Though, ideally this distance would also have been
optimized with respect to the mutual radiation impedance, but that is not the case in this
project.
The CMUT arrays in this project are intended for operation in the non-collapsed mode,
thus the applied bias voltage should always be lower than the pull-in voltage. Therefore,
bullet point I-2) refers to the fact that the CMUTs should be designed to have a pull-in
voltage, Vpi , which is sufficiently higher than the applied voltage. Note in this context
that the dynamic behavior of the CMUT plate means that the plate does not necessarily
collapse even though the sum of the excitation voltage and bias voltage is higher that the
pull-in voltage (as for instance shown in [71]). Nevertheless, VDC should correspond to
a suitable fraction of Vpi . This will ensure a safety margin that takes the plate motion
and fabrication tolerances into consideration. However, the electromechanical coupling
efficiency decreases with decreasing bias voltage, so VDC should not be too small a fraction
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of Vpi . The CMUT arrays in this project are designed to be operated at either 80% or
90% of the pull-in voltage.
Finally, the bullet point I-3) suggests that the quality and thickness of the insulator
material(s) in the CMUT cell stack should be sufficient to withstand the applied voltages,
even in the case of the pull-in condition.
The remainder of this chapter provides more details on how the CMUT arrays are
designed and finally the chapter provides and overview of the dimensions of these designs.
As a starting point, the choice of structural cell layouts and corresponding fabrication
processes for realizing these structures will be provided. This involves a discussion of the
thermal oxidation processes used to define the cell cavities.

4.2

Structural Cell Designs and Choice of Fabrication Methods

A main concept of the CMUT realization is the creation of the cell cavity. As previously
stated, all CMUTs fabricated in this project are based on a wafer bonding process and the
plate support material/cavity walls are constituted by silicon dioxide. Therefore, special
attention will now be given to the thermal oxidation of silicon.

4.2.1

Thermal Oxidation of Silicon

When silicon (Si) is oxidized in a thermal process, typically at temperatures in the excess
of 800 ◦C, the silicon surface reacts with oxygen (O) to create silicon dioxide (SiO2 ). After
an initial layer of silicon dioxide has been grown, the reaction occurs via diffusion of oxygen
through the silicon dioxide layer, where it reacts with silicon at the silicon/silicon dioxide
interface.
For a dry thermal oxidation, with which diatomic oxygen molecules (O2 ) are in a gas
phase, this reaction can be expressed as:
Si(s) + O2 (g) → SiO2 (s) .

(4.1)

For a wet thermal oxidation, where the oxygen is present in the form of vaporized water
molecules, the reaction is:
Si(s) + 2H2 O(g) → SiO2 (s) + 2H2 (g) .

(4.2)

Silicon Dioxide Growth Ratio
In both of the reactions just described (i.e. wet and dry thermal oxidations), some portion
of the silicon substrate takes part in the reaction and should therefore be accounted for
when using thermal processes for vertical structural manipulation. The ratio of reaction
product to reactant can be calculated by taking into account the molecular volume of the
reactants. The chemical reactions in Eqs. 4.1 and 4.2 involve one mole of each reactant.
Therefore, based on the values in Table 4.1, the volumes of one mole of silicon and silicon
dioxide, respectively, can be calculated:
MSi
cm3
= 12.06
,
ρSi
mol

(4.3)

MSiO2
cm3
.
= 27.18
ρSiO2
mol

(4.4)

VSi =

VSiO2 =
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Table 4.1: Molar weights and densities of silicon and silicon dioxide [73].

Material
Silicon
Silicon dioxide

Molar weight, M
[g/mol]

Density, ρ
[g/cm3 ]

28.90
60.08

2.33
2.21

Vertical distance

56%
Original Si surface
SiO2

44%

Si

Horizontal distance
Figure 4.1: Illustration of the ratio of silicon dioxide (purple) above and below the original silicon surface
(dashed line), resulting from a thermal oxidation process.

Since one mole of silicon results in one mole of silicon dioxide, finding the ratio between
the volume of silicon consumed and the grown silicon dioxide can readily be found as:
Volume ratio =

VSi
= 0.44
VSiO2

(4.5)

In other words, the volume of consumed silicon is 44% of that of the resulting silicon
dioxide layer. Fig. 4.1 illustrates this ratio relative to the original silicon surface (i.e.
before oxidation).

4.2.2

Cavities Defined using Reactive Ion Etching

A Reactive Ion Etching (RIE) process can be used for defining the CMUT cell cavities,
after which a fusion bonding process will ensure a hermetic seal of the cavities. In fact,
the cell cavities of the CMUT arrays mounted in the Tabla I-III probes are made using
a RIE process, as described in [37]. The initial choice of this process was due to its
straightforward approach using well-known fabrication processes. Furthermore, previous
work on pressure sensors in the MEMS-AppliedSensors research group provided initial
guidance, in particular regarding the fabrication process [74]. A cross-sectional sketch of
a RIE-fabricated CMUT cell is shown in Fig. 4.2. One fabrication approach for realizing
CMUTs with a RIE process, and the one used for the fabrication of CMUTs for the Tabla
I-III probes, is to thermally oxidize two highly doped silicon wafers and then define/etch
the cell cavities by etching in the silicon dioxide layer of the flexible top plate. This
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Figure 4.2: Cross-sectional schematic of a CMUT cell fabricated using a RIE process. The dashed line
indicates the bonding interface. The drawing is not to scale.

defines the cell gap height, g. The wafer pair is then bonded together by means of a high
temperature fusion bonding procedure. The dashed line in Fig. 4.2 marks the bonding
interface. The silicon dioxide layer in the bottom of the cavity acts as an insulation layer in
the case of pull-in of the plate. In particular, the insulation layer thickness, hox , is selected
based on the quality of the silicon dioxide. Therefore, measurements of the breakdown
voltage are routinely conducted. As a design rule, the thickness of the insulation oxide
should be:

hox ≥

VDC
.
V
0.5 nm

(4.6)

This means that the thickness of the insulation layer in the bottom of the cell cavities
should preferably be twice the numerical value of the applied bias voltage. The value
V
0.5 nm
is from experience considered a safe margin for the breakdown voltages obtained
for the thermal oxides grown at the DTU cleanroom facilities. Essentially, this should
ensure that there will be no short circuiting of the device in the case of pull-in of the
plate. Measurements of the breakdown voltage of thermally grown silicon dioxide will be
presented in the next chapter.

4.2.3

Cavities Defined using Local Oxidation of Silicon

Another fabrication method for defining the cell cavities of a CMUT is using a LOCal
Oxidation of Silicon (LOCOS) process, as first presented by Park et al. in 2008 [20]. This
process refers to the oxidation of a silicon substrate in selected areas.
In particular, a masking layer acts as a diffusion blocking barrier against the oxidizing
molecules. A commonly used material in this context is silicon nitride (Si3 N4 ). A plot
of the required silicon nitride thickness, hni , as function of oxidation time for a dry and
wet oxidation atmosphere is shown in Fig. 4.3. In this work, the terms single LOCOS
(or 1xLOCOS) process and double LOCOS (or 2xLOCOS) process refer to a CMUT
fabrication scheme with one or two LOCOS processes involved in the cavity defining
step(s), respectively.
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Figure 4.3: Plot of the minimum required nitride thickness as function of oxidation time [75]. Values for
both dry and wet thermal oxidations at different temperatures.

Single LOCOS Process
A cross-sectional view of a CMUT cell resulting from a single LOCOS process is shown in
Fig. 4.4.
The resulting post oxide thickness, hpost , can be found as:
hpost = g + hni + hox + hbump ,

(4.7)

where hbump is the silicon bump height. Moreover, hbump corresponds to the thickness of
the consumed silicon, which can be expressed in terms of the oxidation ratios previously
described; hbump = (hpost − hox )0.44. From this, the vacuum gap and corresponding post
oxide thickness can be expressed as:

g = 0.56(hpost − hox ) − hni ,

⇔ hpost =

g+hni
0.56

+ hox .

(4.8)
(4.9)

The latter expression is used to find the oxide thickness corresponding to the desired
vacuum gap. After this, it is a matter of finding the oxidation time needed to achieve this
thickness, which is typically done with the Deal-Grove model, simulations, and/or based
on data from the furnace logbooks.
Double LOCOS Process
In the double LOCOS process, the first LOCOS process serves to create a silicon bump in
the center of the cell, while the second LOCOS process creates the sidewalls of the cell,
see Fig. 4.5. In this case, the final post oxide thickness can be expressed as:
hpost = g + hni + hbump + hox + hstep .
The vacuum gap and post oxide thickness are given as:

(4.10)
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Figure 4.4: Cross-sectional schematic of a CMUT cell cell fabricated with a single LOCOS process. The
dashed line marks the bonding interface. The drawing is not to scale.
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Figure 4.5: Cross-sectional schematic of a CMUT cell fabricated with two consecutive LOCOS processes
(also referred to as a double LOCOS process). The dashed line indicates the fusion bonding interface.
Note that the drawing is not to scale.
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Table 4.2: Qualitative comparison of three ways of realizing the CMUT cell cavities. The three methods
are intended for together with a wafer bonding technique.

RIE

LOCOS

2xLOCOS

Parasitic capacitance

High

Medium

Low

Fabrication complexity (no. of masks)

Low

Medium

High

g = 0.56(hpost − hox ) − hni − hbump ,

⇔ hpost =

g+hni +hbump
0.56

+ hox .

(4.11)
(4.12)

These are design equations describing the vertical CMUT cell dimensions using a double
LOCOS process before bonding, i.e. the plate thickness and metal layer(s) are not included. In terms of the horisontal dimensions, the bump radius is in this project 2/3 of
the plate radius. This design rule should ensure that the movement of the center part of
the plate, which is the part with the largest displacement and where the highest electric
field is, contributes the most to the signal generation. Furthermore, the bumps are small
enough not interfere with the plate support structures/cell walls.

4.2.4

Comparing Cavity Designs

As just shown, various methods can be used in combination with a fusion bonding process
to achieve the cavities of the CMUT cells. Table 4.2 qualitatively compares three fabrication principles for making these cavities: A RIE process, a single LOCOS process, and a
double LOCOS process. In fact, the order just presented corresponds to the chronological
order with which the Tabla CMUT arrays have been realized. The relative comparisons
in the table cover the parasitic capacitance and fabrication complexity (i.e. number of
photolithographic masks involved) of the three processes. The fabrication processes will
be described in the next chapter.

4.3

Finite Element Modeling

Finite element modeling was used to design the different CMUT cells using the COMSOL
model similar to the models described in Chapter 3. The general approach has been to use
a fixed immersion frequency and a fixed pull-in voltage, as pre-determined by the imaging
application and available supply voltages of the scanner system, respectively. To achieve
this, there are three adjustable parameters: The plate thickness, the plate radius/side
length, and the effective gap. Parametric sweeps are therefore conducted by running the
COMSOL Multiphysics software (COMOSOL AB, Sweden) with MATLAB (MathWorks,
Inc., Natick, MA, USA).

4.4

Cell Arrangement within an Element

Arranging the cells within an element is naturally conditioned by several factors and
therefore compromises have to be made. First of all, the area of the individual cell is
determined by the desired immersion frequency and choice of plate thickness. For the
Tabla CMUT arrays, the plate thicknesses are determined by the availability of SOI wafers.
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Figure 4.6: Cell arrangement for the Tabla V probe. The cells are hexagonal close-packed inside a
rectangle.

The starting point is therefore finding a plate radius/half side length that will result in the
desired resonant frequency. Nevertheless, the element area is determined by the element
pitch, which sets an upper limit for the maximum number of cells that can fit inside an
element. Moreover, the cells should be suitably placed inside the element, which leads
to another design parameters: The inactive area between the cells and the inactive area
between the outer cells and edge of the element. These areas constitute the bonding area
and should therefore be sufficiently large for successful wafer bonding. The consequence
is in some cases that the cell radius/half side length is adjusted slightly to improve the
cell fill-factor. In case the desired resonant frequency is ”traded” for increased fill-factor,
it could very well be justified by the large bandwidth of a conventional CMUT device.
As an example, Fig. 4.6 shows how a compromise is made when arranging the cells
in a CMUT element of the Tabla V probe. The plot shows the cell radius (black) and
fill-factor (red) as function of minimum cell separation distance. The annotations (the
numbers 3, 4, and 5) refer to the number of columns in an element. The element pitch
of this array is 200 µm and the element/electrode width is therefore set to 196 µm. In
the final design of the Tabla V array, the number of cell columns per element is four, the
minimum cell separation distance is 6 µm, and the cell radius is 23.54 µm. The choice of
cell radius agrres with the FEM simulation results. The result is a cell fill-factor of 67%.

4.5

Photolithographic Masks

Photolithographic masks are used to define the lateral dimensions of the CMUT arrays.
To accommodate the requirements for the various CMUT prototype probes, different mask
sets have been designed. Table 4.3 lists the masks used to realize the CMUT arrays for
the linear Tabla CMUT probes. It includes the purpose and polarity of each mask. Note
that only three or four device-defining masks are needed for the fabrication. However, a
generic mask (with two large squares) has sometimes been used to make openings in the
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top silicon layer (plate layer) to be able to better visualize the alignment marks (this will
be explained in Chapter 5).
Table 4.3: Masks used for the Tabla CMUT probes. The table contains the purpose and polarity of each
mask. All masks are right reading, except Mask 1 for the Tabla I-III probes (marked with *).

Tabla

Mask 1

Mask 2

Mask 3

Mask 4

I-III

Cavities*

Bottom substrate

Extra metal pads

Electrode metalization

(dark field)

(dark field)

(bright field)

(bright field)

Cavities

Bottom substrate

Electrode metalization

-

(bright field)

(dark field)

(bright field)

-

Bumps

Cavities

Bottom substrate

Electrode metalization

(dark field)

(bright field)

(bright field)

(bright field)

Bumps

Cavities

Bottom substrate

Electrode metalization

(dark field)

(bright field)

(dark field)

(bright field)

IV

V

VI and HF

All mask layouts have been drawn with the software L-Edit (Tanner Tools). Illustrations of representative sections of the mask layouts for the Tabla CMUT arrays are shown
in Fig. 4.7. Note that the cells are as closely packed as possible within each element/top
electrode. The elements of the Tabla I-V arrays are rectangular, while the elements of
the Tabla VI and HF arrays are interwoven. The reason an interwoven arrangement is
simply that it resulted in a much better cell fill-factor. For instance, the Tabla VI cells
have a diameter of 120 µm and the element pitch of this array is 200 µm, which would only
allow one column of cells if the elements were rectangular. The effect of the interwoven arrangement is that these arrays have no acoustic kerf (in fact they have a negative acoustic
kerf).
A mask layout for an entire 128-element Tabla IV array is shown in Fig. 4.8. Note that
the contact pads for connecting the top electrodes with the electronics (via wire-bonds)
are placed at the end of each element in an alternating manner along the azimuthal direction of the array. This is done to increase the distance between the wires connecting
each element with the electronics. Furthermore, four rectangles are placed around the
elements. The two rectangles placed on each long side of the array are openings for the
common bottom electrode. In that way, wire-bonds can be placed several places along
these bottom electrode openings to establish connection with the electronics. The remaining two rectangles are intended for electromagnetic shielding, but have not been used in
the assembled probes. All of the Tabla CMUT arrays measure around 8 mm × 40 mm once
they are diced.
All wafer layouts include alignment marks and various test structures. The alignment
marks are placed at each side of the wafer (appearing in the center of each of the two
crosses in Fig. 4.9) for relative alignment of each mask layer to the first mask layer
used. An example of the alignment marks is shown in Fig. 4.10. In particular, it shows
the alignment marks of all mask layers belonging to the Tabla VI design. Some of the
test structures are used during the fabrication at particular steps and some of the test
structures are used after the fabrication is finalized. Four identical (though mirrored)
test areas are present on all wafer designs. These areas include structures for testing the
exposure dose, breakdown voltage, individual element behavior (i.e. no neighbors), and
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Figure 4.7: Illustrations of sections of the mask layouts for the Tabla CMUT arrays (not to scale!).
The red squares/circles are individual CMUT cells and the greenish-blue color marks the elements/top
electrodes. The dark red circles inside the CMUT cells represent the bumps resulting from a double
LOCOS process. One mask layer is not represented here, namely the mask used for making openings to
the bottom electrode/substrate.

Figure 4.8: Tabla IV array layout, consisting of 128 elements.

large element behavior.
Finally, an illustration of the layout of an entire wafer is shown in Fig. 4.9. The specific
layout shows the overall wafer layout for the Tabla IV design. The overall wafer layout
for the other CMUT designs vary slightly, however, they consist of 12 − 13 linear arrays,
various test structures, and alignment marks. The outer perimeter marks the size of a
100 mm diameter wafer and the inner perimeter marks the area in which the structures
are placed. The reason being that the wafers are occasionally handled with tweezers at
the wafer edge, and moreover simply because some fabrication steps tend to give different
results near the wafer edge.

4.6

Final Tabla CMUT Designs

The final design specifications associated with the linear CMUT arrays present in the
Tabla prototype probes are listed in Table 4.4.

4.7

Chapter Summary

In this chapter, considerations regarding different aspects of designing the CMUTs for
the Tabla arrays were discussed, and the final design specifications were provided. In
particular, requirements associated with the scanner compatibility as well as the CMUT
technology were listed. The choice of structural cell designs was discussed in the light of the
fabrication processes needed to achieve the cell structures. More particularly, the thermal
oxidation of silicon was described and three CMUT cell fabrication schemes involving

72

CHAPTER 4. CMUT DESIGN

Figure 4.9: Tabla IV wafer layout. This particular layout contains 13 linear CMUT arrays. The wafer
layouts of the other Tabla CMUT generations are similar to this layout, and they all include linear arrays,
test structures, and alignment marks.
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Figure 4.10: Mask alignment marks. Alignment structures like this are used for all Tabla CMUT
generations. Arrows are including to ease the alignment procedure. The insert shows a zoom of the
alignment structures.

thermal oxidation were presented: a RIE process, a single LOCOS process, and a double
LOCOS process. A generic FEM approach used for finding CMUT cell dimensions was
briefly described. Furthermore, it was discussed how the arrangement of CMUT cells
within an element sometimes is a compromise between obtaining a high cell fill-factor and
obtaining the desired resonant frequency (cell size). The large bandwidth of most CMUTs
often reduces the consequence of this compromise. Examples of the mask layouts for the
Tabla arrays were given. Finally, taking all design considerations into account, the final
design parameters were listed for all Tabla CMUT arrays. Based on the findings of this
chapter, the next chapter will provide an overview of the microfabrication involved to
realize the CMUT arrays present in the Tabla probes.
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Table 4.4: Design specifications for the Tabla CMUTs.
Tabla
Parameter

I-III

IV

V

VI

HF

5

5

4.1

4.1

11

Pull-in voltage, Vpi , [V]

237.5

237.5

237.5

220

220

Radius, a, or half side length, L/2, [µm]

24.5

24.3

23.54

60

16.75

-

-

15.69

40

11.17

Cell
Immersion center frequency, fc , [MHz]

Bump radius, abump , [µm]
Bump height, hbump , [µm]

-

-

500

500

500

Plate Thickness, h, [µm]

2

2.2

2

9.3

2

Vacuum gap, g, [nm]

360

260

253

167

108

Insulation oxide thickness, hox , [nm]

400

380

400

400

400

Post oxide thickness, hpost , [µm]

760

815

1979

1794

1688

-

50

100

100

100

Metal thickness (Ti/Al), [nm],

Silicon nitride thickness, hni , [nm]

0/200

20/400

20/400

20/400

20/400

Cell/plate geometry

Square

Circle

Circle

Circle

Circle

Fabrication process

RIE

1xLOCOS

2xLOCOS

2xLOCOS

2xLOCOS

Element
Min. cell separation dist., [µm]

5

6

6

7

5

Cell-to-edge dist., [µm]

15.5

5.5

5.5

7

5

Cell packaging

Close

HCPa

HCPa

Number of cells per element

460

546

450

78

465

Approximate cell fill-factor in element, [%]

75

68

67

74

59

Interwovenb Interwoven/HCPa

Array
Element pitch, [µm]

300

300

200

200

200

Element width, [µm]

296

296

196

197.5c

-c

Element spacing (electrical kerf), [µm]

4

4

4

2.5

2.5

Element height, [mm]

5

5

6

6

3.5

128

128

192

192

192

0.8Vpi

0.8Vpi

0.8Vpi

0.9Vpi d

0.9Vpi d

±75

±75

±75

±75

±75

PZT reference probe (BK Medical)

8812

8812

9032e

9032e

9070f

Production year

2014

2015

2016

2017

2017

Number of elements
Operation
DC bias voltage, VDC , [V]
AC voltage, VAC , [V]
Misc.

a

HCP: Hexagonal Close-Packed.
With this ’interwoven’ element configuration of the Tabla VI array, the elements overlap and the cell count
alternates between one and two cells along the length of the element.
c The elements have a zig-zag structure.
d When the probe were assembled, a value of 0.8V was used.
pi
e The 9032 probe is also referred to as the 8L2 probe.
f The 9070 probe is also referred to as the 18L5 probe.
b
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5

Microfabrication

This chapter presents different fabrication processes for fabricating linear CMUT arrays.
First, a brief discussion of the most prevalent fabrication schemes is provided. In particular, two overall fabrication concepts are discussed: Sacrificial release processes and wafer
bonding processes. All CMUT arrays presented in this thesis have a silicon dioxide layer
as a spacer material between the electrodes as well as an insulation layer in the bottom of
the cavities. Therefore, investigations of the silicon dioxide quality are routinely carried
out as part of the fabrication procedure, and some of these results are presented in this
chapter. Then, the fabrication processes for the different CMUT versions present in the
Tabla prototype probes are reviewed, especially detailed for the double LOCOS process,
as this process is used for CMUT chips present in the Tabla V, Tabla VI, and Tabla HF
probes. The different Tabla CMUT designs all use an SOI wafer as a starting point for
achieving a flexible plate. Nevertheless, during this project another method for achieving
a highly doped, flexible plate has been investigated. This process uses a boron etch-stop
technique, with which a layer in a silicon wafer is highly doped with boron atoms and
then bonded to a substrate wafer containing cavities. The highly doped boron layer acts
as an etch-stop layer when thinning down the undoped part of the top silicon wafer with
a potassium hydroxide (KOH) solution. In this way, a highly doped flexible silicon plate
remains. As this process was not used for the Tabla CMUT arrays, the study is only
included in Appendix F.
This chapter is intended to provide an overview of the fabrication processes used for
the different Tabla CMUT arrays, and the reader is referred to Appendix L-O for the
detailed process flows.

5.1

Fabrication Methods

Overall, two fabrication schemes predominate the realization of CMUTs: Sacrificial release
methods and wafer bonding methods. In addition, these include a subset of available
fabrication methods. Some of these are briefly discussed in the following.

5.1.1

Sacrificial Release Processes

A common way of fabricating CMUTs is using a sacrificial release method. This method
was used for the fabrication of the first CMUTs by Haller and Khuri-Yakub in 1994 [11]
75
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(see also extended version in [12]).
As implied by the name, a sacrificial release process utilizes a sacrificial layer as part
of a layer stack containing the flexible plate. The sacrificial layer is selectively removed
with a wet etchant to form the gap underneath the flexible plate. The gap may or may
not be sealed afterwards. The sacrificial layer can be grown or deposited, and could for
instance be silicon dioxide (SiO2 ) [11,12], amorphous silicon [76], phosphosilicate glass [77],
polyimide [78, 79], or chromium (Cr) [19, 36, 80]. Besides the sacrificial layer material,
various combinations of materials for the flexible plate, bottom substrate, etc., have been
been reported [11, 19, 22, 24, 36, 76–82]. Even though the process is typically a bottom-up
approach, it has been demonstrated that the sacrificial release method can be applied in
a top-down approach, as first presented by Caliano et al. in 2005 [19] and later applied
by Savoia et al. [36].
Generally, however, sacrificial release processes can have some drawbacks. Some of
these are high residual stresses in the thin films, etch channels that may take up active
area, and the risk of sticktion of the plate to the substrate as a consequence of the release
process (due to capillary forces) [83, 84].

5.1.2

Wafer Bonding Techniques

Wafer bonding is a widely used technique for the fabrication of micro-electro-mechanical
systems (MEMS) and microelectronics devices. In fact, several advanced wafer bonding
methods exist for fabricating CMUT arrays for medical imaging. Some of these techniques
can be catagorized as:
• Adhesive bonding
• Anodic bonding
• Eutectic bonding
• Fusion bonding
All of the above techniques serve to bond two substrates together and typically follow the
same overall procedure:
1. Pre-treatment of substrates
2. Contact between substrates
3. Post-treatment of substrates
In the following, brief overviews about each of the aforementioned wafer bonding techniques are provided.
Adhesive Bonding
Bonding two wafers by means of an adhesive is a very versatile approach. A simplified
polymer adhesive bonding process could be as follows: Two substrates/wafers are are
cleaned and possibly pre-treated with a promoter. Next, the adhesive is applied on one
or both wafers (and sometimes partially cured), after which they are put in contact and
the intermediate adhesive is fully cured, e.g. using heating cycles, by UV light exposure,
applying pressure, etc.
Typical adhesives for CMUT fabrication include SU-8 and BenzoCycloButene (BCB)
[85–88]. Savoia et al. have also demonstrated that patterned BCB can be used as part of a
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3-D packaging method for the mechanical bonding of 2-D CMUT arrays and front-end integrated circuits [89]. In fact, as part of the research activities in the MEMS-AppliedSensors
group (DTU), a photosensitive BCB polymer has been used for fabricating CMUT arrays,
as described by Havreland et al. in [90]. In this process, a quartz wafer is used as bottom
substrate and the plate material is silicon nitride (which is deposited on a silicon wafer
before the bonding). The cavities are formed in the intermediate photosensitive BCB
polymer layer, which in addition serves as spacer/structural support for the plate.
The use of an adhesive wafer bonding process provides good tolerance to wafer surface
defects and contaminants [86, 91]. Another advantage is that the bonding step can be
carried out at less than 400 ◦C, which in principle makes it CMOS compatible [86, 91].
Anodic Bonding
A borosilicate glass (e.g. Borofloat or Pyrex) wafer can be bonded to a silicon wafer or an
SOI wafer using anodic bonding. After cleaning the wafer pair, the bonding takes place
making direct contact between the wafers and then applying proper heating, pressure, and
an electric potential. The electric potential is applied to essentially facilitate the bonding.
In particular, borosilicate glass contains mobile sodium (Na+ ) ions that will diffuse away
form the bonding interface and to the cathode on the backside of the glass wafer. This
leaves a depleted region near the wafer interface. This region is very oxide-rich (O2− ), and
oxygen ions will be driven into the silicon due to the high electric field of the depletion
region. The result is the creation of silicon dioxide. Finally, the wafer pair is cooled down.
Important process parameters include bonding voltage (typically several hundred volts),
current limitation (to prevent dielectric breakdown), and temperature (higher temperatures result in better ion mobility, however the temperature should remain slightly below
the glass transition temperature). Anodic bonding processes have also been used to fabricate CMUTs [92–95]. Among several advantages, this bonding process is of interest for
CMUTs because of the process simplicity of defining cavities by etching in a glass wafer and
patterning it with metal. Also, the use of a glass wafer introduces no additional parasitic
capacitances (in fact, parasitic capacitances are potentially reduced) [94,95]. Furthermore,
the bonding step is performed at temperatures (e.g. at 350 ◦C [95]) that allow for CMOS
compatibility.
Eutectic Bonding
Eutectic wafer bonding relies on an intermediate metal layer. When used for bonding
two silicon wafers together, a metal layer (for example gold (Au)) creates an eutectic
composition with silicon [96, 97]. An eutectic system has a melting/solidifying point a
single temperature (i.e. it is capable of transitioning directly from solid to liquid state,
and vice versa). Moreover, the melting point of the eutectic alloy is lower than the melting
points of each of the involved components. As an example, if Au is used to facilitate
the eutectic bonding of silicon wafers, the two silicon substrates are first conditioned
by removing the native silicon dioxide layer or by depositing a thin intermediate metal
layer (like Ti or Cr) right before the Au deposition. Then, the two substrates are bonded
together at elevated temperature and pressure. In particular, the temperature is increased
to the eutectic point (temperature at which the materials become a homogeneous mixture).
This temperature is lower than the individual melting points of the materials. Finally, the
substrates are cooled below the eutectic point, wherefore the two materials solidify [96,97].
Although certainly not common, eutectic bonding can be used to as part of the fabrication
process of CMUTs or for integrating CMUTs with electronics [98–100].
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Fusion Bonding
Fusion bonding is a direct bonding method, i.e. no intermediate layer is needed. A
successful silicon fusion bonding process results in covalent bonds between two wafers.
However, it requires that certain requirements are met: The wafers have to be very flat,
very smooth and very clean. More specifically, the wafers should be flat in terms of
the wafer curvature, the roughness should be low (root-mean-square roughness of less
than 0.5 nm [95]), and the wafers to be bonded need to undergo a sufficient cleaning
procedure before the bonding step (as any residues still left on the wafers during the
bonding procedure will likely result in un-bonded areas (voids)). The wafers could be
hydrophobic (to obtain a weak pre-bond resulting from van der Waals forces) or hydrophilic
(to obtain a stronger OH bridge pre-bond) [97]. This means that one or both wafers could
have a silicon dioxide layer on the surface(s) to be bonded. In fact, bonding a silicon
wafer with a thermally grown silicon dioxide layer to another wafer with or without silicon
dioxide has successfully been done for making CMUTs in this PhD project. After the
cleaning procedure, a pre-bonding step is carried out by applying a piston force at a
slightly elevated temperature (for instance ≈ 50 ◦C). The essential covalent bonding is
achieved during the following high temperature annealing step (typically >1000 ◦C).
Fusion bonding can be used to fabricate CMUTs [17, 18, 20, 21, 101, 102]. In fact, fusion bonding has been chosen for the fabrication of all CMUT arrays presented in this
thesis, and the method will therefore be treated with more specifics later in this chapter.
The choice is justified by several advantages of the fusion bonding process compared to
conventional sacrificial release processes. For instance, the limitations imposed by the
sacrificial release method with respect to the dimensioning of CMUTs do not to the same
extend apply to fusion bonded CMUTs (which can have cavities with large aspect ratios).
Furthermore, it is easier to obtain a vacuum on the cavities and there are generally fewer
processing steps involved in the realization of fusion bonded CMUTs. Also, single crystalline silicon can be used as material for the plate, which ensures well-defined mechanical
properties and thus predictability [18]. Another important reason for choosing the fusion
bonding method rather than the other methods just described is simply the fact that the
author, as well as the research group as such, had already gained a lot of experience with
fusion bonding prior to the start of this project.

5.2

Insulator Quality

The quality of the insulator stack separating the two electrodes in a CMUT is an important
parameter, as it has crucial impact on the device performance. In Chapter 3, it was shown
that the higher the pull-in voltage, the higher the output pressure and receive sensitivity.
In this context, however, two aspects should immediately be considered: What are the
voltage restrictions of the external electronics and what is the inherent voltage limitation
of the CMUT itself. Both of these aspects have already been mentioned in Chapter 4, but
this section presents some of the efforts made to characterize the quality of particularly
the thermally grown silicon dioxide. This is of particular importance as silicon dioxide is
used in all Tabla CMUTs to separate the bottom and top electrodes. Furthermore, silicon
dioxide is also present in the bottom of the cell cavities as an insulator material in the
case of pull-in.
The term quality is defined in a two-fold manner:
1. The presence of mobile charges should be minimized.
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Aluminum

Silicon dioxide

Highly doped silicon

Figure 5.1: Principle sketch of a MOS capacitor.

2. The breakdown voltage of the insulator should be sufficiently high to allow for realizable design dimensions.
Both of which are strongly influenced by the cleanliness of the processes used to fabricate
the CMUT arrays. The former is associated with mobile ions resulting from the fabrication. It is therefore hard to have full control over, and moreover, it is notoriously difficult
to identify the origin of such contamination, especially when working in a university cleanroom. Furthermore, it can only be proper tested once the devices are finalized. The latter
imply that a high quality, dry thermal silicon dioxide should maintain its insulating capability even at electric fields of up to 0.5 − 1 V/nm [103].
Metal-On-Oxide (MOS) structures have been fabricated to monitor the breakdown voltage
of the thermally grown oxides from two furnaces available at the DTU Nanolab cleanroom
facility. Aluminum (100 nm) is deposited on 44 equally-sized pads using E-beam evaporation and a silicon shadow mask. A principle sketch of a MOS capacitor is shown in Fig.
5.1.
In the beginning of this PhD project, measurements were conducted to investigate
whether or not the breakdown voltage of the silicon dioxide layers grown in the furnaces
were adequate. Wafer mappings of the relative breakdown voltage for two measured cases
are shown in Fig. 5.2. The results for a very good oxide quality in terms of breakdown
voltage are shown in Fig. 5.2(a). Here, the mean breakdown voltage, based on measurements on 24 metal pads, is 0.91 V/nm with a standard deviation of 0.02 V/nm. In
Fig. 5.2(b), a similar measurement on another wafer shows a mean breakdown voltage of
0.82 V/nm with a standard deviation of 0.07 V/nm. The map in Fig. 5.2(b) reveals that a
wafer can have areas with much lower breakdown voltage. In fact, the breakdown voltage
ranges from 0.57 V/nm to 0.97 V/nm in this particular wafer. This indicate that a safety
margin should be incorporated in the design of CMUT cell structures.
Moreover, it was investigated if the point in time of using a furnace would have any impact on the resulting quality. Therefore, measurements of the relative breakdown voltage
over an extended time period from June 2013 to November 2014 for two of the furnaces
used in this project are shown in Fig. 5.3. The wafers with thermally grown oxides were
made available from the cleanroom’s stock of quality control wafers, and Al pads were
again deposited using E-beam evaporation and a silicon shadow mask. Fig. 5.3 indicates
that there is no clear trend concerning change in the relative breakdown voltage of the

80

CHAPTER 5. MICROFABRICATION

(a)

(b)

Figure 5.2: Normalized breakdown voltage mapped for two different wafers. Note the fixed color bar,
which goes from 0.6-0.9 V/nm.

thermally grown silicon dioxide over time.
Measurements of the breakdown voltage of silicon dioxide have justified the choice of
VDC
as a design rule for finding the required insulation layer thickness (as stated
gox ≥ 0.5V/nm
in Chapter 4).

5.3

CMUT Process Iterations

As previously stated, several fabrication processes have been used for the different Tabla
CMUT array generations. In this section, the different methods will be described. Many of
the fabrication steps common for all the fabrication processes. The RIE and single LOCOS
processes are only briefly described, whereas the double LOCOS process is described in
detail, as this process is used for three different Tabla CMUT arrays, namely Tabla V,
Tabla VI, and Tabla HF. The process flows of the three types of fabrication processes can
be found in Appendix L-O. To obtain device parameters close to the design parameters
(listed in Table 4.4), process steps, e.g. oxidations, were generally repeated if necessary.

5.3.1

RIE Process (Tabla I-III)

Reactive Ion Etching (RIE) can be used to define the cavities of a CMUT. This is the
case for the CMUT arrays mounted in the Tabla I-III probes. The processing of these
CMUT arrays has been described by the author in [37], but an overview is included here
for completeness. The actual process flow is provided in Appendix M. The process is
illustrated in Fig. 5.4, and the fabrication process can be summarized as follows:
(a) A thermal silicon dioxide layer is grown on both an SOI wafer (A) and on a highly
doped silicon substrate (B).
(b) Cavities are etched in the silicon dioxide layer on the SOI device layer.
(c) The two wafers are bonded together using fusion bonding.
(d) The SOI handle layer and BOX are removed.
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Date
Figure 5.3: Normalized breakdown voltage over a time period of one and a half year (from June 2013 to
February 2015).

(e) Openings in the device layer are made for the alignment marks are made (not shown
in the schematic).
(f ) Openings to the bottom substrate are made.
(g) Metal layers are deposited using e-beam evaporation.
(h) Elements are defined by wet etching of the metal layers and the device layer of the
SOI wafer.
In fact, for the actual fabrication of the Tabla I-III CMUT arrays, an extra aluminum
layer was deposited on the areas where the wire-bonds are attached (i.e. not on the plates).
This was carried out between steps e) and f), but is not included here for simplicity. It
has later been found that this extra metal layer is unnecessary, and therefore it has not
been carried out for the other iterations to be described.

5.3.2

Single LOCOS Process (Tabla IV)

As opposed to the RIE process, with which the cavities are made by removing material,
the LOCOS process forms the cavities by selectively growing the silicon dioxide layer.
The process flow is illustrated in Fig. 5.5 and the actual process flow is included in
Appendix N. A key advantage compared to the RIE process is the possibility of lowering
the parasitic capacitance, since the LOCOS process results in a comparably thicker spacer
material/post oxide layer thicker for the same gap height.
In brief, the process can be described as follows:
(a) A thermal silicon dioxide layer is grown on a highly doped silicon substrate (A).
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Figure 5.4: RIE process flow.
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Figure 5.5: Single LOCOS process flow.
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(b) Immediately after step (a), a layer of silicon nitride and a layer of polycrystalline silicon (polysilicon) are deposited. The nitride layer is then patterned using polysilicon
as a mask.
(c) A high temperature LOCOS process is performed.
(d) The two wafers are bonded together using fusion bonding.
(e) The SOI handle layer and BOX are removed.
(f ) Openings in the device layer are made for the alignment marks are made (not shown
in the schematic).
(g) Openings to the bottom substrate are made.
(h) Metal layers are deposited using e-beam evaporation.
(i) Elements are defined by wet etching of the metal layers and the device layer of the
SOI wafer.

5.3.3

Double LOCOS Process (Tabla V, Tabla VI, and Tabla HF)

In the following, the process flow for the fabrication of fusion bonded CMUTs using two
consecutive LOCOS processes will be described in detail. This process is an adapted
version of the process described in [20, 21]. A process flow for realizing double LOCOS
CMUTs can be found in Appendix O.
Illustrations of the process flow are shown in Fig. 5.6, and the overall steps are:
(a) An oxide layer is thermally grown on a highly doped silicon substrate (A).
(b) Immediately after step (a), a layer of silicon nitride layer is deposited. The nitride
layer is then patterned using photoresist as a mask.
(c) The first LOCOS process is performed. This creates the cavity bumps.
(d) The oxide, nitride and polysilicon layers are removed.
(e) A silicon dioxide layer is thermally grown, and immediately after a layer of silicon
nitride and a layer of polysilicon are deposited.
(f ) The nitride layer is patterned using polysilicon as a mask.
(g) The second LOCOS process is carried out. This will grow the post oxide (side walls
of the cell cavities).
(h) The bottom wafer and an SOI wafer (B) are bonded together by means of a fusion
bonding process.
(i) The handle layer and the BOX layer of the SOI wafer are removed.
(j) Openings in the device layer are made for the alignment marks are made (not shown
in the schematic).
(k) Openings to the bottom substrate.
(l) The wafer is metalized.
(m) The top electrodes are defined by removing metal and etching in the top silicon layer.
The following will go through the fabrication steps of a double LOCOS process in more
detail.
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Figure 5.6: Double LOCOS process flow.
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Preparation
A highly doped Single-Side Polished (SSP) wafer is used as a bottom substrate. A DoubleSide Polished (DSP) Silicon-On-Insulator (SOI) wafer with a highly doped device layer
will eventually constitute the flexible plate of the CMUT. All processed wafers in this
project are 4” in diameter and have a <100> orientation. As a general remark, the
thickness tolerance of the SOI device layer used for the different Tabla CMUT arrays is
considerably large, especially for the thinner plates. In fact, the best tolerance available
to this project is ±300 nm. For a 2 µm thick plate, such tolerance may result in resonant
frequencies and pull-in voltages different from the design specifications. Moreover, the
performance is likely to vary within a CMUT array.
RCA Clean
Throughout the fabrication process, several so-called RCA cleans are needed to ensure a
high degree of cleanliness. RCA is an acronym for Radio Corporation of America; hence
named after the company that invented it. The RCA cleaning procedure helps remove
unwanted surface impurities, such as particles and metal residues. It involves the following
steps:
i) 10 min RCA1 clean
ii) 3 min rinse in deionized water
iii) 30 sec in HF bath
iv) 3 min rinse in deionized water
v) 10 min RCA2 clean
vi) 30 sec in HF bath
vii) 5 min rinse in deionized water
viii) Spin drying of the cleaned wafers
The RCA1 solution is a mixture of water (H2 O), ammonium hydroxide (NH4 OH),
and hydrogen peroxide (H2 O2 ). It is used to remove particles, light organics, and metals.
The RCA2 solution is a mixture of water (H2 O), hydrochloric acid (HCl), and hydrogen
peroxide (H2 O2 ). It is used to remove alkali ions, metal hydroxides, and residual metals.
Both solutions are heated to 70 ◦C immediately before the start of the cleaning procedure.
The H2 O2 will oxidize silicon substrates and potentially trap particles, which can then be
removed with the HF dip.
It is important to notice that this cleaning procedure also removes intentionally grown
silicon dioxide, which therefore must be considered when cleaning wafers that have already
been processed, for instance when cleaning wafers containing CMUT cavities right before
the fusion bonding step. In this case, the etching time in the first HF dip is halved and
the second HF dip is omitted.
Thermal Oxide Growth (Pad Oxide)
The first step (step (a) in Fig. 5.6) is to grow a silicon dioxide layer on the bottom
substrate. This so-called pad oxide acts as buffer layer the tensile stressed silicon nitride
layer, which is deposited in the next step. The required times of the oxidation processes
in this project are found from simulations with the ATHENA process simulation software
and from data in the equipment log books.
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Depositing Silicon Nitride
A layer of silicon nitride (Si3 N4 ) is deposited an patterned (step (b) in Fig. 5.6). Silicon nitride is an excellent diffusion-blocking layer in the LOCOS process, i.e. it prevents oxygen
from reaching the silicon surface and thereby limits the oxidation process significantly.
In this work, silicon nitride is deposited with Low Pressure Chemical Vapor Deposition
(LPCVD). In the process, dichlorsilane (SiCl2 H2 ) and ammonia (NH3 ) react:
3SiCl2 H2 + 4NH3 → Si3 N4 + 6HCl + 6H2

(5.1)

Nevertheless, the silicon nitride will in fact be oxidized itself and therefore a sufficiently
thick layer is needed for the relative long LOCOS processes. This was explained in Chapter
4.
First LOCOS
The first LOCOS process serves to create a silicon bump inside the individual CMUT cells
(as depicted in step (c) in Fig. 5.6). A wet thermal oxidation process is used. After the
oxidation process, all layers are stripped, which leaves the structural silicon bumps (step
(d) in Fig. 5.6).
Insulation Oxide, Silicon Nitride, and Polysilicon
In this step, three layers are added to the wafer (see step (e) in Fig. 5.6). First, a silicon
dioxide layer is thermally grown using dry thermal oxidation. This layer will act as the
insulation material in the case of pull-in. Second, a silicon nitride layer is deposited in the
same manner as described above. Finally, a polycrystalline (polysilicon) layer is deposited
using an LPCVD furnace at a temperature of 625 ◦C:
SiH4 → Si + 2H2 .

(5.2)

Removing Polysilicon
Removing the polysilicon on the backside is done with a wet etchant. The etching principle
is that the polysilicon is oxidized and then removed. The oxidation reaction:
Si + 4HNO3 → SiO2 + 2H2 O + 4NO2 .

(5.3)

The oxide removal reaction:
SiO2 + 6HF → H2 SiF6 + 2H2 O .

(5.4)

The polysilicon on the frontside of the wafer is patterned using a deep reactive ion etch
(DRIE). A photo of a Tabla VI wafer after this step is shown in Fig. 5.7.
Removing Silicon Nitride
Silicon nitride is removed in areas that should oxidize during the LOCOS process. For
this, the patterned polysilicon layer is used as a mask. The nitride is selectively removed in
a wet etch solution of 85 wt% phosphoric acid (H3 PO4 ) at 160 ◦C. The resulting structure
after this step is depicted as step (f) in Fig. 5.6. Note that the remaining silicon nitride
will be present in the bottom of the cavities of the final devices. A photo of the CMUT
cells at this point is shown in Fig. 5.8.
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Figure 5.7: Photo of Tabla VI CMUT wafer after the polysilicon has been removed and before the
selective removal of silicon nitride.

Figure 5.8: Photo of Tabla VI CMUT cells right before the second LOCOS process. The cells are at this
point covered with nitride. Note the bump in the center of each cell.
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Second Thermal Oxidation
The second LOCOS process serves to create the CMUT cell cavity walls. This step defines
the gap height of the CMUT cells. The required the post oxide is relatively thick, which
means that the oxidation time is long. For this reason, a wet thermal oxidation is used.
The result is illustrated in step (g) in Fig. 5.6. If the gap height deviates too much
from the designed value, the wafers can be oxidized further (ideally without removing the
wafers from the furnace’s wafer carrier). This was for instance the case for the Tabla VI
and Tabla HF wafers.
Fusion Bonding
The bottom wafer containing the CMUT cells is attached to the SOI wafer by means of
a fusion bonding procedure (as illustrated in step (h) in Fig. 5.6). A pre-bonding step
is performed in which the wafer pair is brought is close proximity, separated with three
spacers/flags. The wafers are aligned to their flats by eye. The wafer pair is carefully
transported into a chamber, which is pumped to a vacuum of 10−4 mbar. The temperature
is set to 50 ◦C, the flags are removed and a piston presses down on the top wafer (i.e. the
handle layer of the SOI wafer). A piston force of 1500 N is held for five minutes. In this
pre-bonding step, silanol groups (Si-OH) in the silicon/silicon dioxide surface will facilitate
hydrogen bonds between the wafer pair. This is known as hydrophillic bonding. After the
pre-bonding step, the bonded wafer pair is annealed in a furnace at 1100 ◦C for 70 min.
During the annealing step, the final bonding is achieved as the water molecules trapped
between the wafer pair will move along the interface until they vaporize. In this way,
siloxane groups (Si-O-Si) are left behind and thereby forming strong covalent bonds.
An infrared camera or photoluminescence (PL) mapping (non-contact technique) is
used to qualitatively assess the bond quality and in particular to point out particle contamination resulting in voids. An example of a PL map of a fusion bonded Tabla VI
wafer is shown in Fig. 5.9. Typically, four wafers have been fusion bonded for each Tabla
CMUT fabrication run. With more than ten arrays on each wafer, this has been sufficient
to obtain many complete CMUT arrays.
Handle Layer and BOX Removal
The handle layer and buried oxide (BOX) layer of the SOI wafer must by removed to
achieve the desired flexible plate, which will be suspended over the cavities (this is illustrated as step (i) in Fig. 5.6). If an oxide layer is present on the handle layer of the oxide
(only present on some SOI wafer batches), it is first removed in a buffered hydrofluoric
(BHF) acid solution. Then, the handle layer is removed using an Advanced Silicon Etcher
(ASE). This is a dry etch approach involving the bombardment of flourine ions from a
plasma. The process is manually aborted when it is visually confirmed that the BOX
layer is reached. Next, the BOX layer is removed in a BHF solution. Due to the nature of
the electric fields used to accelerate the ions, the wafer is not etched uniformly, i.e. more
material is removed at the wafer edge than at the center. In fact, the wafer diameter is
decreased after this step and the sample becomes more fragile to handle, as the wafer edge
is thin and sharp.
After this step, any trapped particles in the bonding interface is revealed as areas
where the top plate/device layer is missing, as it simply breaks off. A photo of a Tabla VI
CMUT wafer after the handle layer and BOX removal is shown in Fig. 5.10. Note that
the places with missing device layer corresponds well with the PL mapping shown in Fig.
5.9.
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Figure 5.9: Photoluminescence mapping of a fusion bonded Tabla VI wafer. The distortion at the center
of the wafer is an artifact due to the PL mapping technique. The cavities and any voids are visible with
this technique (shown in red). Note the red areas at the wafer edge. These are most likely due to handling
of the wafers (particularly during the fusion bonding).

Figure 5.10: A Tabla VI wafer after the handle layer and BOX layer have been removed. The device
layer thickness is 9.3 µm, so it is not possible to see through the device layer (which is possible for thinner
device layers).

5.4. A FINALIZED WAFER
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Openings for Alignment Marks
To align the masks in the next steps with the existing patterns, openings in the top plate
around the alignment marks are made. For this, a simple photolithographic mask with
two square openings is used. However, if the plate is thinner than a few microns and it is
possible to see the alignment marks in the aligner, this step can be omitted.
Openings for Bottom Substrate/Electrode
As the CMUT arrays will eventually be mounted on printed circuit boards (PCBs) and
electrically connected with wire-bonds between the PCB and the top/front side of the
CMUT chip, it is necessary to make openings to the bottom electrode. This is achieved
with a dry oxide etch followed by a dry silicon etch. The result is depicted as step (j) in
Fig. 5.6.
Metalization
In this step, metal layers are evaporated with an electron beam from a target crucible and
onto the front side of the wafer (as shown in step (k) in Fig. 5.6). A thin layer of around
20 nm Ti is first deposited as an adhesive layer and hereafter, without interrupting the
vacuum, a 200 nm Al layer is deposited.
Element Definition
A dry metal etcher is used to etch away the metal layers in selected areas, such that the
top electrodes/elements are defined (see step (l) in Fig. 5.6). Chlorine (Cl2 ) and hydrogen
bromide (HBr) are ionized and used as etch gases. The Cl molecules take place in the
chemical etching whereas HBr, being a heavier ion, acts to increase the physical etching,
but also to improve the etch selectivity towards the photoresist mask. The metal etching
equipment is limited to use with 6” wafers, so the 4” device wafers are attached to the
carrier wafer using CrystalbondTM 555, which is a water-soluble crystal bond. During the
processing, first a breakthrough step is necessary to remove the aluminum oxide (Al2 O3 )
layer naturally present due to oxygen from the atmospheric air. After this step, the main
etch can start. Endpoint detection can be used to detect the presence of species in the
processing chamber at all time.
Then, a DRIE process is used to remove the silicon layer in areas not constituting the
top electrodes, as defined by the photoresist mask. Photos of the structures after this step
are shown in Fig. 5.11.
The final step in the cleanroom is to spin on a layer of photoresist, typically between
4 µm and 10 µm. This will prevent highly conductive silicon residues to short-circuit the
elements as a result of the dicing step.

5.4

A Finalized Wafer

A wafer containing linear Tabla VI CMUT arrays is shown in Fig. 5.12. The wafer consists
of 12 linear CMUT arrays, each consisting of 192 elements. Furthermore, there are two
areas with alignment marks and four areas with various test structures. In general, the
yield on a wafer is very good, with only a few arrays damaged during the processing.
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(a)

(b)

Figure 5.11: Photos of the metalized elements after the last processing step. (a) Several metalized
elements as well as the metalized bottom electrode in the bottom of the photo. (b) The metalized elements
are separated.

Figure 5.12: Finalized wafer containing 12 linear Tabla VI CMUT arrays.
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Chapter Summary

This chapter has presented different schemes for fabricating CMUTs. Particularly, sacrificial release processes and various wafer bonding techniques were discussed. Special
attention was given to the fusion bonding process, as it is used for the fabrication of all
CMUT arrays presented in this thesis. Furthermore, all arrays rely on silicon dioxide as an
insulator as well as a structural component. Therefore, measurements of the breakdown
voltage of silicon dioxide, as thermally grown in the DTU Nanolab cleanroom facility, were
presented. The specific fabrication methods for the different Tabla CMUT arrays were
reviewed, namely a RIE process, a single LOCOS process, and a double LOCOS process.
For the first two processes, brief description and corresponding illustrations of the process
flows were provided. For the latter, the double LOCOS process, a detailed review of the
fabrication steps was provided in addition to the illustrations of the process flow. Finally,
a representative, finalized wafer was shown.
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CHAPTER

6

Back-End Processing

Once the CMUT arrays have been diced, some arrays are used for direct electrical measurements on the bare chip, some arrays are mounted on Chip Carrier Boards (CCBs),
and some are mounted in fully functioning CMUT prototype probes with integrated electronics. The probe assembly procedure is the topic of Chapter 8.
This chapter describes the process of preparing CMUT arrays for acoustical characterization on a research ultrasound scanner setup. The chapter begins with a brief description
of how the CMUT arrays are mounted onto CCBs. Then, a study on the coating of CMUT
arrays with a polydimethylsiloxane (PDMS) polymer is presented.

6.1

Chip Mounting on PCB and Wire-Bonding

Once a wafer has been finalized in the cleanroom, it is ready to be diced. The CMUT
arrays are at this point still coated with a photoresist, which is therefore individually
removed for each array with acetone and IPA (and sometimes dried with an air gun). It
is important not to let the acetone dry out, as this will leave residues on the surface and
in the trenches.
The arrays are then glued onto CCBs (or flexible PCBs, as will be explained in Chapter
8). Wire-bonding (with Al wires) is used to connect the CMUT array with the metal pads
on the CCB. Note that it is not crucial to use a conductive glue, as the arrays have frontside openings that allow for wire-bonding to the bottom substrate. A glop-top dam is
applied around the CMUT array. This dam will later define the lateral dimensions as well
as the thickness of the coating layer. The mounting of the Tabla CMUT arrays on CCBs
has primarily been performed at DELTA (Hørsholm, Denmark).
A CMUT array mounted on a CCB is shown in Fig. 6.1a. The CCB has FX11 type
connectors attached to its backside for connection with the research scanner setup. The
purpose for this kind of mounting is acoustical measurements with the research scanner
SARUS [61] or a more primitive acoustical setup. A zoom-in photo of a wire-bonded linear
CMUT arrays is shown in Fig. 6.1b.
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(a) Wire-bonded CMUT array on CCB.

(b) Wire-bonded CMUT array.

Figure 6.1: Pictures of linear CMUT arrays mounted and wire-bonded to a CCB.

6.2

Investigation of PDMS as a Coating on CMUTs

For medical imaging, the CMUT chip should be covered by a protective layer. In particular, at the high voltages required for operating the CMUT, this layer should ensure that
the elements do not short circuit, as well as protect the patient against electrical shock.
Furthermore, the coating will also protect the electrodes from the surroundings and thus
protect them from degrading [104]. However, the protective layer/coating should ideally
not affect the overall performance of the device. The results presented in this section have
also been presented in [105] and [106] (see also Appendix B).
Besides the aforementioned requirements, the the coating material should; be biocompatible, have low attenuation of the acoustic signal, have an impedance that matches that
of the medium, and finally a glass transition termperature that is below room temperature, such that the static Young’s modulus is low and hence does not affect the pull-in
voltage of the device significantly [107]. Therefore, a PDMS polymer coating is tested.
The polymer of choice is the Sylgard 170 PDMS because it satisfies the aforementioned
requirements. The acoustic impedance for Sylgard 170 is 1.37 MRayls, while it is 1.50
MRayls and 1.63 MRayls for water and tissue, respectively.
Other materials could also have been chosen as the coating layer. For instance, Parylene C has been investigated due to its cleanroom compatibility [104,108], and is deposited
using Vapor Deposition Polymerization (VDP). Another coating that is cleanroom compatible is silicon nitride. If mechanically stressed, however, it will affect the device performance [108]. Also, it is not practical to deposit a sufficiently thick layer for electrical
insulation to the patient.
Several types of PDMS have been tested on CMUTs. In some cases, the output
pressure will increase due to the increased mass loading and in other cases the reflection
at the PDMS/water interface will be minimized because of a better impedance matching
[107, 109]. Nevertheless, a typical approach when characterizing the influence of a coating
layer is to conduct measurements in air using a vibrometer. In this work, comparisons
of the output pressure and receive sensitivity for both a coated and uncoated device in
immersion are performed.
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Transducer Fabrication

For the comparative study of the coated versus uncoated device performance, a 128 element, 1-D linear CMUT array was fabricated using a fusion bonding process [37]. The
designed immersion center frequency is 5 MHz and the elements are spaced with λ-pitch
(300 µm). The CMUT cells are of square geometry with a side length of 49 µm, and there
are 460 cells per 5 mm long element. More details about the design and fabrication of
these arrays are found in Chapter 4 and Chapter 5, respectively. The CMUT arrays are
identical to the arrays used in the Tabla I-III probes. As will be discussed in the coming
chapters, these CMUT arrays suffered from charging issues. Nevertheless, this study has
provided valuable knowledge on the coating of CMUTs. In specific, the CMUT polymer
coating used in this study is the Sylgard 170 PDMS.

6.2.2

Device Coating and Experimental Setup

A coating layer can be applied onto the transducer surface in several ways, including moldtransfer [107], VDP [104, 109], spray coating, and spin coating. The latter two methods
have a clear advantage for wafer-scale coating. One advantage of using the mold-transfer
approach is the possibility of simultaneously integrating an acoustic lens. Nevertheless, in
this comparative study, the coated device should have no lens effect as this is not the case
for the uncoated device.
A CMUT chip is mounted on a Printed Circuit Board (PCB) and electrical connection
is established by aluminum wire-bonds. A glob top (CHIPCOAT G8345D) covers the
wire-bonds for protection, but also serves as a dam when applying the PDMS.
The PDMS is applied to the CMUT surface using the following approach:
1. The two components of the Sylgard 170 PDMS are mixed and de-gassed in a vacuum
bell for 20 min.
2. The mixed solution is sucked into a syringe and a needle is attached. The PDMS is
applied onto the transducer as small droplets until the dam is filled.
3. The sample is again de-gassed in a vacuum bell, this time for 60 min.
4. The array is cured in an oven at 70 ◦C for > 1 hour (typically over night).
The thickness of the coating is in this study determined by the height of the glob
top dam, which in this case is ≈ 900 µm. The influence of coating thickness has been
investigated by Lin et al. in [107]. They found that the main signal is not affected by
the thickness, however, the reflected signal at the coating/medium interface might overlap
with the main signal if the coating layer thickness is thin. At a thickness of ≈ 900 µm, this
should not pose a problem.
In this work, the comparison between coated and uncoated device performance is
performed on a single CMUT array, where one half is covered with PDMS, while the other
half is not, as seen in Fig. 6.2.
The PCB-mounted CMUT array is attached to a generic Inter-connect Circuit Board
(ICB), which is placed inside a box with a connector cable attached to it. In this way it
can be interfaced with the experimental ultrasound scanner SARUS [61]. A layout of the
interconnection between the PCB and the ICB can be seen in Fig. 6.3. A photo of the
setup is seen in Fig. 6.4.
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Figure 6.2: A CMUT array mounted on and wire-bonded to a PCB. The wire-bonds are covered by a
Glob Top, which also serves as a dam for the PDMS coating. One half of the array is coated, while the
other half is left uncoated.

Figure 6.3: Principle sketch of the interconnect scheme between the CCB and the ICB.

Figure 6.4: Generic ICB evaluation platform for characterizing CMUT arrays. On the front side the
partly coated CMUT array can be seen. On the backside there is a transducer cable supporting the
individual elements of the CMUT array together with a DC voltage supply cable.

6.2. INVESTIGATION OF PDMS AS A COATING ON CMUTS

(a) Hydrophone setup.
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(b) Plane reflector setup.

Figure 6.5: Measurement setup using hydrophone and plane reflector in front of the CMUT mounted in
the box with electronics.

6.2.3

Measurements and Discussion

The acoustic measurements are performed in sunflower oil in order not to short circuit the
uncoated device. For each part of the array, ten elements are chosen for the characterization of output pressure and receive sensitivity. The CMUT array is biased with DC 190 V,
corresponding to approximately 80% of the pull-in voltage. The excitation AC signal is ±
60 V.
Output Pressure
The output pressure of the CMUT array is measured with an Optel 5 MHz hydrophone
(Optel, Wroclaw, Poland) at a distance of 10 mm from the CMUT surface, as seen in Fig.
6.5a.
The excitation signal is a Gaussian noise signal. The RMS values of the measured
hydrophone signals are averaged over 10 iterations of the excitation signal. The coated
part of the array had an output signal of 27% less than that of the uncoated part of the
array.
As described in [107], the attenuation in PDMS can be calculated as:


LdB = αf β d or

I(d)
= 10
I0

β

− αf20 d



,

(6.1)

where α is the attenuation loss factor (in dB/MHz/mm), f is the frequency, β is a
parameter found experimentally, and d is the thickness of the coating layer. Furthermore,
I0 is the original intensity and I(d) is the intensity at the surface of the coating. For
the coating used in this experiment (Sylgard 170 PDMS), α = 0.37 dB/MHz/mm and
β = 1.4. At a frequency of 5 MHz and with an estimated layer thickness of d = 0.9 mm,
the lowering in signal amplitude is expected to be 31%, which is comparable with the
measurements result. there is a difference of ±13% for the transmit and receive signal,
respectively. Some of the discrepancy could possibly be due to an inaccurate estimate of
the coating thickness.
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Figure 6.6: Average RMS signal of the hydrophone-recorded transmit signal for CMUT elements with
(red) and without (blue) PDMS coating, respectively. The signals are averages of measurements on 10
individual elements. An 8-period, sinusoidal excitation pulse is used at each frequency.

Additional hydrophone measurements were conducted at different frequencies. In particular, an 8-period sinusoidal excitation signal is used to achieve a narrow-band pulse at
frequencies ranging from 1.5 MHz to 7 MHz in steps of 250 kHz. The distance between the
CMUT elements and the hydrophone is again 10 mm. The hydrophone is placed at the
center of the each element and the signal is recorded for ten elements with and without
coating, respectively. The averaged results of the two set of measurements are shown in
Fig. 6.6. The center frequency is around 4.5 MHz for the uncoated part of the array
and 4.1 MHz for the coated part of the array. Thus the coated part of the array has a
decrease in center frequency of approximately 9% compared to the uncoated part, which
is expected to be due to the added mass on top of the plate. Furthermore, the −3 dB
fractional bandwidth of the coated part of the array is increased with 9% relative to the
uncoated part, namely from 77% to 84%. This can be explained by the increased dampening of the plate when a polymer is added to the plate. At the center frequency, the signal
loss is approximately 3.8 dB for the coated part.

6.2.4

Receive Sensitivity

The receive signal is characterized by placing a 40 mm plane reflector made of PolyVinylChloride (PVC) at a distance of 10 mm from the CMUT surface, as shown in Fig. 6.5b. Once
again, ten iterations of a Gaussian signal (white noise) is used to excite the individual
CMUT elements. The RMS of the recorded signal is calculated followed by an averaging
of the ten iterations.
A decrease of 35% in receive sensitivity for the coated part compared to the uncoated
part is observed, which is in accordance with the expected value from Eq. 6.1. The receive
sensitivity is calculated by dividing the pulse-echo signal with the transmit signal obtained
for the individual elements. In this way, the difference in output pressure of the coated
elements is taken into account.
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Figure 6.7: Average pulse-echo frequency characteristics of 10 coated and uncoated elements, respectively.
An 8-period sinusoidal excitation pulse is used to achieve a narrow-band pulse at discrete frequencies.

Table 6.1: Measurement results from hydrophone and plane reflector measurements. The center frequencies and fractional bandwidths are listed as average values for 10 coated elements and 10 uncoated
elements.

Measurement

Coated

Uncoated

Difference

Transmit center frequency
Transmit fractional bandwidth, transmit
Pulse-echo center frequency
Pulse-echo fractional bandwidth, receive

4.5 MHz
77%
4.4 MHz
108%

4.1 MHz
84%
3.9 MHz
92%

-9%
+9%
-11%
-15%

A similar approach to the one described for finding the transmit transfer function
is carried out to find the receive transfer function, namely using an 8-period, narrowband excitation pulse at discrete frequencies ranging from 1.5 MHz to 7 MHz in steps
of 250 kHz. This time, however, the plane reflector previously described is used instead
of the hydrophone. In Fig. 6.7, the pulse-echo characteristics is plotted as the average
signal for 10 elements of coated and uncoated elements, respectively. From the figure,
the signal loss for the coated part of the array compared to the uncoated part is around
3.4 dB. Furthermore, the −6 dB center frequencies were found to 4.4 MHz and 3.9 MHz for
uncoated and coated elements, respectively, i.e. a decrease of 11%. This can be attributed
the added mass resulting from the coating layer. Also, the −6 dB fractional bandwidths
were 108% and 92% for the uncoated and coated elements, respectively.
A summarizing table with the results from both the transmit and pulse-echo measurements can be found in Tab. 6.1.
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Chapter Summary

This chapter presented the back-end processing of CMUT arrays after they have been
finalized in the cleanroom. Some of these CMUT arrays are mounted onto CCBs, and
wire-bonding is used to establish the electrical connection. An investigation of using a
PDMS polymer coating on CMUTs was presented. PDMS was shown to be a suitable
choice of coating for CMUTs intended for medical imaging. The next chapter presents
measurements on the CMUT arrays.

CHAPTER

7

CMUT Chip Characterization

This chapter presents the characterization of bare CMUT arrays (no coating) as well as
the characterization of CMUT arrays with a polymer coating. This characterization serve
to provide insight into the intrinsic performance of the different generations of CMUTs,
including the pull-in voltage, resonant frequency and long-term stability. In particular,
electrical as well as acoustical measurements are presented. The former covers impedance
measurements measurements on CMUTs without polymer coating. The latter covers hydrophone measurements as well as plane reflector measurements for CMUTs with coating
and mounted onto interconnect electronics. The chapter begins with a description of the
experimental details. Then, the stability of the RIE-etched CMUT arrays (also referred
to as Tabla I-III) is assessed both electrically and acoustically. Moreover, the stability of
the LOCOS-processed CMUT arrays is assessed. Finally, pressure-voltage characteristics
of a CMUT array is presented.
Given the topic of this chapter, it is worth mentioning that an Application Specific
Integrated Circuit (ASIC) transmitter has been assessed by comparing the acoustic transmit performance of a CMUT array when pulsed with the ASIC and when pulsed using a
commercial pulser, respectively. The comparison has been carried out during this project
and is described in a conference proceeding, which can be found in Appendix H.

7.1

Experimental Details

This section presents the measurement details for impedance and acoustical measurements
performed on linear CMUT arrays.

7.1.1

Experimental Details: Impedance Measurements

To investigate the fabricated CMUT arrays as they come out of the cleanroom (i.e. no coating, nor attached to interconnect electronics), an impedance analyzer is used to measure
the impedance as function of frequency. As explained in Chapter 2, impedance measurements can be used to find relevant parameters associated with the device performance and
thus be used to compare any differences between different design iterations. Moreover, the
surrounding atmosphere is air, which is considered a low impedance medium. This means
that the acoustical terminal of the CMUT equivalent circuit can be considered as shorted
and therefore the models developed in Chapter 2 can be used.
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Figure 7.1: Impedance probe on a linear, RIE-processed CMUT array (Tabla I-III). The two-pin probe
contacts the bottom substrate electrode and one top electrode of an element.

In particular, an Agilent 4294A Precision Impedance Analyzer (Agilent Technologies,
Inc., Santa Clara, California, USA) is used to characterize the impedance of the CMUT
arrays, one element at a time. A photo of the impedance probe (Cascade Microtech) when
probing a linear CMUT array is shown in Fig. 7.1.
To perform the impedance analysis, a 50 mV excitation voltage is applied on top of
a DC bias voltage to the CMUT. The AC signal is delivered by the impedance analyzer
and the DC voltage is supplied by a Keithley 2410 Sourcemeter. The applied voltages are
combined with a bias-T configuration, with which the bias voltage is decoupled from the
AC signal to the impedance analyzer. More specifically, the bias-T is realized with a PCB
with surface mounted components, including a 100 nF capacitor and a 1 MΩ resistor at
the impedance analyzer input/output and at the bias voltage supply, respectively. The
frequency is swept in an interval of interest, typically from 1 MHz to 20 MHz, and the
impedance and phase angle are obtained. Models can be fitted to these sweeps to find the
electromechanical coupling coefficient, the resonant frequency and anti-resonant frequency,
and the peak phase angle. Furthermore, it is possible to find an approximate value for the
pull-in voltage of a CMUT by increasing the bias voltage and analyzing the corresponding
impedance spectra.

7.1.2

Experimental Details: Acoustical Measurements

Two acoustical measurement setups have been used for the measurements presented in
this chapter. These will briefly be covered in the following.
SARUS
The acoustic performance of the CMUT arrays is assessed using two measurements setups.
The first setup is the scientific ultrasound scanner SARUS [61]. For these measurements,
a generic transducer evaluation platform is used and the CMUT arrays are mounted on
CCBs, wire-bonded and coated with a PDMS polymer. This platform is also referred to
as an Interconnect Circuit Board (ICB) and the setup is the same as presented in Chapter
6 (particularly, as shown in Fig. 6.4).
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Figure 7.2: Photo of an acoustic measurement setup used to assess the transmit behavior of the CMUT
arrays in immersion.

Simple Acoustic Setup
An acoustic measurement setup has been made to characterize basic acoustic properties of
the CMUT. To perform such measurements, the CMUT must be mounted onto a CCB and
coated with a polymer, as described in Chapter 6. A photo of the acoustical measurement
setup used for the characterization is shown in Fig. 7.2.
The setup consists of the following main parts:
• Voltage supplies, including Keithley 2410 Sourcemeter for the DC biasing of the
CMUT.
• A commercial Hitachi pulser (HDL6V5582) with eight channels.
• A voltage bias tee.
• A Tektronix AGF3102C arbitrary function generator.
• An evaluation board with an Analog Devices AD8332 ultralow noise variable gain
amplifier.
• An Optel 5 MHz hydrophone or an ONDA HGL-0400 Hydrophone with AC-2010
pre-amplifier (Onda Corporation, Sunnyvale, California, USA).
• A plane reflector (stainless steel).
• A PicoScope 5000A digital oscilloscope (Pico Technology, St Neots, Cambridgeshire,
UK).
The setup is connected to a PC, which is used to control the measurements and record
the results. The measurement routine is defined using MATLAB script. The setup is
typically used for measurements on one element at a time. Nevertheless, the pulser has
eight channels, wherefore transmitting with eight elements simultaneously is possible.
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Figure 7.3: Plot of the impedance as function of frequency measured on a Tabla IV CMUT array. A
model fit is added to the plot. The bias voltage is 120 V.

7.2

Impedance Analysis

As an example of a typical impedance measurement, the impedance magnitude and phase
angle as function of frequency are shown in Fig. 7.3 and Fig. 7.4, respectively. Included
in the plots are also the fitted functions, that can be used to find lumped parameters. The
measurements are performed on a LOCOS-processed CMUT array (Tabla IV).
The electromechanical coupling coefficient is a figure of merit for the efficiency of
a transducer, i.e. how well electrical energy is converted into mechanical energy and
vice versa. This was explained in Chapter 2. A plot of the electromechanical coupling
coefficient squared, k 2 , as function of DC bias voltage is shown in Fig. 7.5. In particular,
the plot shows the voltage region where the nonlinear behavior of the CMUT is very
noticeable. This is also the voltage region where the CMUT probes in this project are
biased. Note that the extracted parameters are based on fits, and these fits are prone to
changes in the shape of the impedance plots. More specifically, the trend is that the closer
the DC voltage is to the pull-in voltage, the less well-defined the impedance spectra are.
Moreover, due to the variation in the plate thickness, the cells will collapse at different
voltages (even within the same element). However, for this particular CMUT array, k 2
reaches a maximum of around 22% before the pull-in condition, after which the fit no
longer applies.
From sweeps of the DC voltage, it is possible to obtain an approximate pull-in voltage
for the CMUT arrays (for instance using a plot like the one shown in Fig. 7.5 or by
plotting the maximum phase angle as function of DC voltage. The estimated pull-in
voltages from impedance spectroscopy of the Tabla CMUT arrays are provided in Table
7.1. In fact, sometimes it is possible to visually identify when the pull-in voltage is reached
(particularly for the thinner plates). Note that all pull-in voltages are slightly lower than
designed. Therefore, the table includes values for the suggested DC bias voltages to be
applied when mounted in probe handles. The electronics the probe handle can be adjusted
to lower the scanner voltage before it is applied to the CMUT.
Furthermore, by tracking the coupling coefficient over time, it is possible to assess the
stability of the transducer. A plot of the long-term stability of three different CMUT chip
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Figure 7.4: Measured phase plot and fit of a Tabla IV CMUT array. The bias voltage is 120 V.

Figure 7.5: Coupling coefficient squared as function of DC voltage bias on an element of a Tabla IV
CMUT array.
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Table 7.1: Pull-in voltages of the Tabla CMUT arrays fabricated in this project. The values are estimates
based on impedance measurements. Note that the sweeps are performed with a negative DC voltage on
the plate. The table also includes the the suggested voltages to be applied when mounted in the probe
handles with integrated electronics. The values correspond to approximately 0.8Vpi .

Tabla IV

Tabla V

Tabla VI

Tabla HF

Pull-in voltage, Vpi , [V]

-180

-200

-215

-215

Suggested DC bias in prototype probes, [V]

-150

-160

-175

-175

Figure 7.6: Coupling coefficient as function of time for three different CMUT versions. The first CMUT
version is RIE-processed (Tabla I-III CMUT), the second version is a single LOCOS CMUT (Tabla IV),
and the third version is a double LOCOS CMUT (an intermediate version prior to the development of the
Tabla V CMUT).

generations is shown in Fig. 7.6. From the figure it is evident that the coupling coefficient
for the RIE-processed CMUT array drops significantly over time, indicating an unwanted
charging effect. On the other hand, the LOCOS-processed CMUT array (Tabla IV) is
stable over a measurement period of 30 hours. A CMUT array fabricated with a double
LOCOS process provides higher coupling coefficient (note this is an intermediate version
between Tabla IV and Tabla V, as described in Chapter 3, Section 3.1.2).
The resonant frequency and anti-resonant frequency as function of bias voltage for
a Tabla IV array element are plotted in Fig. 7.7. Note how both frequencies decrease
with increasing bias voltage. This phenomenon is know as the spring softening effect, as
introduced in Chapter 2. Another observation made is that the resonant and anti-resonant
frequencies move further apart as the bias voltage increases. This implies that the phase
angle peak broadens with increasing bias voltage.
A measurement sequence is carried out to test the influence of bias voltage magnitude
and bias voltage polarity (please see Fig. 7.8 for the definition of voltage polarity). The
device under test is a Tabla IV array element. The peak phase angle degree as well as
voltage biasing scheme are plotted as function of time in Fig. 7.9 as the top plot and
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Figure 7.7: Resonance frequency and antiresonance frequency in air as function of DC voltage bias on
an element of a Tabla IV CMUT array. The spring softening effect is clearly seen.

Figure 7.8: Schematic illustration defining the sign of the applied voltages and the corresponding electric
field directions.

bottom plot, respectively. The bias voltage scheme is a follows: 30 min at a fixed voltage
in one polarity, 5 min at 0 V followed by 30 min at the opposite voltage polarity, etc.
Increasing the bias voltage also increases the maximum maximum phase angle as well
as impedance magnitude. Furthermore, there is a small difference in the peak phase angle
degree depending on the polarity of the bias voltage. In both polarities, however, the peak
phase angle is constant over the time of measurement at each bias voltage level.

7.3

Long-Term Acoustic Measurement Results

The CMUT arrays in the Tabla I-III probes are all made using the RIE process described
in Chapter 5. SARUS is used to obtain the hydrophone-measured RMS voltage signal
over time for a RIE-processed CMUT array as biased with different voltage polarities.
The resulting plots are shown in Fig. 7.10. The polarities are defined in Fig. 7.8. Note
that the signal obtained for the positive polarity in Fig. 7.10 drops very rapidly from the
initial value and keeps dropping even after > 5 hours. The negative voltage polarity also
results in a decreasing signal over time, although with a higher signal amplitude. The
assessment can be used to determine with which polarity the CMUT should be operated
for optimal performance.
Furthermore, a long-term stability assessment of a CMUT has been carried using the
simple acoustic setup. The CMUT is the intermediate CMUT arrays described in Chapter
3, Section 3.1.2. The pull-in voltage of this array is 175 V, so a DC voltage of 140 V and
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Figure 7.9: Top figure: Peak phase angle degree as function of time at different voltage bias and polarity
of an element of a Tabla IV CMUT array. Bottom figure: The corresponding voltage biasing scheme over
time.

Figure 7.10: Acoustic measurements for the CMUT array generation present in the Tabla I-III probes:
RMS hydrophone voltage over time for the two voltage polarity configurations shown in Fig. 7.8. The
measurements are carried out using the SARUS. The signal amplitude is decreasing significantly in both
polarties, although a higher amplitude is observed for the negative polarity.

7.4. DISCUSSION
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Figure 7.11: Measured hydrophone signal as function of number of transmit cycles. The insert shows a
zoom-in on the hydrophone signal as function of time. It is estimated that the number of cycles corresponds
to more than 10 years of clinical usage. Observations revealed that the small, yet sudden changes in signal
amplitude could be correlated with the changes in the environment, in particular whether it was sunny or
not.

an AC voltage of 100 V peak-to-peak are applied to the CMUT. Six channels are used to
transmit on 11 elements with a two-period, square excitation pulse. The result is shown
in Fig. 7.11. The test was run for 6 × 1010 transmit cycles. To give a sense of what
this corresponds to in practical usage, it is assumed that there are 300 clinical exam days
per year, with 30 exams per day, spending 10 min per exam, with 1000 pulses per second
(per element). The resulting number of test cycles corresponds to more than 10 years of
clinical usage. The insert shows the real-time measurement, which took almost 7 days
(165 hours). This is a very significant result showing that the process development has
resulted in stable performance.

7.4

Discussion

Most of the measurements presented in this chapter are performed on Tabla IV CMUT
arrays. This has to do with the fact that the Tabla IV arrays have been most thoroughly
characterized on a chip level. For the previous probe generations (Tabla I-III), instabilityissues were observed. However, impedance analysis of the LOCOS-processed CMUT arrays
(Tabla IV) reveals that their long-term performance is stable. Later generations have also
been characterized with impedance measurements, but primarily to find the pull-in voltage
before the arrays were shipped for mounting in prototype utlrasound probes. Most often,
the intermediate project deadlines for delivering the CMUT arrays to the collaborating
partners, allowed only sparse measurements before the CMUT arrays were shipped. Once
the CMUT probes were fully assembled, the main focus has been to characterize the
acoustical performance of these, including their ability to acquire ultrasound images. The
characterization of the assembled probes is the topic of Chapter 9.
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Figure 7.12: Illustration of the hypothesis of an internal electric field screening the applied electric field
and hence resulting in a lower effective electric field.

7.4.1

Discussion: Impedance Analysis

As a general comment to the impedance analysis, it is important to keep in mind that
the extracted lumped parameters are calculated based on a model fit. Thus, the obtained
values will be no better than the model’s ability to describe the measured signal. In other
words, the credibility of the extracted lumped parameters is prone to several factors,
including any variation across an element and the influence of the voltage levels. The
former is mainly affected by the plate thickness variation, which for SOI wafers can vary
significantly. This has been discussed in the conference paper in Appendix F. The outcome
is that a CMUT element may consist of CMUT cells with many different pull-in voltages,
resonant frequencies, etc. Regarding the latter, the AC signal from the impedance analyzer
is very small, so the models are still valid. However, increasing the bias voltage results
in; spring softening, increase in impedance magnitude, and broadening of the phase angle
peak. In other words, the closer the CMUT is operated to its pull-in voltage, the more
difficult it is to obtain reliable values for the parameters described in this chapter.

7.4.2

Discussion: Stability Assessment

The performance stability of several CMUT generations has been tested. For the unstable
devices, it has been observed both electrically and acoustically that the signal amplitude
drops over time and does not even stagnate after several hours of measurement. As the
applied voltage over the electrodes is constant, the observed drop in signal amplitude is
believed to be an internal screening effect within the CMUT structure. Remember that
the element capacitance is in the order of some tens of picofarads, so it is expected that the
charging of the capacitor would occur very fast, almost instantaneously, according to the
time constant of a capacitor τ = RC. Nevertheless, there is a clear decay in device signal
over a long period of time, indicating an unwanted, slow de-charging of the structure. If
charges are moving inside the cell structure, this would create an internal electric field.
Whether or not this field act to oppose the applied electric field depends on the polarity of
the applied voltage and the sign of the charges. The result could be a decrease in effective
electric field. Fig. 7.12 shows the effect of an internal electric field caused by unwanted
charging phenomena in a CMUT cell. The result is a lower effective electric field.
Dielectric Charging
The term ”charging” in the context of CMUT technology refers to the issue of unstable
performance of CMUT devices, due to the presence of unwanted charges. Moreover, it
refers to the presence of electrical charges in the insulation stack of the CMUT cell. If
the presence of charges decrease the performance over time, it is expected that charges
accumulate in a way such that the applied electric field is counteracted by the internal field
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induced by the charges. On the other hand, if the electric field induced by the charges
is in the same direction as the applied electric field, it could, in principle, increase the
performance over time.
A small computational example will reveal how sensitive CMUTs are to unwanted
charges. The charge built up per area, Q0 , due to an applied voltage, V , can be calculated
as:
Q0 = C 0 V ,

(7.1)

where C 0 is the capacitance per area. Applying a DC bias voltage of 200 V to a plate
capacitor with an effective gap of geff = 400 nm and using the vacuum permittivity gives:
F
8.854 × 10−12 m
0
C
Q =
V ⇒
200V = 4.427 × 10−3 2 .
geff
4 × 10−7 m
m
0

(7.2)

Then, dividing Q0 with the elementary charge, e, will give the number of charges per area,
N:
4.427 × 10−3 mC2
Q0
⇒N =
= 2.76 × 1012 cm−2 .
N=
e
1.602 × 10−19 C

(7.3)

Interestingly, the number of surface bonds per area for silicon is approximately 1015 atoms
,
cm2
which means that the charges induced by the applied DC bias voltage will constitute in
the order of 1/1000 atoms. In other words, one charge-atom per thousand atoms is likely
to greatly diminish or even cancel out the externally applied electric field. A CMUT is
therefore very sensitive to mobile charges, such as alkali ions.
From C-V measurements on basic MOS structures (similar to those presented in Chapter 5), it has been found that the silicon dioxide grown in the cleanroom facility at DTU
Nanolab has less than 1010 charges cm−2 . This only corresponds to approximately 1/100
of the induced charges. Therefore, the charges causing the dielectric charging are likely
not be inherent in the silicon dioxide material as grown in the furnaces. So a speculation
is that charges may be introduced in the CMUT cell stacks during the device processing,
and for instance be present in the interfaces inside the cell structure. Again, unwanted
charges were a pronounced problem for the Tabla I-III probes, which were all based on
RIE-processed CMUT arrays.

7.5

Chapter Summary

In this chapter, measurements on bare silicon chips were conducted to assess some key characteristics of selected CMUT arrays. The characterization was obtained from impedance
measurements and acoustical measurements. In particular, impedance measurements were
used to find the pull-in voltage, and the lumped element model from Chapter 2 was applied
to the measurements to extract the electromechanical coupling coefficient, resonant and
anti-resonant frequencies, and peak phase angle. The transmit signal as function of excitation and bias voltage was obtained for a CMUT array. Such assessment can be used to find
optimal operating voltages in terms of maximized output pressure. Furthermore, it can be
used to acoustically determine the pull-in voltage. The unstable behavior of CMUTs were
discussed in the light of dielectric charging. In the following chapters, the development of
CMUT probes for medical imaging is described and the acoustic performance of the fully
assembled probes will be presented.

114

CHAPTER 7. CMUT CHIP CHARACTERIZATION

CHAPTER

8

CMUT Probe Development

The background for the different CMUT array designs was described in previous chapters.
This chapter describes the development of CMUT-based ultrasound probes with integrated electronics for medical imaging. The probes are designed to be compatible with
commercially available ultrasound scanners from BK Medical ApS (Herlev, Denmark).
Furthermore, custom buffer amplifier boards are integrated in the probe handles to overcome the signal loss in the cable connecting the transducer elements and the scanner. The
chapter begins with a discussion of the specifications for the CMUT prototype probes
and the interconnect electronics. Then, a generic probe assembly process is presented,
i.e. from chip-mounting to fully assembled probe. The chapter is concluded with a brief
description of each the linear CMUT probe generations, including a table with important
design parameters.

8.1

CMUT Probe Specification

The requirements for the CMUT arrays were described in Chapter 4, together with the
resulting design dimensions. Some of these requirements are directly related to the probe
and scanner requirements. As discussed in Chapter 1, all the CMUT probes presented in
this work are made with the same overall specifications as commercially available piezoelectric probes from BK Medical ApS.
As a starting point for the working process of developing a CMUT prototype probe, a
set of specifications are defined together with the suggested measures. In the list below,
important requirements for the CMUT probes are marked in bold and the suggested
solutions are provided in immediate extension:
Fixed elevation focus: Integrate an acoustic lens.
Water resistance: Make probe housing waterproof to avoid electrical short circuiting.
Safe for operator and patient: Electrical insulation and biocompatibility.
Electromagnetic shielding: Apply shielding foil to reduce electrical noise and for patient safety.
Ergonomics: Probe handle and cable should support ergonomic use and be easily operable by one person.
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Compatibility with commercial BK Medical ultrasound scanner systems:
• Suitable coaxial cable and connector.

• Probe should support an excitation voltage of up to VAC = ±75 V.

• Make use of two built-in DC voltage supplies to deliver ±95 V to the CMUT
(used to effectively achieve VDC = 190 V).
Compatibility with research scanner SARUS: Poses no additional measures than
listed for the commercial scanner.

8.2

CMUT Probe Design

A generic probe design is needed to accommodate different CMUT array designs. The
CMUT probe includes a cable connected to a set of rigid PCBs containing the buffer
amplifier electronics. The rigid PCBs are connected to a flexible PCB (also referred to as
a flex-print) on which the CMUT array is mounted. The flex-print has traces and metal
pads for each element as well as a number of pads for making electrical contact with the
common bottom electrode/substrate of the CMUT array.
A photo of a semi-assembled CMUT probe is seen in Fig. 8.1. The main components of
a 1-D CMUT probe are:
• Linear CMUT array
• Flexible PCB (flex-print)
• Two custom-made, rigid PCBs with buffer amplifier electronics
• Connector cable
• Electromagnetic shielding foil
• Coating and acoustic lens
• Probe housing/handle

8.2.1

Interconnect Electronics

The linear CMUT probes presented in this thesis each contain two electronics PCBs inside
the probe handle. These custom-made PCBs, containing the preamplifiers, were developed
by BK Medical ApS (Herlev, Denmark). The PCBs include passive low pass and high pass
filters to separate the DC bias voltages and the AC voltage signals.
A schematic of the electronics for a single element in a 1-D linear CMUT probe is
shown in Fig. 8.2. The DC bias voltage is supplied to the CMUT via two voltage supplies
in the scanner. The ”DC bias top” and ”DC bias bottom” are supplied through some
first-stage filtering circuitry. The two bias supplies have opposite polarity, but are equal
in magnitude. In this way, the effective voltage across the CMUT is equal to the sum
of the absolute voltage levels of the two supplies. The ”DC bias top” supplies the top
electrode with half of the required voltage. The voltage is delivered through a resistor,
R = 1 MΩ, which together with the CMUT element act as a low-pass filter. The capacitor,
C = 10 nF, acts as a high pass filter for the AC signals going either as a transmit signal to
the CMUT element or from the CMUT element to the scanner. The signal passes through
the custom-made IC shown in the red dashed box in Fig. 8.2. During receive mode, a
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Figure 8.1: Photo of a semi-assembled linear CMUT probe (Tabla I).

R

C

DC bias top
CMUT
DC bias bottom

D

Scanner
(TX/RX)

Cs
Figure 8.2: Schematic of the CMUT probe electronics.

diode bridge (D) makes sure that the weak signals generated by the CMUT is sent through
a preamplifier with a gain set to 0 dB (thus acting as a high impedance buffer amplifier)
before it is sent via the cable to the scanner. In transmit mode, switches disconnect the
buffer amplifier and the signal goes through the diode bridge (D). Recall that the bottom
substrate/electrode is common for all elements in the linear CMUT arrays presented in
this thesis. The ”DC bias bottom” supplies the bottom substrate with (the other) half
of the required voltage. Furthermore, the bottom substrate is connected to ground via a
capacitance Cs = 400 nF (achieved with four 100 nF capacitors).
Supplying the DC voltage bias via two voltage supplies has the advantage that the
electronics components only need to be dimensioned to support half of the required voltage over the CMUT. Furthermore, the same electronics can be used for 2-D row-column
addressed CMUT probes, merely by omitting the common ground reference and connecting each element to a channel on the scanner. This has been presented by Christiansen et
al. in [110].
During the course of this project, there has been a change in buffer amplifier provider,
namely from Analog Devices, Inc. (Norwood, Massachusetts, USA) to Maxim Integrated
(San Jose, California, USA). The reason for this change is simply the fact that the production of the buffer amplifier used for the first probes was discontinued. A list of the
buffer amplifier models used for the different Tabla probes are shown in Table 8.1.
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Table 8.1: Table of the buffer amplifier electronics used in the CMUT probes presented in this thesis.

Tabla probe

8.3

Buffer Amplifier Electronics

I-III

ADHV1301 (Analog Devices)

IV

ADHV1301 (Analog Devices)

V

MAX14822 (Maxim Integrated)

VI

MAX14822 (Maxim Integrated)

HF

MAX14822 (Maxim Integrated)

CMUT Probe Assembly

In this project, most of the CMUT probe assembly steps were carried out at BK Medical
(State College, PA, USA), formerly known as Sound Technology, Inc. A generic approach
for assembling the CMUT probes presented in this thesis will now be discussed, starting
with the mounting of the CMUT array onto a flexible PCB (flex-print).

8.3.1

Mounting on Flex-Print and Wire-Bonding

When the cleanroom fabrication has been finalized, the wafers are diced and the temporary
polymer coating (a photoresist applied before the dicing step) is removed with acetone and
isopropyl alcohol (IPA). The diced and uncoated CMUT array is send to the collaboration
partner DELTA A/S (Hørsholm, Denmark). Here, the CMUT array is glued onto a flexprint. The flex-print has a rigid support directly beneath the CMUT array, but is otherwise
flexible. Nevertheless, a flex-print version with an opening in the rigid part has been used
to test a standard backing material for the Tabla I probe. No clear difference was observed
compared to the Tabla II probe, which had the solid part (made of FR-4) of the flex-print
underneath it. All other Tabla CMUT probes have no backing. Nevertheless, effects of
substrate reflections in the Tabla HF arrays have been observed, which motivates more
thorough backing investigations in the future.
Wire-bonding with aluminum is used to provide electrical connection between the pads
on the CMUT array and the metal pads on the flex-print. The traces on the flex-print
lead to a set of connector pins that can be connected to the rigid custom made PCB with
electronics (described earlier). A photo of a wire-bonded linear CMUT array (Tabla V
array) mounted on a flex-print is shown in Fig. 8.3, and a photo of a CMUT array on a
flex-print is shown in Fig. 8.4. The latter is a Tabla III array with glop top applied along
the two sides with wires.
Glob-Top or Shim
The CMUT array and the wire-bonds need to be covered with a protective coating. This
serves to provide electrical insulation of the array surface as well as the wire-bonds. A
mechanical constraint at the array edge is needed to ensure that the coating material (a
Room Temperature Vulcanizing (RTV) silicone) remain on the surface while still uncured.
For the Tabla I probe, a glob top dam was applied around the CMUT array, and
moreover it completely covered the wires. For Tabla II-IV, a glob top dam was applied
around the array, but without touching the wires. The reason that the glob-top was not
used for covering the wires in the later Tabla generations is that it had previously been
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Figure 8.3: Photo of a linear CMUT array (Tabla V) mounted and wire-bonded on a flex-print. This
zoom-in photo clearly shows the aluminum wire-bonds, the CMUT array, and the rigid part of the flexprint.

Figure 8.4: Photo of a linear CMUT array (as present in the Tabla III probe) mounted and wire-bonded
on a flex-print. The flex-print is at this point still attached to a fixture.
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Figure 8.5: Photo of a linear CMUT array (Tabla V) on a flex-print with shims glued onto the sides of
the array.

observed that the wires could break or detach when covered with a glob top. Instead, the
wires are covered by the RTV silicone as part of the array coating step. In the cases where
a glop top has been used, it has been applied at DELTA A/S after the wire-bonding step.
For the Tabla V-VI and Tabla HF probes, non-conductive shims were used instead of a
glop-top. These shims were applied as part of the probe assembly process at BK Medical
(State College, PA, USA). The shims were glued onto the rigid part of the flex-print on
each of the two sides containing wires. In this way there are still openings at the short
ends of the array for any excessive coating material to leave through during the procedure.
A photo showing the CMUT array on flex-print after the shims have been applied is found
in Fig. 8.5.
The shim-approach allowed for a much better control of the coating thickness. In
essence, both approaches follow a dam-and-fill principle. No matter which solution is
chosen, the height of the dam must be higher than the height of the wires, and caution
should be taken during this process step to avoid breaking the fragile wires.

8.3.2

Coating and Shielding

From this step and onwards, the probe assembly steps are performed at BK Medical (State
College, PA, USA). In this step, the CMUT array is coated with an RTV silicone (speed
of sound: 1000 m/s) for electrical insulation. Furthermore, before the RTV silicone is
cured, an aluminized polymer foil is applied and planarized. This foil acts as a grounded
shielding layer for patient safety and electrical noise shielding.
First, a cleaning of the CMUT array surface is done with IPA, followed by an oxygen
plasma clean. Then, a two-component RTV silicone, RTV664 (Momentive Performance
Materials Inc., Waterford, NY, USA), is mixed, and the solution is degassed in vacuum
for three minutes. The mix is filled into a syringe, with which it is applied to the CMUT
array surface. Once again the RTV is degassed in vacuum. Note that this step should
be done in less than 20 minutes after the two RTV silicone components have been mixed
to avoid the mixture to set before application. The vacuum degassing steps are therefore
only three minutes each.
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An aluminized polymer foil, Torayfan PC3 (Toray Films Europe SAS, Saint-Mauricede-Beynost, France), is carefully applied onto the RTV silicone and planarized using a
Teflon-covered glass plate. In particular, the polymer foil is a 12.5 µm thick polypropylene
with a sub-micron thick aluminum layer. The thickness of the aluminum layer is chosen as
a compromise between the electromagnetic shielding ability and acoustical transparency.
As previously discussed, the thickness of the coating (RTV silicone) is determined by
the shim/glob top height. A spring-loaded holder is used to ensure this. The parts are
left in an oven at 45 ◦C overnight to cure the RTV silicone.

8.3.3

Attachment of Shielding

In this step, a 3-D printed support block is glued to the back of the rigid part of the
flex-print. The flexible part of the flex-print and the aluminized shielding foil are bent to
conform with the sides of the 3-D printed block. The foil is connected to the ground plane
of the flex-print using copper tape (with a conductive adhesive). In addition, the copper
tape is soldered to the ground plane of the flex-PCB for improved electrical contact.

8.3.4

Setback

In this step, the parts assembled so far are mounted in a nose-piece (tip of the probe).
This is a critical step, as it defines the thickness and uniformity of the acoustic lens, so any
misalignment between the CMUT array surface and the surface of the plastic nose-piece
may have an effect on the designed functionality.
The alignment is done by placing a piece of plastic with a well-defined thickness in the
opening of the nose-piece. In this way, the encapsulated CMUT array will be set back at a
distance defined by the plastic piece. The encapsulated CMUT array and the plastic nosepiece are glued together using the fast-acting adhesive cyanoacrylate, Cyberbond Apollo
2999 (Curbell Plastics, NY, USA). A drop gage is used to measure the resulting setback
distance.

8.3.5

Applying a Focusing Lens

The requirement of a fixed elevation focus for all the 1-D linear CMUT probes sets the
need for an acoustic lens. An aluminum mold is used to shape the acoustic lens. The
mold is first sprayed with a mold-release solution and then filled with RTV silicone. The
RTV silicone is, as before, degassed in vacuum for three minutes. The front surface of
the nose-piece (i.e. the shielding foil) is cleaned both with IPA and in an oxygen plasma,
after which it is primed with an a-306 platinum primer (Factor II, Inc., Arizona, USA).
The nose-piece is then carefully pressed down into the RTV silicone. A spring-loaded
press is used to maintain the correct setback position, while it is left in an oven at 45 ◦C
overnight. After removing the nose-piece from the mold and removing excess RTV silicone,
the nose-piece is finished.

8.3.6

Handle Assembly

At this point, the flex-print protruding from the rear of the nose-piece is connected to
the electronics PCB. It is then covered with copper tape for electromagnetic shielding.
The copper tape ensures a common reference between the shielding foil encapsulating the
CMUT array and the shield layer of the coaxial cable, which can then be connected to the
scanner ground. A highly insulating tape is wrapped around the copper tape to achieve
effective insulation against high voltages. Finally, the two halves of a 3D printed/milled
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Figure 8.6: A fully assembled Tabla I CMUT probe together with a RIE-processed CMUT array (similar
to that inside the Tabla I-III probes).

probe handle are attached and glued together with the nose-piece. The probe handles of
the Tabla I-V probes were made using the 3D printing technology called PolyJet (though
the Tabla V probe has different PCBs and a different shape for the nose-piece because
of a different reference probe). The handles for the Tabla VI and Tabla HF probes were
realized using machined plastic (polyphenylene sulfone (PPSU)). A photo of a 1-D linear
Tabla prototype probe is shown in Fig. 8.6, together with a linear CMUT array.

8.4

The Tabla CMUT Probes

In the following, a brief description of each of the 1-D linear Tabla CMUT probe generations is provided. It should be noted that from Tabla IV and onwards, two probes of each
generation were assembled. Essentially this is a compromise between the turnaround time
and the change of successful assembly. For simplicity, however, each generation is referred
to in singular form. Note also that each probe generation is provided with a total of 190 V
from the scanner, but to account for lower pull-in voltages of the fabricated CMUTs, small
modifications are made with interface electronics to provide a lower DC bias voltage to
CMUT array. An overview of various characteristics of the Tabla probes is provided in
Table 8.2.

8.4.1

Tabla I-III

The Tabla I-III CMUT probes are all based on the same CMUT array generation. In
particular, this CMUT array generation was fabricated by the author in a previous project
[37]. The process involved a RIE process in combination with a fusion bonding procedure,
as also explained in Chapter 5. The CMUT fabrication approach was chosen due to its
straightforward nature, together with the fact that a similar process had been used in the
MEMS-AppliedSensors group at DTU to successfully fabricate pressure sensors [74].
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The Tabla I prototype probe was designed and fabricated within 100 days of commencement, as described in [37] and [105]. This included the design and manufacturing
of the CMUT array, probe housing, and probe electronics. The probe included a backing
material (similar to that used for piezoelectric transducers), which was achieved via an
opening in the rigid part of the flex-print. The DC bias voltage polarity for this probe was
different than the other probes; the positive voltage from the scanner’s voltage supplies
was provided to the top plates/electrodes.
Once the final Tabla I probe was connected to a commercial ultrasound scanner, the initial high quality real-time images gradually became blurred. It became clear that the
performance of this particular CMUT probe was unstable over time. Furthermore, it was
discovered that the number of working elements was unsystematically varying. In fact,
some of the elements that were not electrically connectable at one point in time could
be connected again at another point in time. In particular, these loose connections were
caused by the wire-bonds connecting the CMUT chip and the flex-print. This could indicate that the adhesion of the wires to either the flex-print pads or the CMUT array
pads was insufficient and/or that the wires broke and therefore only sometimes enabled
electrical connection. The issue with loss of connections is described in [105].
A second linear CMUT prototype probe (Tabla II) was assembled shortly after the
first probe. In this version, no backing material was used, the electromagnetic shielding
foil was better attached, the lens was slightly thicker due to process variations, and most
importantly, the DC voltage bias polarity and thus the electric field direction was reversed
compared to the first version. The latter served to address the problem with instability,
as it was observed that the polarity of the DC voltage greatly affects the magnitude of
the effective electric field across the electrodes of the CMUT cell stack, as discussed in the
Chapter 7.
A third prototype probe, Tabla III, based on a RIE-processed CMUT array was made
based on the information gained with the two previous probes. In particular, in an effort
to avoid the problem of missing/open connections, the glob-top was applied only as a dam
around the metal wires rather than fully covering them. Again, the polarity was reversed
compared to that of the Tabla I probe.
Unfortunately, the Tabla I-III probes no longer exist, as they were disassembled in
order to reuse some of the parts for other probes.

8.4.2

Tabla IV

The Tabla IV CMUT probe is the first linear CMUT probe in the project that is based on
a LOCOS process. The conceptual difference between the CMUT cells in this version and
the previous version is therefore the fact that the cell cavities are realized by selectively
growing silicon dioxide rather than etching out the cavities. The hypothesis was at that
point in time, that by avoiding ion bombardment before the high temperature bond anneal
step, the presence of mobile ions in the final structure would be non-existing or at least
insignificant. The Tabla IV probe has indeed shown to be stable in its performance.
However, this is not a general feature of the LOCOS-based CMUTs.

8.4.3

Tabla V

With this Tabla generation, another piezoelectric probe was used as reference probe,
namely the BK9032/8L2 probe. This required a new shape for the CMUT probe nosepiece as well as new PCBs. The CMUT array generation present in the Tabla V probe is
realized with a so-called double LOCOS process, with which the CMUT cell cavities are
made with two consecutive LOCOS processes. In this way, it is possible to create a silicon
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bump inside the cell. Furthermore, a thicker post insulation layer is achieved for the same
gap (as compared to the CMUTs made with a RIE or a single LOCOS process. The result
is reduced parasitic capacitance. Also, with this probe version and onwards, the amplifier electronics provider was changed from Analog Devices, Inc. to Maxim Integrated, as
shown in Table 8.1.

8.4.4

Tabla VI

The Tabla VI probe has the same reference probe (BK9032/8L2) as the Tabla V probe.
The Tabla VI probe is made in an effort to improve the transmit pressure compared to
the previous Tabla probe generations, particularly compared to the Tabla V probe (due to
the possibility of a direct comparison). The approach has been to increase the thickness of
the flexible plate. The background for this decision was described in Chapter 3. A double
LOCOS process in combination with a wafer bonding process is used to realize the Tabla
VI CMUT arrays.

8.4.5

Tabla HF

A linear CMUT probe for higher frequency operations was made to show the versatility
of the technology. This probe is referred to as Tabla HF. A common application for such
type of probe is superficial imaging. The Tabla HF probe has another reference probe
than any of the other CMUT probes, namely the BK9070/18L5 probe. Nevertheless, it
was decided that the design of the Tabla HF probe (thus mask layout) should have the
same footprint as the Tabla VI array, even though the elevation is shorter for the Tabla
HF array. This was done to reuse the flex-print and electronics PCBs also used for the
Tabla VI probe. A thin plate was used again in this CMUT design, i.e. the same plate
thickness as used for the Tabla I-V probes.

CMUT fabrication process
CMUT cell geometry
CMUT plate thickness [µm]
CMUT radius/half side length [µm]
Center frequency [MHz]
No. of elements
Element pitch [µm]
Element pitch
Elevation [mm]
Voltage polarity
Amplifier electronics
Geometric focal depth [mm]
Lens material
Lens thickness [mm]
Probe handle processing
BK Medical reference probe

RIE
Square
2
24.5
5
128
300
λ
5
+
ADHV1301
25
RTV silicone
1.15
3D printing
8812

I
RIE
Square
2
24.5
5
128
300
λ
5
+
ADHV1301
25
RTV silicone
1.50
3D printing
8812

II
RIE
Square
2
24.5
5
128
300
λ
5
−
ADHV1301
25
RTV silicone
1.24
3D printing
8812

III
1xLOCOS
Circle
2.2
24.3
5
128
300
λ
5
−
ADHV1301
25
RTV silicone
1.54
3D printing
8812

IV

Tabla

2xLOCOS
Circle
2
23.54
4.1
192
200
≈ λ/2
6
−
MAX14822
42
RTV silicone
1.64
3D printing
9032/8L2

V

VI
2xLOCOS
Circle
9.3
60
4.1
192
200
≈ λ/2
6
−
MAX14822
42
RTV silicone
1.28
Machined plastic
9032/8L2

Table 8.2: Summarizing table of design specifications for the linear Tabla CMUT probes.

2xLOCOS
Circle
2
16.75
11
192
200
≈ 1.5λ
3.5
−
MAX14822
15
RTV silicone
1.40
Machined plastic
9070/18L5

HF
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Chapter Summary

In this chapter, the specifications and design considerations for the 1-D linear CMUT
probes were provided, including a description of the probe handle electronics. These
probes are referred to as the Tabla probes. A generic description of the probe assembly
process was given, from mounting of the CMUT array onto a flexible PCB to a fully
assembled probe with integrated electronics. Finally, an overview of the various Tabla
probe generations was provided. The next chapter presents the probe characterization of
selected Tabla probes and their respective piezoelectric counterpart.

CHAPTER

9

Probe Characterization

In this chapter, some of the 1-D linear prototype CMUT probes realized during this project
are characterized and compared to their corresponding BK Medical piezoelectric probes.
In particular, the chapter includes measurements results for the Tabla V probe, Tabla VI
probe and BK9032 probe. These probes have the same overall design specifications, and
will in this chapter be categorized as the low frequency probes. Furthermore, measurement
results for the Tabla HF and the BK9070 probes are presented and discussed. These are
referred to as the high frequency probes.
The first part of this chapter covers the experimental details regarding the probe
characterization using the scientific research scanner SARUS and a commercial BK Ultrasound system, respectively. Then, measurement results for both transmit and pulse-echo
are presented and discussed. Next, time-of-flight measurements are presented, because
they reveal a systematic curvature across the CMUT array probes. Furthermore, B-mode
images of standardized tissue mimicking phantoms are acquired to assess how the imaging
capabilities of the two transducer technologies compared under the same operating conditions. Finally, the CMUT probes and corresponding piezoelectric probes are connected
to a commercial scanner and their imaging capabilities are directly compared, based on
both phantom imaging and in-vivo imaging of the carotid artery.

9.1

Experimental Details

This section describes the experimental details concerning the probe characterization using
the scientific research scanner SARUS and a commercial ultrasound scanner system from
BK Medical. For all measurements, all probes are excited with VAC = ± 60 V.

9.1.1

SARUS Measurements

All the CMUT probes and corresponding piezoelectric probes presented in this chapter
are characterized using the Synthetic Aperture Real-time Ultrasound System (SARUS)
[61], situated at the Center for Fast Ultrasound Imaging (DTU). SARUS is a research
ultrasound system with 1024 independent channels for transmit and receive.
Three overall types of measurements are performed to characterize the ultrasound probes:
1. Hydrophone measurements for transmit characterization.
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2. Plane reflector measurements for pulse-echo characterization.
3. Phantom imaging for characterization of the imaging capability.
The first of the measurement types serves to characterize the transmit performance of each
individual element of the array. The second measurement type serves to characterize the
pulse-echo performance of each of the individual array elements. In both cases, the impulse
response is used as a measure of the performance. Note that the elements that are deemed
as failing elements are not included in the data treatment and moreover in the resulting
figures. The last type of measurement is used to obtain B-mode images and to obtain the
Signal-to-Noise Ratio (SNR) as function of imaging depth. These measurements are used
to qualitatively compare the images acquired with the probes, as well as quantitatively
compare the imaging depth.
Alignment Procedure
Before the transmit impulse response measurements can be conducted, the ultrasound
probe and the hydrophone need to be aligned. The probe is fixed in a stationary probe
holder, so only the hydrophone is moved around using a motorized position system. A
semi-automatic alignment procedure is performed to find a proper coordinate system for
the hydrophone movement. This procedure makes use of a selection of adjacent elements
to emit a focused beam; first using the center elements, then using a selection of the
outermost elements at each side of the array. The beam is focused at the elevation focus
(achieved with an acoustic lens). The number of activated elements can be varied to avoid
saturation of the amplifiers of SARUS, but is usually 32 or 64 elements. The hydrophone
is first manually placed close to the center of the front of the ultrasound probe and thereafter automatically moved around in a grid in the XY-plane to obtain the highest signal
amplitude possible. In this way, the maximum signal amplitude is recorded at the center
and at the two ends of the array. A linear interpolation for these three values is used
when the hydrophone is moved along the azimuth direction during the individual element
characterization. The procedure is described in more detail by Tomov et al. in [111] (also
included in Appendix K).
Impulse Response Methodology
The impulse response of a dynamic system is the system’s response to an input impulse.
The impulse response can therefore be used to compare the performance of different ultrasonic transducers. Mathematically, the impulse function is the system output when
stimulated with a Dirac delta function. However, since no ideal delta function exists in
practice, there are different approaches for evaluating the impulse response. In this work,
a white noise excitation approach is used (will be described shortly).
However, caution should be taken when comparing impulse responses of different transducers. For transducers with a linear response to an input signal, such as a piezoelectric transducer, this approach is very powerful as the comparison can be made areaindependent and essentially show the electromechanical coupling efficiency of the transducer material. However, when comparing the impulse response of different CMUT probes,
the inherent non-linearity of the system response makes it a bit more tricky. In fact, the
CMUT probe comparison should be performed either at low applied voltages, such that
the transducer operates in a linear regime, or the assessment should be performed under
similar operating conditions, including operating at exactly the same relative fraction of
their respective pull-in voltage.
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(a) SARUS

(b) bk5000 Scanner.

Figure 9.1: (a) A photo of the research scanner SARUS. (b) A photo of a commercial bk5000 scanner
system.

Transmit Impulse Response
The transmit performance has been assessed using the research scanner SARUS [61]. A
photo of the SARUS measurement setup is shown in Fig. 9.1a. For these measurements,
the probe is placed in a water tank, and the probe is aligned relative to the hydrophone,
as just explained.
A white noise method is applied when using SARUS to measure the impulse response
of a probe. With this method, each element is consecutively excited with 50 iterations
of MATLAB-generated white noise signals. The resulting signals from the transmitted
ultrasound waves are recorded with a hydrophone and these signals are cross-correlated
with the excitation pulses (as generated by Matlab) to find the averaged impulse responses
of the individual elements. Again, please refer to [111] for more details.
Pulse-Echo Impulse Response
When measuring the pulse-echo impulse response using SARUS, a Poly(methyl methacrylate) (PMMA) plate acts as a plane reflector. In terms of alignment, the distance between
the hydrophone and reflector is adjusted to the elevation focus by emitting and receiving
with the center elements. The same white noise excitation approach as used for the transmit impulse response characterization is used to find the pulse-echo impulse response. For
more details on the approach, see [111]. Colormaps showing the signal amplitude as function of distance from the plane reflector before and after tilt compensation, respectively,
are shown in Fig. 9.2. Note that besides the overall tilt of the array, there is a clear,
symmetric delay profile across the azimuth direction. This will be treated in more detail
in Section 9.4.
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(a) Without tilt compensation.

(b) With tilt compensation.

Figure 9.2: 2-D colormaps of the signal amplitude as function of distance between the transducer surface
of a Tabla VI probe and a plane reflector. a) Without tilt compensation. b) With tilt compensation.

9.1.2

Commercial BK Medical Scanner System

The probes are also characterized in terms of their imaging capabilities. In particular,
B-mode images of tissue mimicking phantoms as well as imaging of the human body have
been used to gain both qualitative and quantitative knowledge about the performance of
the various probes. Furthermore, different imaging modes have been tested together with
the CMUT probes, including THI and Doppler flow imaging. A photo of a BK Medical
ultrasound scanner, the bk5000 scanner, is shown in Fig. 9.1b.

9.2

Results

In this section, acoustic measurement results are presented and discussed. First, the
measurement results for the low frequency probes are presented. Then, the measurement
results for the high frequency probes are presented. In both cases, the time domain impulse
responses for transmit as well as pulse-echo are plotted together with the corresponding
envelope functions. Furthermore, the spectral amplitudes for both transmit and pulse-echo
are plotted as function of frequency. After all the impulse response measurements have
been presented, a discussion follows. A summarizing table with extracted data is presented
as part of the discussion. The discussion serves to highlight characteristic features of the
various probes, and moreover to compare the low frequency probes and high frequency
probes, respectively. Note that all impulse response measurements are carried out by
exciting the probes with VAC = ± 60 V. The CMUT probes are supplied with VDC = 190 V,
and individual modifications of the interconnect electronics provide the correct bias voltage
across the CMUT array (this is a consequence of pull-in voltages that ended up being lower
than designed).

9.2.1

Low Frequency Probes: Tabla V, Tabla VI, and BK9032

The characterization of the Tabla V, Tabla VI, and BK9032 probes are presented in
immediate extension, as these probes are based on the same design specifications (element
pitch, no of elements, etc.). First, the transmit impulse responses are presented in both
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the time domain and frequency domain. Then, in a similar way, the pulse-echo impulse
responses are presented.
Transmit Impulse Responses
The time domain transmit impulse responses and corresponding envelope signals of the
Tabla V-a probe, the Tabla VI-a probe, and the BK9032 probe are shown in Fig. 9.5. The
figure consists of three sub-figures with the same scaling on the respective axes. In each
sub-figure, the solid line shows the mean impulse response of all working elements and the
dashed lines mark ± one standard error. The x axis shows the time (in µs), the left y axis
shows the signal amplitude (in Pa/(Vs2 )), and the right y axis shows the amplitude of the
envelope signal normalized to its maximum value (in dB).
The frequency domain transmit impulse responses of the Tabla V-a, Tabla VI-a, and
BK9032 probes are shown in Fig. 9.4. The plots show the log-compressed absolute values
of the Fast Fourier Transforms (FFTs) of the mean time-domain impulse responses.
Pulse-Echo Impulse Responses
The time domain pulse-echo impulse responses of the Tabla V-a probe, Tabla VI-a probe,
and BK9032 probe are presented in a similar manner as the transmit results.
The average pulse-echo impulse responses of the Tabla V-a probe, Tabla VI-a probe,
and BK9032 probe are shown in Fig. 9.5.
The frequency domain pulse-echo impulse response signals of the Tabla V-a, Tabla
VI-a, and BK9032 probes are shown in the frequency domain in Fig. 9.6.

9.2.2

High Frequency Probes: Tabla HF and BK9070

The measurement results of the high frequency probes, Tabla HF and BK9070, are treated
in a similar manner as just presented for the low frequency probes. All sub-figures associated with a particular measurement type have the same scaling to allow for direct visual
comparison.
Transmit Impulse Responses
The average transmit impulse responses of the Tabla HF-b probe and a BK9070 probe in
the time domain are shown in Fig. 9.9.
Frequency domain impulse response plots for the Tabla HF-b probe and BK9070 probe
are shown in Fig. 9.8.
Pulse-Echo Impulse Responses
The time domain pulse-echo impulse responses of the Tabla HF-b probe and a BK9070
probe are shown in Fig. 9.9.
The frequency domain impulse responses of the Tabla HF-b probe and BK9070 probe
are shown in Fig. 9.10

9.3

Discussion

In this section, the results presented in Section 9.2 will be discussed. This includes overall
characteristics of the probes as well as direct comparisons between the probes. First, the
transmit results are discussed. Secondly, the results for the pulse-echo measurements are
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Figure 9.3: Transmit impulse response and envelope for the Tabla V-a, VI-a, and BK9032 probes.
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Figure 9.4: Transmit spectral amplitudes for the Tabla V-a, Tabla VI-a, and BK9032 probe, respectively.

discussed. Thirdly, the calculated receive sensitivities are briefly discussed. To provide
the reader with an overview, extracted data from the figures in Section 9.2 is provided
in Tab. 9.1. As mentioned in Chapter 8, two prototypes of each of the Tabla CMUT
generations have been assembled. The table contains data for both prototypes of each
generation (indicated with ”-a” and ”-b”). The table contains a frequency value at the
maximum spectral amplitude. Furthermore, the table lists the weighted center frequencies
of all probes. The approach for finding this weighted center frequency is described in Appendix J. The fractional bandwidths listed in Table 9.1 are found by first normalizing the
respective FFT spectrum to the spectral amplitude of the weighted center frequency. This
amplitude is found using a ”Spline” interpolation in Matlab. Then, the two frequencies
(flow and fhigh ) corresponding to either the -3 dB or -6 dB amplitudes (in the normalized
spectrum) are found from linear interpolation. Finally, the fractional bandwidth is calculated by dividing the difference between the two frequencies with the weighted center
frequency (and multiplying with 100 to obtain the percentage):
fractional bandwidth =

fhigh − flow
× 100
weighted center frequency

(9.1)
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Figure 9.5: Pulse-echo impulse response for the Tabla V-a, VI-a, and BK9032 probes.
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Figure 9.6: Pulse-echo spectral amplitudes for the Tabla V, Tabla VI and BK9032 probe, respectively.
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5
−5.7 × 1014
1.1 × 1015
330.6
5.2
6.9
68.5
97.2

15
-0.012
0.012
-18.4
4.3
4.8
88.6

Transmit
Number of failing elements
Min. of average signal (time domain), [Pa/(Vs2 )]
Max. of average signal (time domain), [Pa/(Vs2 )]
Maximum spectral amplitude, [dB]
Frequency at maximum spectral amplitude, [MHz]
Weighted center frequency, [MHz]
Fractional bandwidth (-3 dB), [%]
Fractional bandwidth (-6 dB), [%]

Pulse-echo
Number of failing elements
Min. of average signal (time domain), [V/V]
Max. of average signal (time domain), [V/V]
Maximum spectral amplitude, [dB]
Frequency at maximum spectral amplitude, [MHz]
Weighted center frequency, [MHz]
Fractional bandwidth (-6 dB), [%]

a

b

12
-0.014
0.014
-17.7
5.0
5.0
85.3

13
−5.5 × 1014
8.1 × 1014
327.7
3.6
6.4
96.6
113.0

Tabla V

5
-0.035
0.049
-5.2
4.5
4.7
66.2

5
−2.2 × 1015
2.1 × 1015
340.8
4.7
6.4
61.7
73.6

a

b

3
-0.055
0.073
-0.8
4.9
4.7
61.2

3
−2.4 × 1015
2.3 × 1015
341.7
5.0
6.6
64.6
78.3

Tabla VI

Low frequency probes

1
-0.011
0.014
-16.4
4.6
5.5
73.4

0
−3.4 × 1015
4.9 × 1015
344.8
5.5
6.7
69.0
88.5

BK9032

48
-0.004
0.003
-30.0
4.8
6.0
85.4

46
−1.3 × 1015
5.6 × 1014
327.7
6.6
9.2
93.1
116.8

a

5
-0.006
0.004
-27.0
4.6
6.1
84.0

5
−1.2 × 1015
5.0 × 1014
326.9
6.8
9.3
85.6
114.2

b

4
-0.008
0.011
-28.5
10.6
11.0
95.2

24
−8.0 × 1015
1.3 × 1016
345.5
10.9
12.2
84.6
101.9

BK9070

High frequency probes
Tabla HF

Table 9.1: Transmit and pulse-echo performance of the linear CMUT probes. Measured using the SARUS.
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Probe Comparison: Transmit Sensitivity

Hydrophone measurements of the transmit sensitivity of the Tabla V, Tabla VI, Tabla
HF probes as well as their corresponding piezoelectric probes, BK9032 and BK9070, have
been conducted at VAC = ± 60 V.
Starting with the low frequency probes; the time duration of the impulse response of
the Tabla VI probe is longer than that of the Tabla V probe. This is believed to be due
to the difference in cell designs, particularly because of the different plate thicknesses, as
expected from the results presented in Chapter 3, [67] (Appendix G), and [71] (Appendix
I). It simply takes a thicker plate (with more inertia) longer time to reach a steady state,
than it does for a thinner plate. The envelope functions confirm this observation.
As seen in the corresponding frequency spectra, the longer pulse in the time domain of
the Tabla VI probe translates into a lower bandwidth compared to that of the Tabla V
probe. The transmit sensitivities of the best (i.e. highest amplitude) of the Tabla V probes
and Tabla VI probes are around 14 dB and 3 dB lower than the transmit sensitivity of
the BK9032 probe, respectively. Note the dip at around 8 MHz in frequency plot for the
Tabla VI probe. This is believed to be an effect of the substrate ringing and is directly
related to the thickness the bottom substrate, as discussed in [112]. Also, there is a small
dip at around 16 MHz, which is likely to be the second harmonic content of the substrate
ringing. To avoid such dips in the frequency range of interest, the dip can be shifted to
higher frequencies by having a thinner substrate, and vice versa it can be shifted to lower
frequencies by having a thicker bottom substrate. Interestingly, this substrate ringing is
not noticeable for the Tabla V probe.
For the high frequency probes, the durations of the impulse responses in the time
domain are shorter than observed for the low frequency probes. Thus, the bandwidths
of the high frequency probes are higher than the low frequency probes, as seen from the
frequency domain plots. The transmit sensitivity of the Tabla HF probe is around 18 dB
lower than that of the BK9070 probe. Note again a dip in the frequency domain plot, this
time at around 7 MHz to 8 MHz and another at around 15 MHz to 16 MHz. As expected
from the choice of a comparably thin plate, the bandwidth of the Tabla HF probe is very
wide compared to that of the Tabla VI probe, which is again explained by the thicker
plate of the latter.
As an additional remark, the number of elements that are deemed as failing elements
is much higher for the CMUT probes than for the piezoelectric probes. This is not surprising, given the fact that the piezoelectric probes are commercially available and therefore
routinely manufactured under strict tolerances, whereas the CMUT probes are prototypes
and therefore made from a best-effort principle. Some failing elements might be due to
malfunctioning channels in the electronics, but for the most part the failing elements are
elements where the wires connecting the CMUT chip with the Flex-print are broken or
detached. This was also discussed in the previous chapter. As an example, the Tabla HF-a
probe has particularly many elements that are not functioning optimally. In particular,
every second element from element index number 2 and up to index number 66 are not
working. This clearly indicates a malfunctioning electronics amplifiers at that part of the
probe handle.
To overcome the issue of missing connections, wire-bonding should be avoided. As an
alternative, flip-chip bonding could be used, which would of course require different CMUT
array designs.
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Probe Comparison: Pulse-Echo Sensitivity

The pulse-echo sensitivities measured using SARUS (at an excitation voltage of VAC =
± 60 V) are discussed in the following.
The time domain plots of the low frequency probes reveal the same trend as observed
for the time domain transmit impulse responses: The Tabla V probe has a shorter pulse
than the Tabla VI probe. As a result, the bandwidth of the Tabla VI probe is lower
compared to that of the Tabla V probe. This observation is in agreement with the results
obtained in the experimental study of the influence of dimensional parameters (radius,
plate thickness, etc.) on acoustical performance, as presented in Chapter 3. Furthermore,
this was expected based on the findings in the experimental study presented in [67] (Appendix G), and has also been seen in the simulation study presented in [71] (Appendix
I).
Comparing the low frequency probes to the BK9032 probe by looking at the frequency
domain data, it is interestingly found that the maximum pulse-echo sensitivity of the best
performing Tabla VI CMUT probe is around 15 dB higher than for the BK9032 probe,
and the Tabla V CMUT probes are only around 2 dB lower than the pulse-echo sensitivity
of the BK9032 probe. For the high frequency probes, it is seen from the frequency domain
data that the pulse-echo sensitivity of a Tabla HF probes have roughly the same pulseecho sensitivity as the BK9070 probe. As seen in the transmit frequency spectra, the dips
resulting from CMUT substrate ringing are again seen for the Tabla VI and Tabla HF
probes in the pulse-echo frequency spectra.
Even though the transmit sensitivities of the CMUT probes are lower than transmit
sensitivities of the piezoelectric probes, the pulse-echo sensitivities of the CMUT probes
are than their equivalent piezoelectric probes.

9.3.3

Probe Comparison: Receive Sensitivity

The receive sensitivities of the ultrasound probes have not be measured directly. However,
dividing the pulse-echo sensitivity with the transmit sensitivity gives a rough estimate of
the receive sensitivity. The receive sensitivity of the best performing Tabla VI probe is
more than 18 dB higher than the BK9032 PZT probe, whereas the Tabla V probe with the
highest receive sensitivity is around 15 dB higher than the BK9032. The receive sensitivity
of the Tabla HF probe with the best receive sensitivity is around 20 dB higher than the
receive sensitivity of the BK9070 probe. The measurements therefore suggest that all
the CMUT probes have better receive sensitivities than the corresponding piezoelectric
probes.

9.4

Time of Flight - CMUT Array Curvature

During the probe characterization it was discovered that there is a time delay across
the azimuth direction of the linear CMUT probes presented in this thesis. This was for
instance observed when looking at the data from the alignment procedure in Fig. 9.2.
In particular, the time delay profiles of the CMUT probes are all symmetric around the
center of the arrays. Plots of the geometric element uniformity, as calculated from the
time of flight, for the Tabla V, Tabla VI, and Tabla HF probes are seen in Fig. 9.11a, Fig.
9.11b and Fig. 9.12, respectively.
One plausible explanation of this observation is that the problem could originate from
a systematic error in the assembly procedure. It is likely to be a consequence of the way
the CMUT arrays are mounted onto the flex-prints; they are glued onto the flex-print by
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(a) Tabla V-b.

(b) Tabla VI-b.

Figure 9.11: Pulse-echo geometrical uniformity of: a) The Tabla V-b probe and b) the Tabla VI-b probe.

Figure 9.12: Tabla HF-b pulse-echo geometrical uniformity.

gently pressing down with a pair of tweezers in both ends of the array. When the glue
is hardened, the center of the CMUT array could very well be elevated compared to the
array ends. It would explain why the signals from the center of the array arrives before the
signals from the elements at the two ends of the array. This can in principle be accounted
for in the imaging scheme, by imposing a fixed delay profile. However, it has not been
accounted for in the imaging characterization presented in the next chapter.
In comparison, the time of flight for the BK9032 probe and BK9070 probe are shown
in Fig. 9.13a and Fig. 9.13b, respectively. For the both probes, no significant curvature
is observed.

9.5

Ultrasound Imaging using SARUS

The imaging capabilities of the low frequency probes are assessed from B-mode images
acquired using SARUS. In particular, the Tabla V, Tabla VI, and BK9032 probes are
used to acquire images of two different tissue mimicking phantoms: A cyst phantom and
a speckle phantom.
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(a) BK9032.

(b) BK9070.

Figure 9.13: Pulse-echo Z-axis uniformity for: a) A BK9032 probe and b) a BK9070 probe.

Figure 9.14: Cyst phantom used for B-mode images acquired with SARUS.

9.5.1

Cyst Phantom Imaging

The cyst phantom used for these measurements is shown in Fig. 9.14. As seen in the
photo, the probe is placed in a 3-D printed holder, which is mounted in a fixture. An
ultrasound gel is applied between the surface of the probe and the surface of the phantom.
Two approaches are used for imaging this cyst phantom, namely plane wave emissions
and focused emissions. The probes are operated at VAC = ±60 V and with an excitation
frequency of 5 MHz.
Focused Emissions
The three low frequency probes have been used to acquire B-mode images of a cyst phantom using focused emission. The resulting images are shown in Fig. 9.15. The electronic
focusing is set to 38 mm. Qualitatively, the cysts seem to be more well-defined with the
BK9032 probe. Nevertheless, the piezoelectric probe and the Tabla VI probe have compa-
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Figure 9.15: B-mode images of a cyst phantom using focused emission and obtained with a BK9032 PZT
probe, a Tabla V probe, and a Tabla VI probe, respectively. VAC = ± 60 V and fc = 5 MHz. Note that
the curvature of the mounted CMUT chips has not been accounted for.

rable penetration depths. Note that the time delay across the CMUT arrays due to array
bending (as explained in Section 9.4) is not accounted for in the image processing, which
would be expected to improve the resolution of the two CMUT probes.
Plane Wave Emissions
The same cyst phantom is visualized with the three different low frequency probes, but
this time with plane wave emissions. The resulting B-mode images are shown in Fig. 9.16.
The same qualitative observations as just described for the focused emissions can be made
for the plane wave emissions. Once again, the time-delay across the CMUT arrays due to
chip bending is not accounted for in the image processing.

9.5.2

Speckle Phantom Imaging: Penetration Depth

The maximum imaging depth of an ultrasound image is indisputably dependent on the
output energy of the transducer. This is one of the major challenges of the CMUT technology, as the output pressure is generally lower than its piezoelectric counterpart. This
has been a research question of this thesis, and now it is time to look at the images resulting from the CMUT probes, of which one (Tabla VI) is optimized for improved depth.
Particularly, B-mode images of a tissue-mimicking speckle phantom are obtained with the
low frequency probes: the BK9032 probe, the Tabla V probe, and the Tabla VI probe.
The resulting B-mode images are shown in Fig. 9.17. The images are acquired with a
± 60 V excitation pulse at 5 MHz using plane wave emission.
A center line along the depth of each the respective images shown in Fig. 9.17 is used
to define a signal-to-noise ratio (SNR) as function of scan distance. The SNR plots for
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Figure 9.16: Plane wave emission cyst phantom images with a BK9032 PZT probe and two CMUT
probes. VAC = ± 60 V and fc = 5 MHz. Note that the curvature of the mounted CMUT chips is not taken
into account.
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Figure 9.17: B-mode images of tissue mimicking speckle phantom acquired with the BK9032, Tabla V,
and Tabla VI, respectively.

the three low frequency probes are shown in Fig. 9.18. More specifically, the SNR is
calculated as the signal squared divided by the noise squared, where both the signal and
noise are mean values of the 10 frames. In this way, the imaging penetration depth can be
compared quantitatively. From Fig. 9.18, it is seen that the imaging penetration depth of
the Tabla VI probe is around 130 mm and comparable to that of the BK9032 probe. On
the other hand, the penetration depth of the Tabla V probe, around 80 mm, is noticeably
less, which is again believed to be associated with the difference in plate dimensions and
intra-element cell arrangement of the CMUT cells present in the Tabla V probe and Tabla
VI probe, respectively.

9.6

Ultrasound Imaging using a BK Medical Scanner

All of the Tabla CMUT prototype probes are capable of in-vivo, real-time 2-D imaging.
The B-mode images presented in this section are acquired in collaboration with colleagues
at BK Medical. Cross-sectional B-mode images of the carotid artery obtained with the
Tabla IV CMUT probe operated at 3.5 MHz and 9 MHz, respectively, are shown in Fig.
9.19. The probes are connected to a commercial BK ultrasound scanner. Note that the
structures are in both cases clearly visible. This shows the wideband usability of a CMUT
probe.
Furthermore, images of the carotid artery of a healthy patient (the author) are acquired with both the Tabla IV probe and a commercial BK10L2W probe (a probe with
specifications close to the BK8812 transducer, which was not available at the time of imaging). The resulting B-mode images are shown in Fig. 9.20. The probes are operated at
7 MHz. Even though it is not the center frequency of any of the two transducers, it results
in a more detailed image of the carotid artery (since it is situated only a few centimeters
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Figure 9.18: SNR for center line/element of data in Fig. 9.17 as function of distance for the Tabla V
and VI CMUT probes as well as the BK9032 PZT probe. The curves are smoothed. VAC = ± 60 V and
excitation frequency 5 MHz.

(a) 3.5 MHz.

(b) 9 MHz.

Figure 9.19: Cross-sectional B-mode images of the carotid artery using the Tabla IV CMUT probe. Left:
3.5 MHz. Right: 9 MHz.
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Figure 9.20: B-mode images (at 7 MHz) of the carotid artery, as acquired with: A conventional piezoelectric BK10L2W probe (left), and the Tabla IV probe. Note the improved axial resolution, as marked
with the red arrows near the intima.

from the skin surface). On the image to the right, obtained with the CMUT probe, the
finer tissue structures close to the transducer surface, say a few centimeters, are revealed.
In particular, the intima, an inner layer of the artery, becomes visible with the CMUT
probe. This shows the versatility of the CMUT probe; the larger bandwidth of this particular CMUT probe allows for operation at higher frequencies and with an improved axial
resolution. The latter is expected due to the smaller inertia of the plate and hence lesser
ringing compared to its more bulky piezoelectric counterpart.
Furthermore, a B-mode image of a person with plaque in the carotid artery is shown
in Fig. 9.21. This image is acquired with the Tabla V CMUT probe. Once again, the
details, particularly the plaque, is more clearly identified with the CMUT probe.

9.6.1

Harmonic Imaging

As discussed in Chapter 1, a prerequisite for the CMUT technology to be a viable alternative to the current transducer technology is that it should support the same imaging
modes, including tissue harmonic imaging. Therefore, a comparison of conventional versus
harmonic imaging of a wire phantom with the Tabla V probe has been performed. The
resulting images are shown in Fig. 9.22. Note that the harmonic imaging mode results
in almost no visible wires, and especially no signal from the speckle pattern. This is a
consequence of the low initial pressure emitted at the surface of the Tabla V CMUT array.
A similar comparison of conventional versus harmonic imaging is also performed with
the Tabla VI probe, as shown in Fig. 9.23. In this case, the Tabla VI probe is capable of
acquiring an image down to a scanning depth of around 5 cm using the second harmonic
imaging mode. Since the Tabla VI probe is capable of emitting more pressure at the
fundamental frequency than it is the case for the Tabla V probe, more second harmonic
content can be generated in the tissue-mimicking phantom. In other words, the output
pressure of the Tabla VI probe is sufficient to acquire second harmonic images.

9.6.2

Other Imaging Modes

The CMUT probes are also capable of performing flow imaging An example of a Color
Doppler flow measurement on the carotid artery, as acquired with the Tabla IV CMUT
probe, is shown in Fig. 9.24.
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Figure 9.21: B-mode ultrasound image of the carotid artery of a person. The images are acquired with
a Tabla V probe and a BK9032 PZT probe, as shown in the top and bottom photos, respectively. Note in
particular that the plaque is resolved better with the CMUT probe.
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Figure 9.22: Tabla V CMUT probe: Conventional imaging (left) and harmonic imaging (right).

Figure 9.23: Conventional imaging (left) and harmonic imaging (right) with a Tabla VI CMUT probe.
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Figure 9.24: Flow images acquired with the Tabla IV probe. Left: Cross-sectional view of the carotid
artery showing blood flow in and out of the scan plane. Right: Color Doppler scan on carotid artery.

9.6.3

Ultrasound Imaging: Discussion

The qualitative image assessments of in-vivo images and wire-phantom images acquired
with CMUT probes connected to a commercial BK Medical ultrasound scanner are consistent with the characterization performed using SARUS. It has been shown that the CMUT
technology can be used to perform the same imaging modes. The imaging depth has been
improved with the Tabla VI CMUT probe compared to that of the Tabla V CMUT probe.
In fact, the imaging depth of the Tabla VI probe resembles that of the BK9032 probe.

9.7

Chapter Summary

In this chapter, various comparisons between the CMUT probes fabricated during this
project and their commercial piezoelectric reference probes have been reviewed. This
included low frequency probes as well as high frequency probes. Measurements using the
research ultrasound scanner SARUS provided the transmit characteristics and the pulseecho characteristics for all array elements of the probes. The results have been presented
and comparatively discussed.
The transmit sensitivities of a Tabla V probe and a Tabla VI probe are around 14 dB
and 3 dB lower than the transmit sensitivity of the BK9032 probe, respectively. Furthermore, the transmit sensitivity of a Tabla HF probe is around 18 dB lower than that of a
BK9070 probe. Interestingly, the maximum pulse-echo sensitivity of a Tabla VI CMUT
probe is around 15 dB higher than the pulse-echo sensitivity of a BK9032 probe, and the
pulse-echo sensitivity of a Tabla V CMUT probe was only around 2 dB lower than the
pulse-echo sensitivity of a BK9032 probe. Based on calculated estimated of the receive
sensitivities, one of the Tabla VI probes was more than 18 dB higher than the corresponding BK9032 PZT probe, whereas the Tabla V probe with the highest receive sensitivity
is around 15 dB higher than the BK9032 probe. The receive sensitivity of the Tabla HF
probe with the best receive sensitivity is around 20 dB higher than the receive sensitivity
of the BK9070 probe. The measurements therefore reveal that all the Tabla CMUT probes
have better receive sensitivities than their corresponding piezoelectric probes.
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Furthermore, the Tabla IV probe and the Tabla V probe showed promising results
when in comes to the axial resolution close to the probe surface (within a few centimeters).
The time-of-flight characterization revealed that all the CMUT probes have a substantial
amount of array bending, which results in an unwanted delay profile along the azimuth
direction of the arrays. It is believed that this issue can be solved by optimizing the mounting procedure. However, the symmetry of the array bending allows for electronic signal
compensation. Ultrasound images of tissue mimicking phantoms were acquired with the
low frequency probes and the resulting images have been compared both qualitatively and
quantitatively. Furthermore, it was shown that the CMUT probes can be used to acquire
in-vivo images when connected to a commercial BK Medical scanner. The advantage of a
larger bandwidth of a CMUT probe was evident in terms of its wide frequency usability
and improved axial resolution. Also, the CMUT probes have successfully been shown to
work with a other imaging modes, particularly color Doppler imaging and tissue harmonic
imaging.
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CHAPTER

10

Conclusion and Outlook

This thesis has described the work of the PhD project entitled Micromachined Integrated
Transducers for Ultrasound Imaging. The main goal of this PhD project has been to
develop 1-D linear ultrasound probes for medical imaging, based on capacitive micromachined ultrasonic transducer (CMUT) arrays. To achieve this, several generations of
CMUT arrays have designed with specifications similar to commercial piezoelectric transducers from BK Medical ApS (Herlev, Denmark). Moreover, the fabricated CMUT arrays
(referred to as Tabla CMUT arrays) have been mounted in probe handles with integrated
electronics to provide compatibility with commercial ultrasound scanners from BK Medical.
The background for using the CMUT as transducer technology platform was discussed
in the light of the conventional piezoelectric transducer, which is typically realized using
lead zirconate titanate (PZT). The advantages of the CMUT technology as a platform include high design flexibility and large frequency usability. A literature review covered some
important milestones of the research on CMUTs, particularly concerning the development
of 1-D CMUT arrays for medical imaging.
A theoretical treatment of the CMUT was provided, including analytical expressions
and finite element modeling. In particular, a static analysis led to a description of the
CMUT plate profile, which was used to find the eigenfrequency/resonant frequency in air.
Furthermore, expressions for the CMUT capacitance and pull-in voltage were developed
based on energy considerations. A dynamic model of the behavior of a CMUT cell was
developed, resulting in a small signal equivalent circuit. A constant deflection profile was
assumed, which allowed for lumping and linearization of the system. The electromechanical coupling coefficient was introduced. It was found that the CMUT should be operated
as close to the pull-in voltage as possible and the parasitic capacitance should be decreased
to optimize the electromechanical coupling of the system.
Although a theoretical understanding of some of the basic characteristics of a CMUT
can be obtained from simple models, more investigations are needed to get a deeper
understanding of how the performance of CMUTs can be optimized. Therefore, several
optimization studies were carried out during this PhD project. They all had the purpose
of exploring the design flexibility of the CMUT. More specifically, the studies served to
map the out how the operating conditions and cell dimensions influence the performance
of CMUT arrays for medical imaging. It was found that a bipolar square wave excitation
significantly reduces the intrinsically generated second harmonic content of the transmit
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signal, compared to other common periodic signals. This makes it a particularly suitable
excitation waveform for tissue harmonic imaging (THI). In fact, bipolar square waveforms
are used in the ultrasound pulsers in the BK Medical scanner systems. Furthermore,
it was experimentally examined with hydrophone measurements how the fundamental
and harmonic surface pressure of a CMUT scales with the bias voltage and excitation
voltage. From these measurements, the harmonic-to-fundamental Ratio (HFR) of the
surface pressures were calculated. It was found that the ratio of second harmonic content
generated in the medium relative to the total measured content of second harmonic can
be maximized by increasing the DC voltage, and also the AC voltage if deeper imaging
is desired. Nevertheless, the CMUT revealed some inherent limitations when it comes
to the use for THI, due to the intrinsically generated harmonics of the CMUT. A finite
element model (FEM) was presented, and numerical simulations were used to study the
dimensional scaling trends of square CMUT cells with a constant transmit immersion
frequency of 5 MHz. More specifically, two cell configurations were examined: A single
cell configuration and an infinite array of cells. It is believed that a real CMUT array have
characteristics within these two configurations. It was shown how the mutual radiation
impedance between neighboring cells affects both the transmit sensitivity and receive
sensitivity. It was found that to optimize the transmit sensitivity, the plate size and gap
height should be increased. The study also showed that to optimize the receive sensitivity,
the gap height should be increased, while the scaling with respect to plate size depends
on the specific CMUT array design. The acoustic performance of CMUTs with different
plate dimensions was further investigated. Three designs were investigated and the the
highest output pressure and pulse-echo signal was achieved for a CMUT design with a
9.3 µm thick plate. This result was used for design of the Tabla VI CMUT array.
The considerations regarding different aspects of designing the linear Tabla CMUT
arrays were discussed, and the final design specifications were provided. In particular,
requirements associated with the scanner compatibility as well as the CMUT technology
were listed. The structural cell designs were discussed in the light of the fabrication processes needed to achieve the cell structures. Three different CMUT cell fabrication schemes
involving thermal oxidation were presented: A reactive ion etching (RIE) process, a single
local oxidation of silicon (LOCOS) process, and a double LOCOS process. Cell dimensions were found from FEM results. The arrangement of CMUT cells within an element
was shown to be a compromise between obtaining a high cell fill-factor and obtaining the
desired resonant frequency (i.e. cell size). The large bandwidth of most CMUTs often
reduces the consequence of this compromise. Examples of the mask layouts for the Tabla
arrays were given.
Different schemes for fabricating CMUTs were presented. Measurements of the silicon
dioxide quality were presented, as silicon dioxide used as the electrode spacer material in
the CMUT cells of all Tabla arrays. The choice of fabrication methods for the different
Tabla CMUT arrays was explained and the processes described, with particular focus on
a double LOCOS process.
The back-end processing of CMUT arrays after they have been finalized in the cleanroom was discussed. Some of the CMUT arrays presented in this thesis were mounted
onto chip carrier boards, and wire-bonding was used to establish the electrical connection.
An investigation of using a polydimethylsiloxane (PDMS) polymer coating on CMUTs
was presented. PDMS was shown to be a suitable choice of coating for CMUTs intended
for medical imaging.
Measurements on bare CMUT chips were conducted to assess some key characteristics of selected 1-D CMUT arrays. The characterization was performed using impedance
measurements and acoustical measurements. In particular, impedance measurements were
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used to find the pull-in voltage, and the lumped element model was applied to the measurements to extract the electromechanical coupling coefficient, the resonant and anti-resonant
frequencies, and the peak phase angle. Long-term measurements showed that it was possible to obtain stable performance over time. In particular, acoustic characterization of a
CMUT array fabricated using a double LOCOS process showed stable performance over
a time period corresponding to around 10 years of clinical use. Nevertheless, the unstable
behavior observed for some CMUT arrays (and generally an issue of the CMUT technology) was discussed in the light of dielectric charging. The specifications and design
considerations for the 1-D linear CMUT array probes were provided, including a description of the probe handle electronics. A generic description of the probe assembly process
of CMUT ultrasound probes (referred to as the Tabla probes) was given, from mounting
of the CMUT array onto a flexible printed circuit board to a fully assembled probe with
integrated electronics. In general, two prototypes of each Tabla generation were made.
Various comparisons between the CMUT probes fabricated during this project and their
commercial piezoelectric (PZT) reference probes were presented. Results for the transmit
characteristics, pulse-echo characteristics and receive characteristics were presented and
comparatively discussed. The transmit sensitivities of a Tabla V probe and a Tabla VI
probe are around 14 dB and 3 dB lower than the transmit sensitivity of the BK9032 probe,
respectively. Furthermore, the transmit sensitivity of a Tabla HF probe is around 18 dB
lower than that of a BK9070 probe. Interestingly, the maximum pulse-echo sensitivity
of a Tabla VI CMUT probe is around 15 dB higher than the pulse-echo sensitivity of a
BK9032 probe, and the pulse-echo sensitivity of a Tabla V CMUT probe was only around
2 dB lower than the pulse-echo sensitivity of a BK9032 probe. Based on calculated estimates of the receive sensitivities, one of the Tabla VI probes was more than 18 dB higher
than the corresponding BK9032 PZT probe, whereas the Tabla V probe with the highest
receive sensitivity is around 15 dB higher than the BK9032 probe. The receive sensitivity
of the Tabla HF probe with the best receive sensitivity is around 20 dB higher than the
receive sensitivity of the BK9070 probe. The measurements therefore reveal that all the
Tabla CMUT probes have better receive sensitivities than their corresponding piezoelectric
probes.
The time-of-flight characterization revealed that all the CMUT probes show a substantial amount of chip bending, which results in an unwanted delay profile along the azimuth
direction of the arrays. However, the symmetry of the chip bending allows for electronic
signal compensation. Ultrasound images of tissue mimicking phantoms were acquired
with all probes and some of them compared both qualitatively and quantitatively. The
advantages of a larger bandwidth of the CMUT has been shown in the images in terms
of wide frequency usability and improved axial resolution. The improved design of the
Tabla VI probe (thicker plates) resulted in better imaging depth than the Tabla V probe
(thinner plates). Moreover, the imaging depth is comparable to the BK9032 probe. The
improvements with the Tabla VI probe also allowed for tissue harmonic imaging. Also,
the CMUT probes have successfully been shown to work with a variety of in vivo imaging
modes.
This PhD project has presented the successful development of several generations of
CMUT-based ultrasound probes for medical imaging. Nevertheless, a number of challenges
still remain with the CMUT technology. From a fabrication point of view, processes involving fewer steps and materials that result in less parasitic capacitance could be investigated.
The CMUT arrays of this project were all fabricated in research cleanroom facilities. A
research cleanroom is naturally used by many different users and for many different purposes. This greatly increases the potential risk of device contamination and it makes it
difficult to obtain consistent results. More investigations of the reliability and stability of
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CMUTs should be conducted to better understand the underlying charging phenomena.
Furthermore, the thickness tolerances of the silicon-on-insulator (SOI) wafers used for the
top plate of the CMUTs are not ideal, which makes it difficult to achieve predictable center
frequencies and pull-in voltages. For mass production, SOI wafers with better tolerances
or alternative plate defining approaches should be used.
In terms of the packaging process of the CMUT probes, it should be noted that they
were made as prototypes. For instance, the wire-bonding approach could be replaced by
flip-chip bonding to avoid issues with missing element connections. Also, the electronics
integrated in the probe handle can be optimized and the power consumption improved.
From an imaging perspective, the curvature of the CMUT arrays when mounted in
probe handles should be avoided for future generations. However, B-mode images could
be obtained using time delay compensation to significantly reduce the effect of array
curvature. It would also be interesting to test the CMUT technology with new imaging
modes that utilizes the intrinsic characteristics of the CMUT, e.g. using coded excitations
and thus utilizing the negligible self-heating of the CMUT array. Finally, comprehensive
clinical trials could be used to evaluate the clinical usefulness of the 1-D linear Tabla
CMUT probes.
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[92] S. Olcum, K. Oğuz, M. N. Şenlik, F. Y. Yamaner, A. Bozkurt, A. Atalar, and
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Abstract—A protective layer is necessary for Capacitive Micromachined Ultrasonic Transducers (CMUTs) to be used for
imaging purpose. The layer should both protect the device itself
and the patient while maintaining the performance of the device.
In this work Sylgard 170 PDMS is tested as coating material for
CMUTs through comparison of transmit pressure and receive
sensitivity in immersion of coated and uncoated elements. It is
seen that the transmitted pressure decreases with 27% and the
receive sensitivity decreases 35 % when applying the coating using
a dam and fill principle. This matches well with the estimated
value of 31 %. With the coating, the center frequency was found
to be decreased from 4.5 MHz to 4.1 MHz and the fractional
bandwidth was increased from 77 % to 84 % in transmit. In
receive the center frequency was found to decrease from 4.4 MHz
to 3.9 MHz and the fractional bandwidth was decreased from
108 % to 92 %, when applying the PDMS coating.

I.

I NTRODUCTION

Coating of Capacitive Micromachined Ultrasonic Transducers (CMUTs) is important for insulation between the surface of
the elements and the patient, when applying the high voltages
required for operating CMUTs. Furthermore it also protects
the surface of the device against environmental factors and e.g.
degradation of the electrodes [1].
A possible coating material should have good acoustical
properties such that the impedance matches with the medium for
high energy transfer and a glass transition temperature below
room temperature providing a low static Young’s modulus
for preserving the CMUT’s pull-in voltage [2]. Furthermore,
the coating needs to be biocompatible. Polydimethylsiloxane
(PDMS), Sylgard 170, is chosen as coating material in this
work since it fulfills these requirements. Its acoustical properties
match well with water and tissue (acoustical impedance 1.5
MRayls for water, 1.63 MRayls for tissue and 1.37 MRayls
for Sylgard 170).
Other coating materials have previously been investigated
e.g. Parylene C [1], [3], which gives good results and has the
advantage of being cleanroom compatible, but is deposited using
Vapor Deposition Polymerization (VDP). Silicon nitride has
also been proposed due to cleanroom compatibility, however,
the stress in the nitride highly affects the device performance [4].
Different types of PDMS have also been investigated, and it is
seen that some will increase the output signal, due to increased
mass loading, and others will decrease the influence of the
echo from the coating-water interface, due to better impedance
matching [2], [3]. Many of the experiments regarding coating
have been conducted in air using a vibrometer, and thus need
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Fig. 1. Process steps for fabricating 1D arrays using fusion bonding and
oxidation of both SOI and substrate wafer. Both top and bottom electrode can
be contacted from the front side of the device.

further testing to check the influence on performance for
imaging.
The objective for this work is to investigate how the Sylgard
170 PDMS coating affects the CMUT performance through
comparison of the transmit pressure and receive sensitivity for
devices with and without coating.
II.

T RANSDUCER FABRICATION

To test whether the Sylgard 170 PDMS is a suitable coating
material for CMUTs, 128 element 1D arrays were fabricated
with a fusion bonding process. The overall process flow can
be seen in Fig. 1. This process is developed to minimize
the number of process steps, while avoiding bumps at the
corners [5]. Bumps on the oxide surface often arise from having
two oxidations of the substrate wafer to form cavities and an
insulation layer separately. However, the bumps can ruin the
fusion bonding quality and the double oxidation method then
requires an extra etching step to etch back the bumps. The first
step is to oxidize the silicon-on-insulator (SOI) wafer and etch
cavities in the oxide. An oxidation is performed on the substrate
wafer as well to obtain an insulation layer in the bottom of the
cavities. Fusion bonding is performed and followed by high
temperature annealing. The handle layer and buried oxide layer
are etched away before opening up to the bottom electrode. A
thick aluminum layer (800 µm) is deposited for bonding pads
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Fig. 2. Photo of fabricated 1D CMUT arrays after end of fabrication. The
arrays have 128 elements and are designed to operate at 5 MHz.

Fig. 4. CMUT array mounted on a PCB with PDMS coating applied to half
of the array using the glob top and an epoxy as a dam.

mounted on a printed circuit board (PCB) and wirebonded. The
wirebonds are covered by a protective glob top (CHIPCOAT
G8345D) and this is used as a dam when applying the PDMS
coating. The dam is filled with liquid PDMS and then cured
in vacuum. The procedure for this PDMS coating is

Fig. 3. Photo of finished 1D array mounted on and wirebonded to a PCB.
The elements are seen as the vertical metal lines where every second has a
contact pad to the same side of the array. The bottom contact is seen as a
metal bar along the array.

and a thin aluminum layer (200 µm) is deposited to completely
cover the top electrodes. The top plates and elements are defined
by etching aluminum and silicon. A picture of a finished array
can be seen in Fig. 2. The elements have contact pads at
the ends and the bottom contact for reaching the substrate is
running along the length of the array. Fig. 3 shows a microscope
picture of an array, where the elements can be seen as vertical
lines, and every second element has contact pads to the same
side. The thicker aluminum layer at the pads improves the
wirebonding.
The arrays are aimed at an immersion resonant frequency
of 5 MHz. They are linear arrays with a λ pitch i.e. 300 µm.
Each element consists of 460 square shaped cells with a side
length of 49 µm and is 5 mm long.
III.

D EVICE COATING AND MEASUREMENT SETUP

There are several ways to apply a coating to a transducer:
mold-transfer [2], spray coating, VDP [1], [3], and spin coating
[3]. For CMUTs insulating layers are usually applied using
mold-transfer to integrate a lens at the same time. However, a
lens should not be applied for this application as the uncoated
devices used for comparison will not be focused. Spray and
spin coating are better for wafer scale coating, so instead an
alternative method was used. This method will now be described
in detail.
To test the PDMS coating, one of the fabricated arrays was
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•

Mix the two components of Sylgard 170 and de-gas
in a vacuum chamber for 20 min

•

Apply to device using a syringe with a needle tip by
dripping the PDMS onto the surface at a close distance

•

De-gas the coated array in a vacuum chamber for 60
min

•

Cure in a 70◦ C oven for at least 1 hour

The height of the glob top dam and thus also the thickness of
the coating is estimated to be ∼ 900 µm. Coating thickness
have been investigated by Lin et al. [2], who found that the
main signal is not affected by the thickness. However, if the
coating is thin, the echo from the coating-liquid interface will
influence the spectrum. According to their results, this should
not be a problem with this thickness of coating.
For this particular experiment of coating evaluation, it was
desired to have the coated and uncoated elements as similar to
each other as possible. Therefore, half of an array was coated
using the described method and the other half was left without
coating. A picture of the half coated device can be seen in
Fig. 4.
For evaluating the transducers with and without coating, a
flexible platform developed for testing different CMUTs was
used. The layout of the setup can be seen in Fig. 5, where the
transducer is mounted on and wirebonded to PCB1. This PCB
is clicked onto another PCB containing all the electronics for
operating the CMUT, and this second PCB can be reused for
other devices. A transducers cable for a BK Medical scanner
is also attached to PCB2, so the transducer can be connected
to an imaging system. A picture of the setup can be seen in
Fig. 6.
IV.

M EASUREMENTS AND DISCUSSION

The measurements are performed with the experimental
Synthetic Aperture Real-time Ultrasound System (SARUS)
[6]. All measurements are performed in oil for electrical
insulation of the uncoated part of the device. Acoustical

2014 IEEE International Ultrasonics Symposium Proceedings

Fig. 5. Sketch of principle of transducer evaluation platform for testing
various CMUT designs and chips. The CMUT is wirebonded to a PCB, which
is connected to a second PCB with a transducer cable attached.

Fig. 8. Transfer function in transmit for elements with and without coating
found as a mean of 10 elements of each kind. An 8 pulse, narrowband excitation
is used for each frequency.

(a) Frontside.

(b) Backside.

Fig. 6. Flexible transducer evaluation platform developed to test multiple
CMUT designs and devices. The front side is open to the CMUT and on the
backside the transducer cable and a separate DC supply cable can be seen.

are an average of 10 working elements with or without coating
applied. For the transmitted pressure it was found that the array
with coating has an output signal of 27% less than the array
without coating.
The attenuation in PDMS can be described as [2]
V (w)
LdB = α f β w or
= 10
V0

(a) Hydrophone setup.

(b) Plane reflector setup.

Fig. 7. Measurement setup using hydrophone and plane reflector in front of
the CMUT mounted in the box with electronics.

measurements are made to obtain the transmitted pressure
and the receive sensitivity for the two halves of the device.
Ten working elements are chosen on each half of the array for
the experiments. For all measurements the transducer elements
are biased at 190 V, which is 80 % of the calculated pull-in
voltage. The AC transmit signal is ±60 V.
A. Transmit pressure
A hydrophone (Optel 5 MHz, Optel, Wroclaw, Poland)
placed 10 mm from the transducer surface is used to measure
the transmit pressure, as seen in Fig. 7a. Ten different white,
Gaussian random signals are used for the excitation. The RMS
of the sampled signals is calculated and averaging is done over
the 10 random signals. The hydrophone is aligned to the center
of all elements when measuring across the array. The values
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fβ w
− α 20

,

(1)

where I0 is the original intensity, α the attenuation loss factor
(given in dB/MHz/mm), f the frequency, β an empirically
found parameter and w the thickness of the coating. For the
Sylgard 170 PDMS, α = 0.37 dB/MHz/mm and β = 1.4. Using
a frequency of 5 MHz and the estimated coating thickness of
0.9 mm, the expected drop in signal amplitude is 31 %, which
is comparable to the measured signal loss with a difference of
±13 % respectively for transmit and receive. The differences
could arise from the estimation of coating thickness.
Hydrophone measurements were also performed for varying
frequencies. A narrowband, 8 period, excitation was used at
each frequency. The frequency sweep was made from 1.5 MHz
to 7 MHz in steps of 250 kHz. The hydrophone was placed
at the center of each element at a distance of 10 mm and
the average results for 10 elements with and without coating
can be seen in Fig. 8. From this the mean center frequency
is found to be 4.5 MHz for the elements without coating and
4.1 MHz for the elements with coating. The coating results
in a decrease in center frequency of around 9 %, which is
due to the added mass on the plate. Similarly the fractional
bandwidth is found to be 77 % for the array without coating
and 84 % with the coating. Thus, the PDMS coating slightly
increases, 9 %, the fractional bandwidth when transmitting
pressure, which is explained by the increased dampening of the
plate. It is also seen that applying this coating with a thickness
of 0.9 mm results in a loss in signal of around 3.8 dB at the
center frequency.
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Table I.
R ESULTS FOR CENTER FREQUENCY AND FRACTIONAL
BANDWIDTH FROM HYDROPHONE AND PLANE REFLECTOR MEASUREMENTS
OF 10 ELEMENTS WITH AND 10 ELEMENTS WITHOUT COATING .
Measurement

Without coating

With coating

Difference

Center frequency, transmit
Fractional bandwidth, transmit
Center frequency, receive
Fractional bandwidth, receive

4.5 MHz
77 %
4.4 MHz
108 %

4.1 MHz
84 %
3.9 MHz
92 %

-9 %
+9 %
-11 %
-15 %

V.

Fig. 9. Transfer function in receive for elements with and without coating
found as a mean of 10 elements of each kind. An 8 pulse, narrowband excitation
is used for each frequency.

B. Receive sensitivity

C ONCLUSION

The initial measurements performed on the two devices
show that the 0.9 mm thick Sylgard 170 PDMS coating decrease
the performance of the CMUT array around 30 % regarding
transmitted pressure and receive sensitivity. In both transmit and
pulse-echo measurements the transfer function was found by
sweeping the frequency and a decrease of the center frequency
of 9-11 % was found. The fractional bandwidth was found to
increase by 9 % in transmit and decrease by 15 % in receive.
The losses in dB was found to be around 3.8 dB in transmit and
3.4 dB in pulse-echo. In conclusion, some effects are always
expected from a coating due to the loss in the material and
with the measured influence of the Sylgard 170 PDMS, this is
a good option for coating of CMUTs.
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The results from the frequency sweep measurements for
both transmit and receive are summarized in Table I.
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Abstract—This work presents a dimensional scaling study
using numerical simulations, where gap height and plate thickness
of a CMUT cell is varied, while the lateral plate dimension
is adjusted to maintain a constant transmit immersion center
frequency of 5 MHz. Two cell configurations have been simulated,
one with a single square cell and one with an infinite array
of square cells. It is shown how the radiation impedance from
neighboring cells has a significant impact on the design process.
For transmit optimization, both plate dimensions and gap height
should be increased. For receive mode, the gap height should
be increased while the effect of plate dimensions is ambiguous
depending on if the array design is closest to a single cell or
infinite array of cells. The findings of the simulations are verified
by acoustical measurements on two CMUT arrays with different
plate dimensions.

I.

I NTRODUCTION

The potential benefits of utilizing capacitive micromachined ultrasonic transducer (CMUT) arrays in ultrasonic
transducers are well discussed in the literature: large bandwidth, ease of fabrication, compatibility with CMOS, design
flexibility, etc. All of these properties are nevertheless of
secondary concern for imaging purposes, if the CMUT array
is not capable of providing the necessary transmit pressure and
receive sensitivity. It is therefore essential to understand how
the transmit and receive sensitivity scales with the dimensions
of the CMUT cell.

closed-form expressions, several assumptions are required [3].
The radiation impedance, and thus the overall damping of the
system, is often assumed to equal the plane-wave radiation
impedance. This assumption is valid for situations where the
transducer is large relative to the wavelength. The element
width of the CMUT array is typically on the order of maximum
one wavelength (λ-pitch), and consists of several individual
CMUT cells across; the plane wave assumption is hence not
suitable for most CMUT designs.
Another way of analyzing the performance of a CMUT is
to use numerical simulations such as finite element analysis
(FEA) [4], [5]. FEA allows accurate simulation of the CMUT
and in particular the medium loading and mutual radiation
impedance for multiple cells. The disadvantage of FEA is that
the computation time reaches a critical level, if more than just
a few CMUT cells are to be analyzed.
This work will utilize two different FEA models to investigate the dimensional scaling: a single CMUT cell with no
neighbors, and a CMUT cell in an infinite array of cells with a
fixed spacing. Any actual CMUT array design will have characteristics that are in-between these two cell configurations.
Since the transducer center frequency is determined by the
medical imaging purpose, it is a fundamental requirement for
the dimensional scaling analysis that the center frequency of
the CMUT in immersion is constant. In this study, the center
frequency in transmit is set to 5 MHz. The simulated results
will be compared to experimental results from two fabricated
CMUT arrays with different designs.

In the most basic configuration, there are three adjustable
dimensional parameters for a CMUT cell: gap height, plate
thickness and side length for a square cell. The two latter
parameters determine the mechanical properties of the CMUT
and are linked if a fixed resonant frequency of the CMUT cell
is desired. The gap height determines the electrical properties
of the CMUT, i.e. the capacitance and pull-in voltage; and
thereby the required DC biasing and AC excitation voltage.
The CMUT will typically be biased and operated at fixed
fractions of the pull-in voltage. The result is that for a fixed
immersion frequency, only two dimensional parameters can be
adjusted independently: gap height and either plate thickness
or side length. The aim of this work is to investigate the scaling
properties between these parameters.

The FEA simulations are performed using the software
COMSOL Multiphysics V4.4 (COMSOL AB, Sweden). The
FEA model is a full electro-mechanical-acoustical setup with
the physics/interfaces Electromechanics (emi) and Pressure
Acoustics, Frequency Domain (acpr). The first interface models the electro-mechanical interaction and deformation of the
CMUT cell. The latter interface models the propagation of
acoustic waves in the medium. COMSOL’s own internal variables are used for coupling between the two interfaces.

Numerous lumped element models of CMUTs are presented in the literature with varying degrees of complexity
[1], [2]. The conventional advantage of the lumped model is
that closed-form expressions can potentially be attained. This
provides easy insight in how the performance scales with parameters and direct evaluation of a specific design. To achieve

The CMUT cell consists of a 2 µm thick mechanical silicon
support representing the fixed bottom plate of the CMUT
structure. The suspended top silicon plate of the CMUT with
thickness t is separated from the bottom plate by a distance g.
The top and bottom plate with a vacuum gap in-between has
a side length of a. Both top and bottom plate extend further

II.
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The square geometry requires a 3D model, but only ¼ of
the cell is simulated with symmetry boundaries to minimize the
computation. The difference between the two configurations
with either a single cell (SC), or an infinite array of cells
(IAC) is the medium. A hemisphere medium with a perfectly
matched layer (PML) as outer rim is used for SC. The PML
layer absorbs all incoming pressure waves, so that no radiated
waves are reflected. For IAC, a tube medium is used with the
same footprint as the CMUT cell including the cell spacing.
The walls of the tube have hard boundary conditions giving
full reflections corresponding to the incoming pressure waves
from neighboring cells. At the top of the tube, a PML block
prevents reflections of waves, which corresponds to an infinite
medium.
The essential condition of a constant 5 MHz immersion
transmit center frequency required a feedback loop between
dimensional parameters and the simulated transmit spectrum.
This feedback was achieved by controlling COMSOL through
MATLAB (MathWorks, Inc., Natick, MA, USA). A simulation
sequence was thus conducted by setting a gap height, plate
thickness and side length. The pull-in voltage was determined
for this design and fixed fractions of the pull-in voltage were
used for the DC and AC voltages, 80% and 50%, respectively.
The transmit spectrum was simulated and the center frequency
extracted. The feedback loop then changed the plate side length
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Fig. 1. (a) Plate side length and (b) Vacuum (fVac. ) and immersion (fImm. )
peak frequencies for single and infinite array of cells as function of plate
thickness. The feedback loop in the FEA adjust the plate side length to ensure
a constant immersion frequency of 5 MHz.
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2.5 µm outside the vacuum gap representing half the spacing
(2.5 µm) to the neighboring cell. The material between the
top and bottom plates in this cell spacing is silicon dioxide.
To emulate realistic anchoring conditions, the model is only
mechanically fixed at the lower boundary of the bottom plate
and at the vertical boundary half distance to the neighboring
cell.
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Fig. 2. (a) Real/resistive and (b) imaginary/reactive part of the simulated
radiation impedance as function of plate thickness at 5 MHz.

and the simulation sequence was repeated until a transmit
center frequency of 5 MHz in immersion was achieved.
A. FEA Results
The feedback effect of the FEA simulations is seen in
Fig. 1(a) where the plate side length is plotted as function
of the logarithmic plate thickness. One plate thickness thus
results in different plate side lengths depending on SC or IAC
configuration. This difference is further emphasized in Fig.
1(b), where the simulated peak frequencies for both vacuum
and immersion are plotted. While the feedback loop ensures
the required immersion frequency of 5 MHz, the frequency
shift from vacuum to immersion differs significantly between
the two configurations. The frequency shift between vacuum
and immersion is due to the interaction with the medium, and
it is thus clear that the impact of the medium is depending on
neighboring cells.
The difference in interaction with the medium for the two
cell configurations is analyzed in Fig. 2, where the real/resistive
(R) and imaginary/reactive (X) parts of the simulated radiation
impedance (Za = R + iX) at 5 MHz are plotted as function of
plate thickness. For thick plates with side lengths comparable
to or larger than the wavelength (λ ≈ 480 µm), the radiation
impedance is expected to approach the plane wave impedance.
For a plane wave, the impedance is purely real and equals the
characteristic impedance (Z0 ) of the medium. Water is used
as medium in the simulation with Z0 ≈ 1.5 MRayl. With a
resistive part close to Z0 and a small reactive part relative to
SC, the impedance for IAC is close to that of a plane wave.
The smaller reactive part for IAC compared to SC is what
mainly causes the difference in frequency shift from vacuum
to immersion between the two configurations in Fig. 1(b).
Where the reactive part gives a frequency shift, the resistive
part of Za mainly affects the overall damping of the CMUT.
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Fig. 3. (a) Transmit and (b) receive sensitivity spectrum for both single and
infinite array of cells with 200 nm gap height and plate thicknesses of 1 µm
and 10 µm.

This is illustrated in Fig. 3(a) where the simulated average
cell surface pressure is plotted as function of frequency for
two different plate thicknesses with a gap height of 200 nm.
The two solid lines are for a plate thickness of 1 µm. The
considerably higher resistive impedance for IAC compared to
SC seen in Fig. 2(a), causes a damping effect with lower peak
pressure amplitude as consequence. The high medium loading
relative to the mechanical impedance for IAC with thin plates
causes the CMUT to become over-damped. The transmitted
pressure approaches zero for low frequencies since there can
exist no static pressure in the medium. The plate deflection
however increases for decreasing frequency according to an
over-damped oscillator. For a 10 µm thick plate (dashed lines)
the mechanical impedance is increased and the difference in
resistive impedance between IAC and SC is less (see Fig. 2(a)).
The result is that IAC becomes under-damped with a resonance
peak, and the difference in pressure amplitude relative to SC
is lower.
The receive sensitivity in voltage readout (dV /dP ) for the
same CMUT designs as in Fig. 3(a) is seen in Fig. 3(b).
The small upwards shift (≈ 0.3 MHz) in center frequency
for SC with t = 1 µm compared to transmit is due to a
change in mechanical impedance caused by the difference
in force distribution from the electrostatic force in transmit
to a uniform incoming pressure distribution in receive. The
over-damping for the IAC with thin plate is more clearly
seen in the receive sensitivity since it follows the deflection
characteristics of an over-damped system. For thicker plates,
the IAC becomes under-damped and exhibits a resonance peak
around the transmit center frequency.
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Fig. 4. (a) Peak transmit pressure and (b) peak receive sensitivity for SC
and IAC with three different gap heights as function of plate thickness.

The full dimensional FEA scaling study is seen in Fig. 4,
where the extracted peak surface pressure and peak receive
sensitivity, are plotted as function of plate thickness for three
different gap heights. The pressure scaling in Fig. 4(a) shows
similar tendency for both SC and IAC with increasing pressure
for thicker plates and larger gap height. This scaling follows
intuition as thicker plates with larger area equals higher mass
and more inertia. Increasing the gap height means one can
apply a higher voltage and thereby increase the potential
energy of the system.
The dimensional scaling of the receive sensitivity is seen in
Fig. 4(b). The sensitivity for both SC and IAC is as expected
improved for increasing gap height due to higher applicable
voltages and hence charge on the plates. For SC, the sensitivity
is increasing for decreasing plate thickness. This is expected,
since a lower thickness means less mass and therefore lower
mechanical impedance. The decreasing sensitivity tendency
levels off for thick plates due the maximum in resistive
impedance for SC seen in Fig. 2(a). For IAC, the sensitivity
is also decreasing with thickness until ≈ 5 µm where it begins
to increase. The turning point corresponds to the thickness
TABLE I.

S UMMARIZED SCALING TRENDS FROM F IG . 4.
Single cell

Infinite array of cells

TX

RX

TX

RX

Scaling plate thickness (dB)
1 µm → 2 µm

0.8

-4.2

5.3

-1.9

Scaling gap height (dB)
200 nm → 400 nm

6.2

2.8

6.3

3.8

Pulse-echo sig. (dB) rel. 1 V

Hydro. sig. (dB) rel. 1 V

Plate thickness t = 1 µm

The measured spectra for the two arrays are seen in Fig.
5 with summarized results in Table II. The difference in peak
hydrophone signal amplitude of 1.3 dB between the two arrays
is within the expected range of 0.8 dB to 5.3 dB in Table I for
SC and IAC, respectively. The pulse-echo center frequency
decreases ≈ 0.9 MHz for the 1 µm thick plate. This follows
the FEA simulations in Fig. 3(b) and Fig. 4(b) where plates
with thicknesses less than ≈ 5 µm becomes increasingly overdamped due to a lower mechanical impedance. The peak pulseecho signal amplitude is more than 4 dB higher for the thicker
plate due to an increase in the total product of both the transmit
and receive sensitivity spectrum. This result is in agreement
with the FEA scaling trends in Table I.

Plate thickness t = 2 µm
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Fig. 5. (a) Hydrophone and (b) pulse-echo measurements for two CMUT
arrays with different plate thicknesses.

where the mechanical impedance reaches the critical value that
changes the CMUT from under-damped to over-damped. The
thickness where the SC and IAC receive scaling lines with
same gap height intersect, corresponds to the thickness where
the resistive impedance of SC and IAC intersects in Fig. 2(a).
A summary of the scaling trends is listed in Table I.
III.

A dimensional scaling study using numerical simulations
of square CMUT cells with a constant transmit immersion
frequency of 5 MHz has been presented. Two cell configurations have been studied: a single cell and an infinite array of
cells. Any real CMUT array design will behave within these
two extremes. It is demonstrated how the mutual radiation
impedance from neighboring cells affects both the transmit
and receive sensitivity spectrum. To optimize the transmit
sensitivity, the plate size and gap height should be increased.
For the receive sensitivity, the gap height should be increased
while the scaling on plate size is dependent on the actual
CMUT array design. The conclusions from the numerical
simulations are validated by acoustical measurements on two
fabricated CMUT arrays with plate thicknesses of 1 µm and
2 µm, respectively.
ACKNOWLEDGMENT
This work was financially supported by the Danish National Advanced Technology Foundation (82-2012-4).

E XPERIMENTAL R ESULTS

R EFERENCES

Two different square cell CMUT arrays with plate thicknesses of 1 µm and 2 µm and plate side lengths of 35 µm
and 49 µm, respectively, were fabricated using the process
described in [6]. Both arrays have the same element area. The
acoustic measurements were carried out using the experimental
Synthetic Aperture Real-time Ultrasound System (SARUS) [7]
and performed in vegetable oil for electrical insulation of the
uncoated device. Hydrophone and pulse-echo measurements
were performed at a 10 mm distance from the transducer surface. The hydrophone used was an Optel 5 MHz hydrophone
(Optel, Wroclaw, Poland) and the plane reflector a 40 mm thick
Polyvinylchlorid plate. A narrowband, 8 periods excitation was
used with a frequency step of 250 kHz with the RMS signal
taken as the average of 16 center array elements.
TABLE II.

S UMMARIZED RESULTS FROM HYDROPHONE AND
PULSE - ECHO SPECTRUM IN F IG . 5.
t = 1 µm
TX

TX→RX

C ONCLUSION

[1]

[2]

[3]
[4]
[5]

[6]

t = 2 µm
TX

TX→RX

Peak values (dB)

-25.7

-21.8

-24.4

-17.4

Center frequency (MHz)

4.43

3.57

4.51

4.41

Fractional bandwidth (%)

70

140

77

108

[7]

I. Wygant, M. Kupnik, and B. Khuri-Yakub, “Analytically calculating
membrane displacement and the equivalent circuit model of a circular
CMUT cell,” in IEEE Ultrasonics Symposium, 2008. IUS 2008, Nov.
2008, pp. 2111–2114.
H. Koymen, A. Atalar, E. Aydogdu, C. Kocabas, H. Oguz, S. Olcum,
A. Ozgurluk, and A. Unlugedik, “An improved lumped element nonlinear circuit model for a circular CMUT cell,” IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control, vol. 59, no. 8, pp.
1791–1799, Aug. 2012.
I. Wygant, M. Kupnik, and B. Khuri-Yakub, “CMUT design equations
for optimizing noise figure and source pressure,” in IEEE Ultrasonics
Symposium, 2009. IUS 2009, 2009.
K. K. Park and B. T. Khuri-Yakub, “Dynamic response of an array of
flexural plates in acoustic medium,” The Journal of the Acoustical Society
of America, vol. 132, no. 4, pp. 2292–2303, Oct. 2012.
H. Oguz, A. Atalar, and H. Koymen, “Equivalent circuit-based analysis
of CMUT cell dynamics in arrays,” IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, vol. 60, no. 5, pp. 1016–1024,
May 2013.
M. F. la Cour, M. B. Stuart, M. B. Laursen, S. E. Diederichsen, E. V.
Thomsen, and J. A. Jensen, “Investigation of PDMS as coating on
CMUTs for imaging,” in IEEE Ultrasonics Symposium, 2014. IUS 2014,
2014.
J. A. Jensen, H. Holten-Lund, R. Nilsson, M. Hansen, U. Larsen,
R. Domsten, B. Tomov, M. Stuart, S. Nikolov, M. Pihl, Y. Du, J. Rasmussen, and M. Rasmussen, “SARUS: A synthetic aperture real-time
ultrasound system,” IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control, vol. 60, no. 9, pp. 1838–1852, Sep. 2013.

182APPENDIX C. PAPER - DIMENSIONAL SCALING FOR OPTIMIZED CMUT OPERATIONS

APPENDIX

D

Paper - Output Pressure and Harmonic Characteristics of a CMUT as
Function of Bias and Excitation Voltage

183

Output Pressure and Harmonic Characteristics of a
CMUT as Function of Bias and Excitation Voltage
Anders Lei∗ , Søren Elmin Diederichsen∗ , Sebastian Molbech Hansen∗ , Matthias Bo Stuart† ,
Hamed Bouzari† , Jørgen Arendt Jensen† , and Erik Vilain Thomsen∗

∗ Department
† Center

of Micro and Nanotechnology, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark
for Fast Ultrasound Imaging, Department of Electrical Engineering, Technical University of Denmark,
DK-2800 Kgs. Lyngby, Denmark

Abstract—The large bandwidth makes CMUT based transducers interesting for both conventional and harmonic imaging.
The inherent nonlinear behavior of the CMUT, however, poses
an issue for harmonic imaging as it is difficult to dissociate the
harmonics generated in the tissue from the harmonic content
of the transmitted signal. The generation of intrinsic harmonics
by the CMUT can be minimized by decreasing the excitation
signal. This, however, leads to lower fundamental pressure which
limits the desired generation of harmonics in the medium. This
work examines the output pressure and harmonic characteristics
of a CMUT as function of bias and excitation voltage. The
harmonic to fundamental ratio of the surface pressures declines
for decreasing excitation voltage and increasing bias voltage.
The ratio, however, becomes unchanged for bias levels close to
the pull-in voltage. The harmonic limitations of the CMUT is
emphasized by a maximum ratio of −12 dB between harmonics
generated in the medium and total harmonics measured at
10 mm.

I. I NTRODUCTION
Capacitive micromachined ultrasonic transducers (CMUTs)
are a promising alternative to piezoelectric transducers for
medical ultrasound. Among the advantages are design flexibility, compatibility with CMOS, and ease of fabrication
resulting in a possible lowering of transducer cost. The main
selling point is, however, the low mechanical impedance of
the CMUT, which results in a large immersion bandwidth
and therefore high axial resolution. A consequence of the low
mechanical impedance is a lower output pressure compared to
PZT, which for conventional imaging is counterbalanced by
a higher receive sensitivity. The large bandwidth also makes
the CMUT interesting for nonlinear imaging, where pressure
is transmitted at the fundamental frequency and higher order
harmonics are received. The CMUTs, however, have some
characteristics that cause issues in the usability for efficient
nonlinear imaging. The transmit pressure of a simplified 1-D
CMUT is proportional to the electrostatic force [1]:
V 2 (t)
1
Fe = 0 A
2
2
(geff − w(t))

(1)

where A is the electrode area, geff the effective gap, w(t) the
displacement of the plate, and V (t) the applied voltage. If
both a DC bias voltage Vdc and harmonic excitation voltage

Vac (t) = Vac cos(ω0 t) are applied, the voltage term in the
electrostatic force becomes
1 2 1 2
2
V 2 (t) = Vdc
+ Vac
+ Vac cos(2ωt)+2Vdc Vac cos(ωt). (2)
2
2
There are two time-dependent terms: 2Vdc Vac cos(ω0 t) and
1 2
2 Vac cos(2ω0 t). The first term is responsible for the pressure
generated at the fundamental frequency f0 and is equally
proportional to both Vdc and Vac . The second term generates
pressure at the second harmonic frequency 2f0 and is proportional to Vac squared. This inherent nonlinear behavior of the
CMUT is naturally highly unwanted for harmonic imaging,
as it is difficult to dissociate the harmonics generated in the
tissue from the harmonic content of the transmitted signal. The
plate displacement w(t) in (1) is in addition nonlinear and is
contributing to the intrinsic generation of harmonics by the
CMUT itself.
The nonlinearity caused by the voltage term can be eliminated by operating the CMUT without a bias voltage and with
an excitation signal at half the fundamental frequency (f0 /2).
Removing the bias voltage, however, significantly reduces
the coupling coefficient. This can in principle be counterbalanced for transmit by significantly increasing the excitation
voltage, but the low coupling will inevitably decrease the
receive sensitivity considerably. In addition, removing the bias
voltage does not eliminate the nonlinear contribution from
the plate displacement w(t). Other approaches such as the
use of precompensated excitation waveforms [1], [2] and
gap feedback linearization [3] for suppressing the intrinsic
generated harmonic of the CMUT have been demonstrated.
Most current ultrasound scanning equipment does, however,
not facilitate these advanced excitation signals. This poses an
issue in successful commercialization of a CMUT based probe
for harmonic imaging.
A harmonic to fundamental amplitude ratio (HFR) for a
CMUT operated with both Vdc and Vac can be defined as
HFR =

2
max( 21 Vac
cos(2ωt))
Vac
=
,
max(2Vdc Vac cos(ωt))
4Vdc

(3)

where the w(t) dependency is ignored under the assumption
that the main nonlinear contribution is the voltage term. It
naturally follows that minimizing HFR requires the CMUT to
be operated with as high Vdc as possible, while Vac should

II. E XPERIMENTAL METHOD
The tested CMUT is fabricated using wafer bonding and
double local oxidation similar to the process presented in
[4]. The linear CMUT array consist of 128 elements with an
element width of 296 µm and elevation height of 5 mm. Each
element contains 546 closely packed CMUT cells with a radius
of 24.3 µm resulting in a fill factor of 69%. The CMUT plate
thickness is 1.8 µm. The bump formed in the cavity of the
CMUT by the double local oxidation has a radius comprising
2/3 of the cell plate. The center frequency in immersion is
6 MHz and the pull-in voltage Vpi is 175 V. The interconnect
is identical to previous presented work [5] and the CMUT is
coated with a ∼ 1 µm layer of PDMS for electrical insulation.
The PDMS layer is flat and has no lens effect.
The hydrophone and pulse-echo measurements were both
performed in a water tank using the experimental Synthetic
Aperture Real-time Ultrasound System (SARUS) [6]. The
hydrophone used was a HGL-0400 hydrophone connected to
a AC-2010 pre-amplifier (Onda Corporation, CA, USA). For
the hydrophone measurements, the acoustic pressure of a plane
wave emission from half of the array elements was measured
at 10 mm distance to the CMUT surface. The hydrophone was
positioned at the center of the emitting CMUT element area.
A 16 period 6 MHz sine wave excitation was used, and the
emission was repeated 10 times for each excitation and bias
voltage level for noise reduction.
The pulse-echo measurements were conducted with a plane
wave reflector positioned parallel to the CMUT surface at a
distance of 10 mm. The pulse-echo response was measured
individually for each of the elements used in the hydrophone
measurement. The number of periods in the emission signal
and the number repetitions were unchanged.
A. Calculation of surface pressures
The measured acoustic response of the hydrophone consist
of both the fundamental (f0 ) and harmonic (2f0 ) parts. To
evaluate the fundamental pressure at the CMUT surface, the
medium attenuation and loss of energy to higher harmonics
must be added. The plane wave emission and absence of focusing lens allows for direct mapping without a diffraction compensation factor. Determining the second harmonic pressure
at the CMUT surface likewise involves medium attenuation
but also the build-up of seconds harmonics caused by the
nonlinear medium. For a pressure wave with constant energy

Peak fund. surface pressure [dB. rel. 1 MPa]

be reduced. Lowering the Vac level, however, reduces the
fundamental pressure, which then limits the desired harmonics
generated in the medium. The most efficient operating conditions of a CMUT used for harmonic imaging is consequently
a compromise. This work presents measurements of output
pressure and harmonic characteristics of the CMUT as function of Vdc and Vac . The results allow for an assessment of this
critical trade-off between generated fundamental and harmonic
pressure and ultimately the CMUTs capabilities in harmonic
imaging. The receive sensitivity in mV Pa−1 as function of Vdc
is presented as an additional operating guideline.
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Fig. 1. Estimated peak fundamental (f0 ) pressure, P0 at the CMUT surface
as function of excitation voltage level Vac normalized to the pull-in voltage
Vpi . The lines correspond to different bias voltages Vdc normalized to pull-in
voltage Vpi . The vertical dashed line indicates the separation of the average
slope values, a.

(non-attenuating medium), the amplitudes of the harmonics
are given by [7]
2p0
Jn (nσ),
(4)
nσ
where p0 is the unperturbed pressure, n is the number of the
harmonic, Jn is the Bessel function of order n, and σ = z/z̄
with
ρ0 c30
z̄ =
,
(5)
βωp0
pn (σ) =

where z is the propagation distance of the waveform, ρ0 is
the density of the undisturbed medium, c0 is the speed of
sound for linear waves, β is the nonlinearity parameter (3.6
for water), and ω is the angular frequency of the transmitted
plane wave. The fundamental and second harmonic amplitudes
are determined separately from the measured acoustic signal
by using a low-pass and high-pass digital filter respectively.
Ignoring the medium attenuation of 0.0781 dB cm−1 at 6 MHz,
the fundamental surface pressure can be calculated directly
from (4) as the unperturbed pressure p0 . The second harmonic
surface pressure pHSP can subsequently be calculated from
P2 = p2 + pHSP − α

(6)

where P2 is the second harmonic pressure measured at 10 mm,
p2 is the second harmonic pressure generated in the medium
(calculated from (4) using p0 ) and α is the attenuation of
0.3125 dB cm−1 at 12 MHz.
III. E XPERIMENTAL RESULTS AND DISCUSSION
Fig. 1 shows the estimated peak fundamental surface pressure, P0 as function of excitation and bias voltages. The voltage levels are normalized to the pull-in voltage Vpi = 175 V
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Fig. 2. Estimated peak second harmonic (2f0 ) pressure, pHSP at the CMUT
surface as function of excitation voltage level Vac normalized to the pull-in
voltage Vpi . The lines correspond to different bias voltages Vdc normalized
to pull-in voltage Vpi . The vertical dashed line indicates the upper limit for
the average slope value, a.

for the CMUT. The fundamental pressure follows the expected
linear relation with Vac in (2) until a ratio of Vac /Vpi = 45%
from where the tendency decreases. The slope, a below
the ratio of 45% is 0.26 dB/% and above 0.15 dB/%. The
fundamental pressure is likewise expected to depend linearly
on the bias voltage according to (2). This relation can be
confirmed by examining the pressure at Vac /Vpi = 40% where
the difference between bias levels of Vdc /Vpi = 40% and the
double value Vdc /Vpi = 80% is 6.77 dB.
The second harmonic surface pressure (pHSP ) is plotted in
Fig. 2. With a slope of a = 0.43 dB/%, pHSP is following
the expected squared relation with Vac until around a ratio of
45 to 50%. The discrepancy observed above this Vac /Vpi ratio
in both Fig. 1 and 2 is expected to be caused by harmonic
distortion of the excitation signal due to nonlinearity of the
used amplifiers. Besides the expected relation with Vac , Fig.
2 also shows increasing second harmonic pressure for higher
Vdc levels (3.45 dB from Vdc /Vpi = 40% to 80% at Vac /Vpi =
40%). This tendency is not predicted by the driving voltage
term in (2). Higher Vdc levels however increases the coupling
coefficient. This results in higher absolute pressure of not only
the fundamental peak, but also at the second harmonic.
A. Harmonic to fundamental ratio, HFR
The corresponding harmonic to fundamental ratio (HFR) at
the transducer surface, evaluated from Fig. 1 and 2, is plotted
in Fig. 3 as function of bias voltage for different excitation
levels, both normalized to Vpi . The HFR level is as expected
from (3) decreasing for reduced Vac levels, due to the squared
dependency of the harmonic pressure in (2). The HFR level is
likewise, in accordance with (3), decreasing for increasing Vdc
levels, as this increases the fundamental pressure more than the

40

50

60

70

80

90

Norm. bias voltage, Vdc /Vpi [%]

Norm. peak excitation voltage, Vac /Vpi [%]

Fig. 3. Harmonic to fundamental ratio (HFR) at the surface as function of bias
voltage level Vdc normalized to the pull-in voltage Vpi . The lines correspond
to different excitation voltages Vac normalized to pull-in voltage Vpi .
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Fig. 4. Pressure ratio of second harmonic generated in the medium from the
fundamental pressure, p2 and the total second harmonic pressure measured
by the hydrophone in 10 mm distance P2 .

harmonic pressure. The decreasing tendency of HFR applies
for Vdc ratios until Vdc /Vpi = 70%. Above Vdc /Vpi = 70%
the HFR level initially evens out and even increases for some
Vdc levels. This HFR tendency for high Vdc levels is caused
by the increased contribution from the nonlinear plate motion
w(t) in (1) when operating near Vpi .
Optimizing a CMUT for harmonic imaging applications is
ultimately a trade-off between minimizing the contribution
of intrinsically generated harmonics (Fig. 2), and obtaining
sufficient pressure (Fig. 1) to generate the desired harmonics
in the nonlinear medium. This trade-off can be analyzed by examining the pressure ratio at 10 mm between second harmonic
generated in the medium (p2 ) and the total measured second
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Fig. 5. Receive sensitivity of the CMUT as function of bias voltage Vdc
normalized to Vpi . Pulse-echo measurements are conducted with an excitation
voltage Vac = 45 V corresponding to 25% of Vpi .

harmonic (P2 ). This ratio p2 /P2 is plotted in Fig. 4 as function
of Vpi normalized bias voltage. The p2 /P2 ratio increases as
expected significantly with higher Vdc level as this generates
more fundamental pressure than intrinsic second harmonic.
The p2 /P2 ratio is on the contrary nearly unaffected by the
Vac level. This means that the additional intrinsic harmonic
generated by the CMUT for higher Vac is compensated by
an near equal amount of harmonics generated in the medium
due to the increased fundamental pressure. The results in Fig.
4 are based on hydrophone measurements at 10 mm distance
from the CMUT surface. The second harmonic generated in
the medium will increase at higher depth while the four times
greater attenuation at 2f0 at the same time will attenuate the
second harmonics generated by the CMUT considerably. The
content of harmonics generated by the medium will therefore
increase for higher Vac levels as the imaging depth increases.
This indicates that the Vac level in some situations should be
maximized along with the Vdc level. Fig. 4 nevertheless clearly
emphasizes the CMUTs limited use for harmonic imaging as
the content of medium generated harmonic at 10 mm is −12 dB
at its highest.
B. Pulse-echo measurement
The incident pressure on the CMUT surface in the pulseecho measurement needs to be determined in order to calculate
the corresponding receive sensitivity (mV Pa−1 ). The emitting
surface pressure for the single element emission is known from
the hydrophone measurements. This surface pressure must for
a single element be translated to a pressure at 2 × 10 mm distance, assuming 100% reflectance of the plane reflector. A unit
slice of the CMUT element is modeled in 3-D using COMSOL
Multiphysics 5.1 (COMSOL AB, Stockholm, Sweden). The
3-D model resembles a single element with infinite elevation.
A compensation factor between transmit surface pressure and
incident surface pressure is from the FEM simulation found
to be 8.04 which also includes medium attenuation. Since the

single element pressure is considerable lower than the plane
wave emission and decreases approximately by the inverse
of square root of the distance, loss of energy to harmonic
generation is ignored.
Fig. 5 shows the calculated receive sensitivity from the
pulse-echo measurement as function of bias voltage. The
measurements were only performed for an excitation voltage
Vac = 45 V corresponding to 25% of Vpi , since the receive
sensitivity is only affected by Vdc through the coupling coefficient. The receive sensitivity therefore increases for higher
Vdc , and Fig. 5 clearly emphasizes the gain of operating as
close to Vpi as possible. Extrapolating the low Vdc data in Fig.
5 to Vdc = 0 gives a receive sensitivity of approx. −70 dB.
This is nearly 18 dB lower than the typical Vdc level of 80%
and indicates the issues with the operating condition, where
Vdc = 0 and the excitation frequency is half the fundamental
frequency.
IV. C ONCLUSION
The fundamental and harmonic surface pressure of a CMUT
as function of bias and excitation voltage is calculated from
hydrophone measurements. The corresponding harmonic to
fundamental ratio (HFR) of the surface pressures shows the
expected declining tendency for decreasing Vac and increasing
Vdc levels, respectively. The HFR does not decrease further for
Vdc levels above 70% pull-in, which is caused by increased
nonlinear contribution from the plate deflection. The ratio
of second harmonic generated in the medium and the total
measured second harmonic can be maximized by increasing
Vdc and for higher imaging depth also Vac . However, a
maximum ratio of −12 dB can be achieved at 10 mm distance
which clearly emphasized the CMUTs inherent limitations in
harmonic imaging.
R EFERENCES
[1] A. Novell, M. Legros, N. Felix, and A. Bouakaz, “Exploitation of
capacitive micromachined transducers for nonlinear ultrasound imaging,”
IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control,
vol. 56, no. 12, pp. 2733–2743, Dec. 2009.
[2] M. Legros, A. Novell, A. Bouakaz, G. Ferin, R. Dufait, and D. Certon,
“Tissue harmonic imaging with CMUTs,” in Ultrasonics Symposium
(IUS), 2011 IEEE International, Oct. 2011, pp. 2249–2252.
[3] S. Satir and F. L. Degertekin, “Harmonic Reduction in Capacitive
Micromachined Ultrasonic Transducers by Gap Feedback Linearization,”
Ieee Transactions on Ultrasonics, Ferroelectrics, and Frequency Control,
vol. 59, no. 1, pp. 50–59, Jan. 2012.
[4] K. K. Park, H. Lee, M. Kupnik, and B. T. Khuri-Yakub, “Fabrication of
Capacitive Micromachined Ultrasonic Transducers via Local Oxidation
and Direct Wafer Bonding,” Journal of Microelectromechanical Systems,
vol. 20, no. 1, pp. 95–103, Feb. 2011.
[5] M. F. la Cour, M. B. Stuart, M. B. Laursen, S. E. Diederichsen, E. V.
Thomsen, and J. A. Jensen, “Investigation of PDMS as coating on CMUTs
for imaging,” in Ultrasonics Symposium (IUS), 2014 IEEE International,
Sep. 2014, pp. 2584–2587.
[6] J. A. Jensen, H. Holten-Lund, R. T. Nilsson, M. Hansen, U. D. Larsen,
R. P. Domsten, B. G. Tomov, M. B. Stuart, S. I. Nikolov, M. J. Pihl,
Y. Du, J. H. Rasmussen, and M. F. Rasmussen, “SARUS: A synthetic
aperture real-time ultrasound system,” IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, vol. 60, no. 9, pp. 1838–1852, Sep.
2013.
[7] A. D. Pierce, Acoustics: an introduction to its physical principles and
applications, 1989th ed. Woodbury, N.Y: Acoustical Society of America,
1989.

188APPENDIX D. PAPER - OUTPUT PRESSURE AND HARMONIC CHARACTERISTICS OF A CMUT A

APPENDIX

E

Paper - Elimination of Second-Harmonics in CMUTs using Square Pulse
Excitation

189

Elimination of Second-Harmonics in CMUTs using
Square Pulse Excitation
Anders Lei∗ , Søren Elmin Diederichsen∗ , Sebastian Molbech Hansen∗ , Matthias Bo Stuart† ,
Jan Peter Bagge‡ , Jørgen Arendt Jensen† , and Erik Vilain Thomsen∗

∗ Department
† Center

of Micro and Nanotechnology, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark
for Fast Ultrasound Imaging, Department of Electrical Engineering, Technical University of Denmark,
DK-2800 Kgs. Lyngby, Denmark
‡ BK Ultrasound, Herlev, Denmark

Abstract—The harmonic imaging mode is today a fundamental
part of ultrasound imaging; it is not only used for suppressing
the grating lobe artifact, but also to reduce many other acoustical
artifacts in the ultrasound image. A vital performance parameter
for accepting CMUT probes as a clinical usable transducer
technology is, that it can support harmonic imaging. The large
bandwidth of the CMUT is a clear advantage for harmonic
imaging, but the inherent nonlinear behavior of the CMUT poses
an issue as it is difficult to dissociate the harmonics generated in
the tissue from the harmonic content of the transmitted signal.
This work presents how proper pulse coding of a bipolar pulser,
which is present in most commercial ultrasound scanners, can
reduce the intrinsic generated harmonic to fundamental pressure
amplitude ratio to below −35 dB, making CMUT probes usable
for clinical applications.

I. I NTRODUCTION
Capacitive micromachined ultrasonic transducers (CMUTs)
are a promising alternative to piezoelectric transducers for
medical ultrasound. Among the advantages are design flexability, compatibility with CMOS, and ease of fabrication
resulting in a possible lowering of transducer cost. The main
selling point is, however, the low mechanical impedance of
the CMUT, which results in a large immersion bandwidth
and therefore high axial resolution. A consequence of the low
mechanical impedance is a lower output pressure compared to
PZT, which for conventional imaging is counterbalanced by
a higher receive sensitivity. The large bandwidth also makes
CMUTs interesting for nonlinear imaging, where pressure is
transmitted at the fundamental frequency and higher order
harmonics are received. The CMUTs, however, have some
characteristics that cause issues in the usability for efficient
nonlinear imaging. The transmit pressure of a simplified 1-D
CMUT is proportional to the electrostatic force [1]:
Fe =

1
V 2 (t)
0 A
2,
2
(geff − w(t))

(1)

where 0 is the vacuum permittivity, A is the electrode area,
geff the effective gap, w(t) the displacement of the plate, and
V (t) the applied voltage at time t. If both a DC bias voltage
Vdc and a harmonic excitation voltage Vac (t) = Vac cos(ω0 t)
are applied, the voltage term in the electrostatic force becomes
1 2
1 2
2
V 2 (t) = Vdc
+ Vac
+ Vac
cos(2ω0 t) + 2Vdc Vac cos(ω0 t),
2
2
(2)

with ω0 being the harmonic angular frequency. There are two
2
time-dependent terms: 2Vdc Vac cos(ω0 t) and 21 Vac
cos(2ω0 t).
The first term is responsible for the pressure generated at the
fundamental frequency f0 = 2πω0 and is equally proportional
to both Vdc and Vac . The second term generates pressure at
the second harmonic frequency 2f0 and is proportional to
Vac squared. This inherent nonlinear behavior of the CMUT
is naturally highly unwanted for harmonic imaging, as it is
difficult to dissociate the harmonics generated in the tissue
from the harmonic content of the transmitted signal. The
plate displacement w(t) in (1) is in addition nonlinear and
is contributing to the intrinsic generation of harmonics by the
CMUT itself. The level of generated second harmonic pressure
has been investigated for varying DC and AC voltages, with a
maximum achievable harmonic to fundamental amplitude ratio
(HFR) of −12 dB, clearly emphasizing the CMUTs inherent
limitations in harmonic imaging [2].
The nonlinearity caused by the voltage term can be eliminated by operating the CMUT without a bias voltage and with
an excitation signal at half the fundamental frequency (f0 /2).
Removing the bias voltage, however, significantly reduces the
coupling coefficient. This can in principle be counterbalanced
in transmit by significantly increasing the excitation voltage,
but the low coupling will inevitably decrease the receive
sensitivity considerably. In addition, removing the bias voltage
does not eliminate the nonlinear contribution from the plate
displacement w(t). Other approaches such as the use of
precompensated excitation waveforms [1], [3] and gap feedback linearization [4] for suppressing the intrinsic generated
harmonic of the CMUT have been demonstrated. Most current
ultrasound scanning equipment does, however, not facilitate
these required advanced excitation signals. Alternative pulseshape has proven successful [5], but with a requirement of
individual transducer calibration. Both requirements pose an
issue in successful commercialization of a CMUT based probe
for harmonic imaging. In this work, it is demonstrated how
proper pulse coding of a bipolar pulser, which is present in
most commercial ultrasound scanners, can significantly reduce
the intrinsic second harmonic content of the pressure emitted
by a generic CMUT.
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Fig. 1. Two period pulse-shapes and their squared outcomes: a) and b)
sinusoidal, c) and d) trapezoidal, e) and f) step, g) and h) square. The
sinusoidal, trapezoidal and step pulse-shapes all have higher frequency components when squared. The square function however contains almost no higher
order frequency components.

II. P ULSE - SHAPES
A variety of different periodic pulse-shapes are used in
ultrasound depending on the choice of pulser. Using a bipolar
5 MHz sinusoidal pulse-shape as shown in Fig. 1a), gives
the highest transferred power at the fundamental frequency.
However, the non-linear squared voltage term in (2) means the
CMUT will also experience a force at twice the fundamental
frequency as depicted by the squared sinusoidal signal in
Fig. 1b) and the Fourier spectrum of the squared pulse in
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Fig. 2. Fourier spectrum of the squared 5 MHz pulse-shapes showed in Fig.
1b), d), f) and h) respectively. The squared sinusoidal pulse has a clear
component at twice the fundamental frequency. The trapezoidal and step
pulses likewise have a significant higher frequency component but at 12 MHz.
The square pulse, however, shows a significantly reduction is higher order
components, making it suitable for harmonic imaging.

Fig. 2. Another used pulse-shape is the bipolar trapezoidal
plotted in Fig. 1c). The rise/fall time for trapezoidal pulse is
1/3 of half the wavelength to reduce power loss at 3rd and
5th order harmonics. The squared outcome of the trapezoidal
pulse (Fig. 1d)) also generates forces at higher frequency, more
specifically around 12 MHz as seen in the spectrum Fig. 2. A
common pulse-shape for a commercial pulser is the step pulse
seen in Fig. 1e) with a duty-cycle of 66.6% and a 5% of half
the wavelength rise/fall time. The squared outcome of the step
pulse (Fig. 1f) is similar to that of the trapezoidal pulse with
a peak at 12 MHz in the spectrum, Fig. 2. A bipolar tri-level
pulser capable of generating the step pulse depicted in Fig.
1e) can also be used to generate a square pulse-shape seen
in Fig. 1g) with a 5% of half the wavelength rise/fall time.
The squared outcome of the square pulse seen in Fig. 1h)
ends up being a low frequency square pulse (at the length of
the pulse train) overlaid with narrow square pulses at 12 MHz.
The very short duration (depending on the rise and fall slopes)
of the 12 MHz pulses reduces the energy of these pulses, and
thus the amount of second harmonic. The result in the Fourier
spectrum is clearly that higher order frequency components
are highly reduced, when using a square pulse over the other
pulse-shapes: sinusoidal, trapezoidal, and step.
III. E XPERIMENTAL METHOD
The effect of using a sinusoidal and square pulse excitation,
respectively, are tested on a CMUT fabricated using wafer
bonding and double local oxidation similar to the process
presented in [6]. The linear CMUT array consists of 128
elements with an element width of 296 µm and elevation height
of 5 mm. Each element contains 546 closely packed circular

A. Calculation of HFR level af CMUT surface
The measured acoustic response of the hydrophone consist
of both the fundamental (f0 ) and harmonic (2f0 ) parts. To
evaluate the fundamental pressure at the CMUT surface, the
medium attenuation and loss of energy to higher harmonics
must be added. The plane wave emission and absence of focusing lens allows for direct mapping without a diffraction compensation factor. Determining the second harmonic pressure
at the CMUT surface likewise involves medium attenuation,
but also the build-up of seconds harmonics caused by the
nonlinear medium. For a pressure wave with constant energy
(non-attenuating medium), the amplitudes of the harmonics
are given by [9]
2p0
Jn (nσ),
(3)
nσ
where p0 is the unperturbed pressure, n is the number of the
harmonic, Jn is the Bessel function of order n, and σ = z/z̄
with
ρ0 c30
z̄ =
,
(4)
βωp0
pn (σ) =

where z is the propagation distance of the waveform, ρ0 is
the density of the undisturbed medium, c0 is the speed of
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CMUT cells with a radius of 24.3 µm resulting in a fill factor of
69%. The CMUT plate thickness is 1.8 µm. The bump formed
in the cavity of the CMUT by the double local oxidation has a
radius comprising 2/3 of the cell plate. The center frequency
in water immersion is 5 MHz and the pull-in voltage Vpi is
220 V. The interconnect is identical to previous presented
work [7] and the CMUT is coated with a ∼ 1 µm layer of
polydimethylsiloxane (PDMS) for electrical insulation. The
PDMS layer is flat and has no lens effect.
The measurements with a sine pulse-shape were performed
in a water tank using the experimental Synthetic Aperture
Real-time Ultrasound System (SARUS) [8]. The hydrophone
used was a HGL-0400 hydrophone connected to a AC-2010
pre-amplifier (Onda Corporation, CA, USA). The acoustic
pressure of a plane wave emission from 12 elements was
measured at 10 mm distance to the CMUT surface for a
bias voltage of 160 V and varying AC voltage levels. The
hydrophone was positioned at the center of the emitting
CMUT element area. A two period 5 MHz excitation was used,
and the emission was repeated 10 times for each voltage level
combination for noise reduction.
The measurements with a square pulse-shape were performed in a water tank using a commercial bipolar square
pulser from Hitachi (HDL6V5582). The hydrophone used was
a Optel 10 MHz hydrophone (Optel Ultrasonic Technology,
Poland). The acoustic pressure of a plane wave emission
from 12 elements was measured at 10 mm distance to the
CMUT surface for varying DC and AC voltage levels. The
hydrophone was positioned at the center of the emitting
CMUT element area. A two period 5 MHz excitation was used,
and the emission was repeated 10 times for each voltage level
combination for noise reduction.
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Fig. 3. a) hydrophone response and b) Fourier spectrum for a two period
square pulse-shape with a bias voltage of 160 V and a peak excitation voltage
of 65 V. The spectrum shows the low second harmonic content of around
−40 dB.

sound for linear waves, β is the nonlinearity parameter (3.6
for water), and ω is the angular frequency of the transmitted
plane wave. The fundamental and second harmonic amplitudes
are determined separately from the measured acoustic signal
by using a low-pass and high-pass digital filter respectively.
Ignoring the medium attenuation of 0.0543 dB cm−1 at 5 MHz,
the fundamental surface pressure can be calculated directly
from (3) as the unperturbed pressure p0 . The second harmonic
surface pressure pHSP can subsequently be calculated from
P2 = p2 + pHSP − α,

(5)

where P2 is the second harmonic pressure measured at 10 mm.
p2 is the second harmonic pressure generated in the medium
(calculated from (3) using p0 ) and α is the attenuation of
0.2170 dB cm−1 at 10 MHz. The harmonic to fundamental
amplitude ratio at the CMUT surface can then be calculated
by
HFR = pHSP /p0 .
(6)
IV. E XPERIMENTAL RESULTS AND DISCUSSION
The generated pressure is measured for both the two period
sinusoidal and square pulse-shape with excitation voltages

HFR level at CMUT surface, dB

−10

use in clinical applications. A reduction achieved without the
need for complex multi stage linear transmitters for advanced
waveforms or specific transducer tuned pulse-shapes.
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Fig. 4. Comparison of the harmonic to fundamental amplitude ratio for a two
period sinusoidal and square pulse-shape, respectively. The peak excitation
voltage is varied from 45 V to 90 V with a constant bias voltage of 160 V. With
a HFR level 25 dB lower than for the sinusoidal pulse, it is demonstrated how
the square pulse efficiently can reduce the issues of intrinsic second harmonic
generation in a CMUT.

varying from 45 V to 90 V and a constant bias voltage of
160 V. The hydrophone response for the square pulse-shape
with excitation voltage of 65 V is plotted in Fig. 3a). Fig. 3b)
contains the corresponding spectrum of the signal response,
and shows the main frequency peak at 5 MHz and the low
level of the higher harmonics. The calculated harmonic to
fundamental amplitude ratio is for both pulse-shapes plotted
in Fig. 4 as function of the varied excitation voltage. While
the HFR level for the sinusoidal pulse is between −15 dB
and −10 dB the level is decreased around 25 dB to between
−40 dB and −35 dB for the square pulse-shape. Not only is
bipolar square pulser readily available commercially, it is also
a versatile and easily implementable method for reducing the
issues of intrinsic harmonic generation in CMUTs.
V. C ONCLUSION
The squared relation between the generated pressure and
applied excitation voltage of the CMUT, means that periodic
pulse-shapes such as sinusoidal, trapezoidal and step functions
all gives higher order frequency components resulting in high
harmonic to fundamental amplitude ratios. It is shown, both
analytically and experimentally, how a proper coded square
pulse, from a commercially available bipolar pulser, can significantly reduce the intrinsic harmonic content of the CMUT.
The difference in HFR level between a sinusoidal and sqaure
pulse-shape is examined with hydrophone measurements at
10 mm distance in a water tank with 5 MHz plane wave
emission and compensated to evaluate surface pressures. The
HFR level for the sinusoidal pulse is between −15 dB and
−10 dB depending on the excitation voltage magnitude. For
the square pulse-shape the HFR level is measured to between
−40 dB and −35 dB, a level witch can enable CMUT transducer
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Abstract—Capacitive Micromachined Ultrasonic Transducers
(CMUTs) fabricated using Silicon-On-Insulator (SOI) wafers
often have large thickness variation of the flexible plate, which
causes variation in both pull-in voltage and resonant frequency
across the CMUT array. This work presents a bond and boron
etch-stop scheme for fabricating the flexible plate of a CMUT.
The proposed fabrication method enables precise control of the
plate thickness variation and is a low cost alternative to the
SOI-based process. N-type silicon wafers are doped with boron
to a surface concentration of > 1020 cm−3 using solid planar
diffusion predeposition at 1125 ◦C for 30, 60, and 90 min. Process
simulations are used to predict the boron doping profiles and
validated with secondary ion mass spectrometry measurements.
The doped wafers are fusion-bonded to a silicon dioxide surface and thinned down using an 80 ◦C, 20 wt% potassium
hydroxide solution with isopropyl alcohol added to increase the
etch selectivity to the highly doped boron layer. The resulting
plate thickness uniformity is estimated from scanning electron
micrographs to a mean value of 2.00 µm ± 2.5%. The resonant
frequency in air for a 1-D linear CMUT array is measured to
12 MHz ± 2.5%. Furthermore, hydrophone measurements show
that the fabricated devices can be used to emit sound pressure
in the ultrasonic frequency domain.

I. I NTRODUCTION
The operation of Capacitive Micromachined Ultrasonic
Transducers (CMUTs) for medical imaging essentially relies
on the two-way energy transduction between the mechanical
and electrical domains. During a pulse-echo sequence, this sets
the need for a mechanical part that is able to exert a force on
a medium and moreover convert the echoed pressure waves
to a signal on the terminals. The mechanical component of a
CMUT cell is a flexible plate in the 0.1-20 µm thickness range
[1], [2], [3], [4], [5].
CMUTs fabricated using the direct silicon fusion bonding
technique [3] is prone to large thickness variations of the flexible plate, due to the chemical-mechanical polishing process
used to define the device layer of certain Silicon-On-Insulator
(SOI) wafers. For CMUT devices fabricated using the fusion
bonding method, the flexible plate is typically made by etching
away the handle and buried oxide layers of an SOI wafer
(bonded to a substrate). Thus, any variance in the device
layer will result in performance differences from one array
and element to another and even on an intra-element level.
Therefore, being able to predict and control the thickness
variation of the plate is of great importance to fabricate devices
with a predictable, uniform performance.

The influence of the plate thickness is directly seen in
relation to the resonant frequency and pull-in voltage of a
CMUT. In the case of an isotropic circular plate, the resonant
frequency is directly proportional to the plate thickness,
√ h,
and the pull-in voltage depends on the plate thickness as h3
[6], [7]. For an SOI wafer device layer thickness specified to
2 ± 0.5 µm (± 25%) this, theoretically, translates to a relative
deviation of up to 25% in resonant frequency and 40% in pullin voltage. For CMUT plates in the few-micrometer thickness
range this means that the relative thickness variation becomes
considerably large.
Several SOI wafer types are commercially available, including the Separation by IMplantation of Oxygen (SIMOX), the
SmartCUTTM and the bond and etch-back SOI wafer types.
However, all of the aforementioned types limit the CMUT
design space in some aspect, e.g. the impractically high
implantation energies associated with thick device layers for
the SIMOX type. This work presents an alternative method for
fabricating the flexible silicon plate of a CMUT. The objective
is to demonstrate the fabrication of CMUTs with excellent
silicon plate thickness uniformity using a low-cost, bond and
boron etch-stop technique.
II. M ETHODS
The proposed CMUT fabrication method is illustrated as a
simplified three-step procedure in Fig. 1. First, a p++ layer is
made in a silicon wafer by means of diffusion. Next, the wafer
is bonded to a substrate wafer containing cell cavities. Finally,
the bonded wafer pair is submersed in a potassium hydroxide
(KOH) solution to selectively remove the handle layer, leaving
a highly conductive plate.
A. The Boron Etch-Stop Layer
It has been shown that a highly doped p-type region in
silicon serves as an etch-stop layer to some alkaline solutions
[8]. A boron doped layer in silicon can be made using ion
implantation, however, its applicability for deep implantations
(> 2 µm) is limited due to the very high energies required.
In this work, the p-type etch-stop layer is created in doubleside polished, 100 mm n-type silicon wafers by means of
solid source doping with boron. Silicon wafers and boron
source wafers are alternately placed in a silicon carbide carrier.
This arrangement ensures doping on both sides of the silicon

Si handle layer
p++ layer

C = 1 × 1019 cm−3
C = 5 × 1019 cm−3

4

C = 1 × 1020 cm−3

Depth [µm]

Substrate wafer
with cavities

Fig. 1. Three-step principle illustration of a boron-etch stop method for
fabricating CMUTs.

substrate, allowing a symmetrical stress through the wafer,
keeping the wafer bow at an acceptable level for the fusion
bonding step. The carrier is placed in a furnace and heated
to 1125 ◦C, at which the source wafers evolve boron trioxide
(B2 O3 ) at a well-controlled rate. As this compound reaches
the silicon surface, a borosilicate glass (BSG) layer is created.
The boron oxide compound diffuses through the BSG layer
and reacts with silicon at the Si/BSG-interface to create atomic
boron [9]:
3
3
(1)
B2 O3 + Si → SiO2 + 2B.
2
2
After the diffusion process, the BSG layer is removed with
buffered hydroflouric acid.
Fig. 2 shows the diffusion depths at various processing
times at a constant temperature of 1125 ◦C and assuming a
constant gas-source concentration. The data are extracted from
a series of boron doping profiles using the process simulator
ATHENA (Silvaco, Inc., USA). A spline interpolation is
applied to each simulation to find the depth at which the
simulated concentration reaches 1 × 1019 cm−3√, 5 × 1019 cm−3
and 1 × 1020 cm−3 , respectively. Notice the t scale on the
first axis and that the correlation between depth and time
up to around t = 40 min differs from the linear dependency
expected from the diffusion-controlled nature of the physics
governing the simulations. This is caused by an offset in
dopant concentration due to temperature ramping before the
actual diffusion step begins. The contribution is accounted
for by adding a term, t0 , to the total diffusion time. Fits of
p
k(t + t0 ) are included in the graph as dashed lines. Knowing
the dopant concentration at which the etch-stop is consistently
effective, the fitted relation in the figure can be used to predict
the diffusion time required to achieve a certain diffusion depth,
i.e. predict the resulting plate thickness.
From the work of Seidel et al. [8], a boron concentration of
3
> 2 − 3 × 1019 atoms/cm is needed to achieve an effective
etch-stop layer.
B. Potassium Hydroxide Wet Etching
KOH is used as an etchant due to its high selectivity
to highly doped p-type regions and was chosen over other
etchants, because of its relative safety and availability. After

p

3

k(t + t0 )

2

1
0

20

40

60

80 100

150

Doping time [min]
Fig. 2. ATHENA process simulations of the boron diffusion process at
1125 ◦C. Interpolation is used to find the depth at which the concentration is
−3
1 × 1019 cm−3 , 5 × 1019 cm−3 and 1 × 1020 cm
√ , respectively. The data are
plotted as the diffusion depth as function of t. The non-linear relation for
times up to t = 40 min is due to dopant diffusion during the temperature
ramping.

fusion bonding, the doped top wafer is thinned down in
three steps (of which the first two are performed to lower
the processing time): A reactive ion etch effectively removes
the highly doped layer resulting from the double-side doping.
Then, a rough thin-down is carried out using a 28 wt% KOH
solution heated to 80 ◦C. Finally, the selective etch is achieved
with a 20 wt% KOH solution heated to 80 ◦C and saturated
with isopropyl alcohol (IPA) to increase the selectivity even
further. The underlying theory behind the etching mechanism
is treated in more detail in [8].
As the etching solution reacts with the silicon, hydrogen is
evolving from the surface. Thus, visual inspection of when the
hydrogen evolution stops reveals when the p++ layer has been
reached.
Adding IPA to the solution has been reported in [10] to
increase the p/p++ selectivity to the excess of 1:100 (at etching
conditions comparable to those in this work). When etching
with an IPA-saturated KOH solution it was observed that
pyramidal hillocks occurred on the etched surface. This has
also been observed by Peeters [11] and explained with the fact
that a lowering in the etch rate between <110> and <100>
planes is a natural consequence of the etching mechanism.
This will allow small residues to initiate a pyramidal growth,
which becomes larger as the etch progresses. In this context,
the cleanliness of the deionised water used in the KOH
solution has a significant effect. For this reason, the best results
in terms of minimal pyramidal hillock formation was observed
when the solution only was used for the processing of a single
wafer.
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Fig. 4. SEM measured thickness of boron bond and etch-back fabricated
CMUT plate across a 100 mm wafer. The mean thickness is 2.00 µm ± 2.5%
(extracted values between d1 and d2 ).

Fig. 3. SIMS measurements and ATHENA simulations of the boron diffusion
profiles at a temperature of 1125 ◦C for diffusion times: 30, 60, and 90 min.

III. R ESULTS AND D ISCUSSION
A. Doping Characterization
The resulting boron doping depth profiles and electrical
properties are measured to assess the feasibility of the proposed method. Secondary Ion Mass Spectrometry (SIMS) is
used to detect the surface composition of the doped silicon
substrates. Fig. 3 shows the measured as well as simulated
doping profiles at 1125 ◦C for three different predeposition
times, namely 30, 60, and 90 min. The simulations show good
agreement with the experimental observations, particularly on
the steep part of the tail.
Furthermore, the sheet resistance of the boron-doped layer
was measured at five different locations across a wafer with
an average of approx. 3.5 Ω/2, making it suitable to use as a
top electrode of a CMUT.
B. Fusion Bonding Considerations
The diffusion process might introduce surface defects as
well as surface stresses. Thus, to ensure a successful direct
wafer fusion bonding it is necessary to assess the surface
roughness and wafer bow.
A difference in covalent radii between silicon and boron
atoms will result in a mismatch strain, which inevitably will
cause the wafer to bow. To address this problem, the substrate
wafers are doped on both surfaces to obtain a measured wafer
bow of < 25 µm, which, from experience, is acceptable in
order to achieve a successful fusion bonding.
The surface roughness after diffusion and BSG film removal
was measured with Atomic Force Microscopy (AFM) to
Ra = 0.16 nm. It is worth noticing that the flow of oxygen
during diffusion greatly influences the surface properties; a
high oxygen flow rate will lower the surface roughness, but at
the expense of reduced doping uniformity.
C. Plate Thickness
The plate thickness across a wafer was measured to
2.00 µm ±2.5% from Scanning Electron Microscope (SEM)

Fig. 5. CMUT device wafer fabricated using the proposed boron etch-back
method. The wafer contains twelve 192-element, 1-D linear CMUT arrays.

images of cross sections near the bonding interface. The values
are extracted between points d1 and d2 in Fig. 4. The distance
between points d1 and d2 is 80 mm and represents the wafer
area containing devices.
IV. CMUT C HIP C HARACTERIZATION
Wafers with twelve 192-element, 1-D linear CMUT arrays
were fabricated using the proposed boron etch-stop method in
combination with two LOCOS processes [1]. Fig. 5 shows a
photo of such a wafer. The CMUT element width is 196 µm
and the elevation height is 6 mm, each containing 450 closely
packed CMUT cells of radius 23.5 µm and a fill-factor of 67%.
Each cell bump is 2/3 of the cell plate radius. A CMUT plate
thickness of 2 µm was desired to give a center frequency of
5 MHz in immersion and a pull-in voltage of 240 V. A CMUT
array is mounted on a printed circuit board and coated with
a flat 1 mm PDMS layer for electrical insulation (no lens
effect), as previously described in [4]. This array is used for
the acoustic characterization.

Hydrophone signal [mV]

to a surface concentration of > 1020 cm−3 and bonded to
a substrate containing CMUT cell cavities. The handle part
of the doped wafer is removed in a selective etch consisting
of KOH saturated with IPA. The AFM-measured surface
roughness of the doped silicon surface is Ra = 0.16 nm, and
the bow of the doped wafer before the fusion bonding step
is < 25 µm across the wafer. SEM images of cross-sections
near the bonding interface show a silicon plate mean thickness
of 2.00 µm ± 2.5%. Wafers containing CMUT devices are
8.5 fabricated and acoustical characterization of the fabricated
devices confirms the validity of the method. The resonant
frequency in air is measured to 12 MHz ± 2.5%, showing
excellent agreement with the variation of the plate thickness.
The proposed method enables precise control of the plate
thickness variation and is a low-cost alternative to other methods prone to a large plate thickness variation. Furthermore,
with a high degree of cleanliness this wet etch procedure
allows for batch processing, making it a suitable method for
large-scale production of highly doped flexible plates used as
CMUT plate electrodes.
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Fig. 6. Acoustic characterization of a CMUT fabricated with the proposed
boron etch-stop method. A two-period, 5 MHz square pulse is used to excite
a single element.

A. Array Uniformity
A 4294A Precision Impedance Analyzer was used to measure the array uniformity on a bare CMUT array (no coating)
in terms of the variation in resonant frequency in air for fifteen
elements across the array. The result is 12 MHz ± 2.5% for
the resonant frequency. This shows good agreement with the
measured thickness, as it is within the plate thickness variation
of ± 3%.
B. Acoustic Performance
Hydrophone measurements were performed in a small water
tank setup, using an Optel 5 MHz hydrophone (Optel Ultrasonic Technology, Poland). The CMUT is placed at a distance of 1 cm from the hydrophone surface. A bipolar square
pulser from Hitachi (HDL6V5582) was used to send a twoperiod, 5 MHz excitation pulse for single-element emission.
The resulting hydrophone response together with the fast
fourier transform is plotted in Fig. 6. The low mechanical
impedance of the CMUT results in almost no ringing. Notice
the second harmonic suppression of approx. −50 dB caused
by the excitation pulse-shape, as explained in [5].
V. C ONCLUSION
An alternative method for fabricating the flexible plate of a
CMUT is proposed. Process simulations are used to predict the
boron doping profiles and subsequently supported by SIMS
measurements. N-type silicon wafers are doped with boron

This work is financially supported by the Danish National
Advanced Technology Foundation (82-2012-4) and by BK
Ultrasound.
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Abstract—This paper presents an experimental study of the
acoustic performance of Capacitive Micromachined Ultrasonic
Transducers (CMUTs) as function of plate dimensions. The
objective is to increase the output pressure without decreasing
the pulse-echo signal. The CMUTs are fabricated with a LOCOS
process, followed by direct wafer fusion bonding to a SiliconOn-Insulator (SOI) wafer. In this way, the plate thickness is
determined by the SOI wafer device layer thickness, resulting
in CMUTs with plate thicknesses of 2, 9.3 and 15 µm. The
corresponding radii and gap heights resulting in an immersion
frequency of 5 MHz and a pull-in voltage of 200 V are obtained
using finite element analysis. Hydrophone and plane reflector
measurements are used to assess the acoustic performance.
Increasing the plate thickness from 2 µm to 15 µm decreases
the pulse-echo bandwidth from >100% to 30%. A maximum
in both peak-to-peak output pressure and pulse-echo signal is
obtained for the 9.3 µm plate, which still has a moderate pulseecho bandwidth of 60%. The 9.3 µm plate results in a 1.9 times
higher peak-to-peak output pressure and a 3.6 times higher
pulse-echo signal compared to the 2 µm plate. By adjusting
the plate dimensions of a CMUT it is possible to optimize its
acoustic performance for medical imaging applications, including
visualization of deeper structures in the body, as well as nonlinear imaging such as tissue harmonic imaging.

I. I NTRODUCTION
The energy transduction of Capacitive Micromachined Ultrasonic Transducers (CMUTs) relies on the movement of
a mechanical component. This commonly comprises a thin
flexible plate, which has a low mechanical impedance compared to its bulky lead-based piezoelectric counterpart. As a
result, the output pressure of a CMUT is generally lower, thus
limiting the imaging penetration depth as well as imaging
modalities such as tissue harmonic imaging. However, the
CMUT technology offers advantages such as large immersion
bandwidth, high receive sensitivity, design flexibility, and
integrability with CMOS technology.
For a simple CMUT cell (consisting of a fixed bottom
electrode, a dielectric stack and a flexible top electrode), the
acoustic performance essentially depends on the following
dimensional parameters: The plate thickness, the plate radius/side length, and the effective gap height.
For medical imaging purposes, the operating voltages and
frequency of operation impose certain restrictions on the transducer design. The application-specific immersion frequency
usually serves as a starting point, as it essentially determines

the cell and element dimensions, e.g. the element width is
related to the wavelength λ.
The thickness of the flexible plate typically ranges from
submicrons to a few microns [1]–[4], and is in this work
predetermined by the SOI wafer device layer thickness. So,
provided with both an immersion frequency and a fixed plate
thickness, the plate radius remains the only unknown plate
parameter. Furthermore, the effective gap height will affect
the pull-in voltage, Vpi , and should therefore be determined
based on the desired operating bias and excitation voltages.
Predicting the effect of dimensional scaling of CMUTs can
be done in several ways, for instance with lumped element
modelling and finite element analysis. Investigations on the
influence of plate dimensions on CMUT performance include,
but are not limited to [5]–[8]. However, the aim of this paper
is to experimentally investigate how the output pressure and
pulse-echo signal are affected by the CMUT plate dimensions.
In particular, the objective is to increase the output pressure
without decreasing the pulse-echo signal.
II. CMUT D ESIGN
Finite element analysis using the simulation software
COMSOL Multiphysics V5.2 (COMSOL AB, Sweden) is used
to design CMUTs with an immersion frequency of 5 MHz and
a pull-in voltage of 200 V. This is achieved with a full electromechanical-acoustic model, where the plate thickness is fixed
and the circular cell radius and gap height are varied until
the desired immersion frequency and pull-voltage are reached.
This is performed by running COMSOL with MATLAB
(MathWorks, Inc., Natick, MA, USA).
For the purpose of obtaining clearly measurable signals
during the characterization, the element width and element
height is set to 900 µm and 6 mm, respectively. The circular
cells are packed in a hexagonal closed-packed pattern with
an inter-cell distance of 5 µm to ensure sufficiently bonding
area. Three different CMUT designs are realized according
to the available SOI wafers. In specific, CMUTs with plate
thicknesses of 2, 9.3 and 15 µm are fabricated. Table I shows
the design dimensions for the three designs. As a result of
the different radii, the fill factors of the CMUT layouts varies.
The active cell part of each element of the 2, 9.3 and 15 µm
designs amount to 73.3%, 79.6% and 74.6%, respectively.

TABLE I
CMUT C ELL D ESIGN PARAMETERS
Plate thickness [µm]
2
9.3
15

Si

Plate radius [µm]
24.5
60
75

SiO2

Gap height [nm]
246
151
128

Si3N4

Al

Fig. 1. Cross-section of a CMUT made with a LOCOS process and direct
wafer fusion bonding. For simplicity only one cell is shown. The illustration
is not to scale.

III. CMUT FABRICATION AND E XPERIMENTAL S ETUP
The CMUTs are fabricated using two LOCal Oxidation of
Silicon (LOCOS) processes in combination with a direct wafer
bonding method, similar to the procedure first presented in [1].
In this work, the fabrication process involves four lithographic masks. A highly doped silicon wafer with a resistivity of <0.025 Ω cm is thermally oxidized at 1100 ◦C
under dry conditions to achieve a SiO2 layer thickness of
100 nm, followed by deposition of both stoichiometric Si3 N4
and polycrystalline silicon layers (both with a thickness of
100 nm). Patterns are then etched into these layers. After a
wet oxidation at 1100 ◦C all layers are stripped, leaving only
silicon bumps (as different gaps are desired, different oxidation
times and thus silicon bumps are needed). The bump radius
corresponds to two-thirds of the cell radius.
This procedure is partly repeated, only this time the insulating layers are not stripped and the resulting SiO2 and
Si3 N4 layer thicknesses are 350 nm and 100 nm, respectively.
A final thermal wet oxidation at 1100 ◦C serves to form the
cell cavities. A SOI wafer is bonded together with the cavity
wafer using direct wafer fusion bonding. After removing the
SOI wafer handle layer and buried oxide layer, trenches are
etched to access the bottom substrate. The process is finalized
by depositing and patterning 400 nm aluminum for the top
and bottom electrodes. A cross-sectional view of such CMUT
is shown in Fig. 1. The measured dimensions for the three
CMUT designs are listed in Table II.
TABLE II
M EASURED VERTICAL CMUT DIMENSIONS
Plate thickness [µm]
2
9.3
15

Bump height [nm]
389
453
480

Gap height [nm]
255
154
135

Fig. 2. Photo of two CMUTs mounted on a PCB. In a later preparation step
a flat PDMS layer of approx. 2 mm will cover the CMUT top electrodes and
wire-bonds.

Wafers with 54 chips, each containing twelve elements
are fabricated. After dicing, the CMUT chips are mounted
on printed circuit boards (PCBs) with wire-bonds ensuring
electrical connection between the chip and the PCB. A photo
of such mounted CMUTs is shown on Fig. 2. To measure in
water, an acrylic glass (PMMA) dam is glued onto the PCB
and filled with a flat polydimethylsiloxane (PDMS) coating of
a thickness of approx. 2 mm. The coating procedure is similar
to the one described in [9]. Furthermore, during measurements
a cylindrical PMMA holder pressing down on a rubber ring
placed on top of the PCB serves as a water tank.
IV. CMUT C HIP C HARACTERIZATION
The PCB-mounted CMUTs are placed in front of either a
hydrophone or a plane reflector. These are placed at a distance
of 1 cm from the CMUT surface and aligned using an XY
stage. The hydrophone and plane reflector measurements are
carried out with a 2410 Keithley Sourcemeter to provide a
DC voltage, while a Tektronix AGF3102C arbitrary function
generator provides a pulse excitation voltage of ±10 V. The
relatively low AC voltage is chosen to maintain the receiver
in the small signal linear mode. A photo of the measurement
setup is shown in Fig. 3.
The two-way time responses are measured by pulsing
with a 16-period square wave at discrete frequencies, while
recording the pulse-echo signals with an AD8332 variable
gain receive amplifier (with Vgain = 0.2 V) connected to a
digital oscilloscope. From this, the maximum peak-to-peak
pulse-echo signals, center frequencies, and fractional bandwidths are obtained. The bias voltage used for the pulseecho measurements is the positive voltage polarity (having a
positive potential on the CMUT top electrode/plate relative to
an electrically grounded bottom substrate) corresponding to
80% of the respective pull-in voltage.
The transmit pressure waves are recorded with a digital
oscilloscope using a calibrated ONDA HGL-0400 hydrophone
connected to an AC-2010 pre-amplifier (Onda Corporation,
CA, USA). The peak-to-peak pressures are obtained from
a two-period, bipolar, square pulse at the respective center
frequencies.

500
2 µm plate
9.3 µm plate
15 µm plate

450

Fig. 3. Photo of the hydrophone/plane reflector measurement setup.
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V. R ESULTS AND D ISCUSSION : ACOUSTIC P ERFORMANCE
A. Hydrophone and Plane Reflector Measurements
Fig. 4 shows the measured peak-to-peak pulse-echo signal
as function of frequency for the three plate thicknesses. The
center frequencies are 5, 5.5 and 6 MHz for a plate thickness
of 2, 9.3 and 15 µm, respectively. These results are also shown
in Table III, together with the measured pull-in voltages, peakto-peak output pressures, maximum peak-to-peak pulse-echo
signals and -6 dB pulse-echo fractional bandwidths for the
three CMUT designs.
The measured hydrophone signals at the respective center
frequencies are shown in Fig. 5. Notice that the three CMUTs
are operated at 90% of their pull-in voltage, and furthermore
that the 9.3 µm plate is biased with a negative voltage, whereas
the other two have a positive voltage bias. This is merely to
show how the signal becomes mirrored around the first axis
when changing the polarity of the voltage bias. However, the
signal amplitude in this polarity is, as expected, higher than for
a positive polarity. In the comparison, all the transmit signals
are obtained at a positive bias voltage polarity at 80% of the
pull-in voltage, and the results are listed in Table III.
Nevertheless, the purpose of showing these three plots
is to show that the pulse length increases with increasing
plate thickness, which is also the case for the pulse-echo
measurements. Consequently, the bandwidth decreases with
increasing plate thickness. This is not surprising, as the plate
inertia and stiffness are expected to increase with increasing
plate thickness.
To sum up the measurement results, referring to Table III,
the highest peak-to-peak output pressure of 380 kPa (at 0.8Vpi )
is obtained for the 9.3 µm plate. In fact, an maximum in both
peak-to-peak output pressure and pulse-echo signal is seen
for the 9.3 µm plate, which still has a moderate pulse-echo
bandwidth of 60%. The 9.3 µm plate results in a 1.9 times
higher peak-to-peak output pressure and a 3.6 times higher
pulse-echo signal compared to the 2 µm plate. On the other
hand, the highest pulse-echo bandwidth is observed for the
2 µm plate.
Several factors affect the acoustic performance of a CMUT.
For instance, in this study the ratio of medium loading to
mechanical impedance is different for the three designs and
will therefore affect the oscillation conditions differently. Another difference is the radiation impedance from neighbouring
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Fig. 4. Peak-to-peak pulse-echo signal as function of frequency for CMUTs
with plate thicknesses of 2, 9.3 and 15 µm, respectively. The CMUTs are
operated at 80% of their respective pull-in voltage and excited with a ±10 V
bipolar, square pulse. The spectra are obtained by recording the peak-to-peak
amplitude of a 16-period pulsing signal at discrete frequencies.

TABLE III
M EASURED DATA OF THE ACOUSTIC PERFORMANCE OF CMUT S WITH
DIFFERENT PLATE THICKNESSES . T HE CMUT S ARE BIASED WITH A
POSITIVE VOLTAGE POLARITY. T HE DISTANCE BETWEEN THE CMUT
SURFACE AND EITHER HYDROPHONE OR PLANE REFLECTOR IS 1 CM .

Plate
thickness
[µm]
2
9.3
15

Pull-in
voltage, Vpi
[V]

Center
frequency
[MHz]

Peak-to-peak
output pressure
at 0.8Vpi
[kPa]

210
200
200

5
5.5
6

203
380
238

Peak-to-peak
pulse-echo
signal
at 0.8Vpi
[mV]
126
450
261

Pulse-echo
-6 dB
fractional
bandwidth
in %
> 100
60
30

cells and hence overall damping, which depends on the cell
dimensions and intra-element cell arrangement. Also, the fill
factor and support oxide thickness will directly influence the
parasitics of the devices. Furthermore, the CMUTs in this work
are designed to have the same immersion frequency and pull-in
voltage, which is realized by adjusting radii and gap heights.
The reasoning being that the CMUTs should be operated as
close to the same absolute voltages as possible is to imitate real
ultrasound scanner conditions. Nevertheless, the gap height
influences both the output pressure and sensitivity. Operating
the CMUTs with other excitation signals of different shapes
and/or number of periods will naturally affect the transmit
bandwidth. However, under these particular hydrophone measurement conditions it is the nature of the excitation signal
that limits the transmit bandwidth.

VI. C ONCLUSION
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The acoustic performance of CMUTs with different plate
dimensions was investigated for plate thicknesses of 2, 9.3,
and 15 µm. The CMUTs were designed with finite element
analysis to have an immersion center frequency of 5 MHz and
a pull-in voltage of 200 V. They were successfully fabricated
using two consecutive LOCOS processes in combination with
a direct wafer fusion bonding process. The CMUTs were
mounted on PCBs, wire-bonded and coated with a polymer
for measurements in immersion. The performance of the
three designs was assessed with both hydrophone and plane
reflector measurements. This study shows that the highest
output pressure and pulse-echo signal is achieved for the
9.3 µm plate. More generally, this experimental study has
shown that customizing the plate dimensions can be used to
adjust the acoustic performance within the framework of a
specific transducer application.
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Fig. 5. The three plots show the hydrophone signal versus time for CMUTs
with plate thicknesses of 2, 9.3 and 15 µm and biased with positive, negative
and positive voltage polarity, respectively. All CMUTs are biased at 90%
of the pull-in voltage and excited with a ±10 V, two-period, bipolar, square
pulse.
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Abstract—Portable ultrasound scanners (PUS) have, in recent
years, raised a lot of attention, as they can potentially overcome
some of the limitations of static scanners. However, PUS have a
lot of design limitations including size and power consumption.
These restrictions can compromise the image quality of the
scanner. In order to overcome these restrictions, application
specific integrated circuits (ASICs) are needed to implement
the electronics. In this work, a comparative study of the transmitting performance of a capacitive micromachined ultrasonic
transducer (CMUT) driven by a commercial generic ultrasound
transmitter and an ASIC optimized for CMUT-based PUS is
presented. A single CMUT element is pulsed with a 1% duty
cycle at a frequency of 5 MHz. The DC bias voltage is 80 V and
the pulsing voltage is 20 V. The acoustic performance is assessed
by comparing the ultrasonic signals measured with a hydrophone
both in the time and frequency domains. The difference in
normalized signal amplitude evaluated at the center frequency of
the CMUT is −1.9 dB and the measured bandwidth is equivalent.
The ASIC consumes only 1.3% of the total power consumption
used by the commercial transmitter.

I. I NTRODUCTION
Nowadays, traditional static ultrasound scanners are large
devices that provide high quality imaging and a wide range of
scanning possibilities. In order to achieve that, these scanners
require a large amount of complex electronic circuits to
implement the scanner functionality. Due to the high complexity, these circuits are very power consuming, which forces
the scanner to be connected to the AC mains. As a result
of these characteristics, static ultrasound scanners are large
devices with limited transportability. Furthermore, their high
cost limits the amount of scanners available per hospital, and
therefore, reduces their accessibility.
In recent years, portable ultrasound scanners (PUS) have
emerged due to their potential of solving some of the limitations of static scanners. These devices are handheld sized, and
they have a much lower cost per unit, which enhances both
the transportability and accessibility of ultrasound scanning.
However, these advantages also impose very severe restrictions on the scanner design. Due to the small size of PUS,
the amount of electronic circuitry that can be contained in
the scanner is constrained. Furthermore, the maximum heat
that can be dissipated within a handheld device sets another
limitation to the maximum power consumption of the system.
Moreover, since PUS are not connected to the AC mains, their

power consumption is also restricted by the power source (i.e.
battery, USB, etc.).
These restrictions have an impact on the image quality
of the scanner (Qim ), which makes the design of PUS very
challenging. The design goal is to implement a scanner with
a usable Qim within very strict area and power budgets.
In order to fully utilize the available area and power budgets
to achieve the best Qim , application specific integrated circuits
(ASICs) are required for the electronics. The ASICs are
optimized to drive a specific transducer while minimizing the
area and power consumption, which is a key target for PUS.
In this work, and for the purpose of implementing compact probes, capacitive micromachined ultrasonic transducers
(CMUTs) are used due to high compatibility and integration with ASIC complementary metal oxide semiconductor
(CMOS) fabrication processes [1]–[4].
The goal of this work is to assess the impact of the area
and power consumption limitations of PUS on the transmitting
acoustic performance of the scanner. For this purpose, a comparison between a commercial generic ultrasound transmitter
and an ASIC transmitter optimized for CMUT-based PUS is
presented.
II. P ORTABLE U LTRASOUND S CANNER S YSTEM
A. Image Quality Tradeoffs of PUS
Ultrasound scanners are composed of several transducer
elements, a transmitting circuit (Tx) and a receiving circuit
(Rx), Fig. 1. In transmitting mode, the Tx drives the transducer
elements with high-voltage signals to generate the ultrasonic
waves. In receiving mode, the transducers capture the reflected
ultrasonic waves inducing electrical signals that are conditioned by the Rx circuit. The Qim obtained by the scanner
depends on the characteristics of the transducers, the driving
capabilities of the Tx, the signal-to-noise ratio (SNR) of the
Rx and the algorithms used to generate the image. Each of
these factors can limit the maximum image quality that the
system can achieve (Qim,max ).
Typically, in static scanners, the Tx and Rx electronics are
over-designed to assure that they do not limit Qim,max . This
approach costs area and power, which are not restrictive factors
in static scanners. Nonetheless, PUS have very limited budgets
both in terms of area and power consumption. As a result,

C. Transmitting circuitry (Tx)

Fig. 1. Structure of an N-channel ultrasound scanner, containing the ultrasonic
transducers, the transmitting circuits (Tx) and the receiving circuits (Rx).

the Tx and Rx performance needs to be compromised to fit
those budgets, which can have an impact on Qim,max . This
paper focuses on the impact of the Tx performance on the
transmitting acoustic performance of the CMUT, which has
an impact on the overall Qim,max of the scanner.
B. Capacitive
(CMUTs)

Micromachined

Ultrasonic

Transducers

Conventionally, ultrasonic transducers for medical imaging
have been based on a piezoelectric principle of operation,
i.e. a piezoelectric material deforms when an AC signal is
applied and thereby creating pressure waves, and vice versa.
The emerging CMUT technology, however, relies on an electrostatic principle of operation, as the energy transduction is
based on the vibration of a movable top electrode relative to a
fixed bottom electrode [5]. A major difference is, therefore, the
fact that the CMUT element is less bulky than its piezoelectric
counterpart. As a result, the CMUT generally has a higher
bandwidth due to its relatively smaller inertia [6]. Other advantages of the CMUT include higher axial resolution, excellent
thermal properties and the potential ease of compatibility with
ASICs.
A 192-element, 4.7 MHz linear array has been fabricated
using a local oxidation of silicon process combined with a
direct wafer fusion bonding [7]. Each element measures 6 mm
by 196 µm and consists of 450 circular cells with a radius of
23.54 µm. The cells are hexagonally closed-packed, resulting
in a fill factor of 67% and a total element capacitance of
approximately 18 pF. A principle sketch of the CMUT is seen
in Fig. 2.

Si

SiO2

Si3N4

Apart from the characteristics described in the previous
subsection, every CMUT requires a specific driving strength
to operate. This driving strength is the slew rate (SR) of the
high-voltage driving signals. The area and power consumption
of the Tx will increase with the SR required, therefore, an
excessive driving strength translates into excessive energy
consumed. As a result, the Tx has to be designed for a specific
CMUT with an optimal SR. For the CMUTs used in this work,
this SR is 2 V/ns.
Once all the driving characteristics of the CMUT have
been defined an application specific integrated circuit (ASIC)
containing a custom designed Tx was designed. A micrograph
of the silicon die fabricated is shown in Fig. 3. The ASIC was
fabricated in a 0.35 µm high-voltage process and occupies a
die area of 0.9 mm2 . The Tx can be implemented with different
structures and topologies such as the ones found in [8]–[10].
For this work, the structures and topologies in [9] were used.
III. ACOUSTIC P ERFORMANCE M EASUREMENTS
A. Comparison Approach
The aim of this paper is to assess the effect of the area
and power limitations of PUS in the transmitting acoustic
performance. Therefore, the custom designed ASIC is compared with a commercially available transmitting circuit for
ultrasound applications. Commercially available transmitters
have a very large SR and a lot of flexibility (frequencies,
voltages, etc.) in order to be able to drive any possible
transducer. As it was stated before, that comes with an area and
power consumption cost. Contrary, the ASIC has been custom
designed for a specific transducer and it has an optimally
designed performance, which minimizes the die area and
power consumption.
In this work, the ASIC is compared with the commercial
ultrasound transmitter HDL6V5582. This transmitter has the
option of using eight channels with a three-level voltage output
and is capable of providing a specified pulse of high symmetry.

Al

Fig. 2. Illustration showing a cross-sectional view of one CMUT cell (not to
scale). The CMUT chip used in this work has 450 cells in each element.

Fig. 3. Micrograph of the fabricated ASIC silicon die.

Fig. 4. Pulsing characteristics to drive the CMUT used for both the ASIC
and the HDL6V5582.

The HDL6V5582 provides an output voltage of up to
±100 V, an output current of 1.8 A, and operates at frequencies
up to 20 MHz.
For the purpose of achieving a fair comparison, the same
CMUT described in the previous section was used. Furthermore, the pulsing characteristics of the HDL6V5582 were set
to the same as the ASIC, which are shown in Fig. 4. The
pulsing frequency, fc , is set to 5 MHz, the DC bias voltage,
Vbias , to 80 V and the pulsing voltage amplitude, Vpulse , to
20 V. The transmitting time, tT x , and receiving time, tRx , are
set to achieve a 1% transmitting duty cycle. The CMUT will be
driven with the ASIC and the HDL6V5582, and the acoustic
performance of the transducer will be compared.
B. Measurement Setup
A picture of the measurement setup is shown in Fig. 5.
A CMUT array is mounted on a printed circuit board with
aluminum wires ensuring electrical connection to the CMUT.
A polydimethylsiloxane polymer is encapsulating the CMUT
and wires to enable measurements in immersion. An Optel
hydrophone (Optel Ultrasonic Technology, Poland) is placed
at a distance of 1 cm from the CMUT surface and aligned
with a XY stage to obtain the highest signal possible. The
setup includes power supplies for biasing the CMUT as well
as driving electronics.

Fig. 5. Picture of the measurement setup used for the comparison.

Fig. 6. Transmitting voltage pulses measured at the output terminal of the
ASIC and HDL6V5582.

C. Measurements and Results
One CMUT element is driven with a square pulse using
the ASIC and the HDL6V5582. The square pulse measured
at the output terminal of each device is show in Fig. 6. As it
can be seen the driving strength and SR of the HDL6V5582
is higher than the ASIC, which has been custom designed to
2 V/ns. Due to this high SR, the voltage shapes generated with
the HDL6V5582 produce some oscillations. The ultrasonic
signals received with the hydrophone using the excitation
pulses in Fig. 6 are shown in Fig. 7. The signals received
for both transmitters are similar, however, it can be observed
that the amplitude of the first three oscillations is higher for
the HDL6V5582. This is due to its higher SR that drives the
CMUT with higher energy. However, the impact of these oscillations on the signal quality can be assessed more accurately
through the signal frequency spectrum.
The frequency spectrum of the received signal normalized to
the maximum hydrophone voltage is shown in Fig. 8. As it can
be seen, the acoustic performance achieved with the ASIC is
comparable to the one achieved with the HDL6V5582, with a
minor amplitude difference of −1.9 dB at the center frequency
of the CMUT. Furthermore, the bandwidth measured is not
limited by the ASIC.
The power consumption of the ASIC is measured to be
5.8 mW and the measured power used by the HDL6V5582 is
447.6 mW, i.e. the ASIC consumes 1.3% of the power used by
the HDL6V5582. The ASIC achieves the goal of significantly
reducing the power consumption without compromising the
transmitting acoustic performance of the scanner.
Furthermore, there is a lot of area reduction potential using
ASICS, since a commercial component such as HDL6V5582
has 8 channels, and with the area results achieved with
the ASIC, 0.9 mm2 , more channels could be included per
integrated circuit package. The results presented in this work
show a high potential for the future of PUS, since reducing
power and area is needed to make them viable to implement.
The next step on the assessment of the impact of the area
and power consumption limitations of PUS is to perform a
similar comparison for the Rx circuitry.
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Fig. 7. Signal received with the hydrophone using: a) ASIC and b)
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Fig. 8. Frequency spectrum of the signal received with the hydrophone using:
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IV. C ONCLUSION
In this work, the impact of the area and power consumption
limitations of portable ultrasound scanners on the transmitting
acoustic performance is assessed. In order to do that, an
ASIC, containing a custom designed transmitter, is fabricated
in a 0.35 µm high-voltage process. The circuit occupies a die
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rate optimized for a specific CMUT of 2 V/ns. The ASIC is
compared to a commercially available ultrasound transmitter,
the HDL6V5582. Both transmitters are used to pulse the
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cycle of 1%, DC bias voltage of 80 V and pulsing voltage
amplitude of 20 V. The transmitting acoustic performance of
the CMUT pulsed with the two transmitters is measured using
a hydrophone. The ASIC achieves a comparable performance
with a minor amplitude difference of −1.9 dB at the center
frequency of the CMUT, while not limiting the bandwidth
of the measurements. The total power consumption of the
ASIC is 1.3% of the total power consumption used by the
HDL6V5582.
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Abstract—PZFlex is a commercial FEA software that has
been optimized for the ultrasound industry and is commonly
used to design piezoelectric ultrasound transducers. However,
PZFlex is not commonly used within the CMUT research ﬁeld.
Nevertheless, it has an explicit modeling approach allowing large
structures like CMUT arrays to be modeled and its transient
analysis intrinsically supplies non-linear and broadband results
from a single run. A 3-D model of a CMUT array is developed
with multiple cells in each element and one active element
surrounded by N passive elements. It is demonstrated that
the electro-mechanics can precisely be predicted, within 3%,
including the pull-in voltage and the spring softening effect.
The transmit impulse response is simulated by deconvolving
the extrapolated pressure with the excitation pulse, and it is
in excellent agreement with the measured. It is shown that the
impulse response can directly be used in Field II to assess the
image quality of the transducer using the lateral, axial and cystic
resolution for two different CMUT designs.

I. I NTRODUCTION
Finite element analysis (FEA) has been extensively used
for analyzing both static and dynamic behavior of capacitive
micromachined ultrasonic transducers (CMUTs) [1], [2]. Typical parameters being evaluated include the pull-in voltage,
pressure, sensitivity, bandwidth, and crosstalk. PZFlex is a
commercial FEA software, has been optimized for the ultrasound industry and is commonly used to design piezoelectric
ultrasound transducers. However, PZFlex is not commonly
used within the CMUT research ﬁeld. Nevertheless, it has
an explicit modeling approach allowing large structures like
CMUT arrays to be modeled and its transient analysis intrinsically supplies non-linear and broadband results from a
single run. Another advantage is that the time domain response
calculated in PZFlex can be used directly in the ultrasound
simulation program Field II. This gives the possibility of not
only evaluating the transducer design on the pressure, receive
sensitivity, bandwidth and so on, but it is also possible to
simulate an imaging setup and evaluate the image quality in
terms of lateral, axial, and cystic resolution.
Only a few papers have been published where PZFlex have
been used to simulate CMUTs, and it has mainly been used
to investigate element crosstalk [3].
The main objective of this paper is to present a multielement CMUT array model with multiple cells per element
developed in PZFlex, and verify the model by comparing the
output results to measurements. The second objective is to

TABLE I
M ATERIAL PARAMETERS .

Material
Silicon
Silicon oxide
Aluminum
RTV Silicone
Water

Density
[g/cm3 ]
2.33
2.20
2.70
1.27
1.00

Long. Vel.
[mm/μs]
8.11
5.97
6.42
1.00
1.50

Shear Vel.
[mm/μs]
5.20
3.76
3.04
–
–

show that the results can directly be used in Field II to evaluate
the imaging performance of the transducer.
II. M ETHODS
A. PZFlex Models
1) Single Cell Model: A single CMUT cell is modeled
using axial symmetry. The cell consists of a bottom silicon
substrate, a silicon oxide layer with a cavity and a silicon
plate with an aluminum layer on top. The model is based on
the wafer-bonding technique [4]. The substrate and the edges
of the model are ﬁxed, and the top is free to move. The top
of the substrate acts as the ground electrode and the bottom
of the silicon plate acts as the drive electrode. The properties
of the materials used are listed in Table I.
2) Linear Array Model: The linear array model consists
of a central driven active element, surrounded by N passive
elements, with each element containing multiple individual
circular CMUT cells placed in a hexagonal grid. Fig. 1 shows a
cross section of the model through the plane with the cavities.
This model has three cells in each element and the active
element is surrounded by three passive elements on each side.
The colors of the cells represent which element the cells are
placed in. Symmetry is applied along the elevation direction
and at the center of the active element, this signiﬁcantly
reduces the model runtime, while allowing crosstalk to be
observed across multiple adjacent elements. Fig. 2 shows the
full model with the substrate below the CMUTs, an acoustic
window on top of the CMUTs made of a Room Temperature
Vulcanization (RTV) silicone polymer and water on top. The
bottom of the substrate is ﬁxed, and the RTV silicone and the
water have an absorbing boundary condition at the boundary
where symmetry is not applied. The simulation does not take
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Fig. 1. Cross section of the model through the plane with the cavities. This
model has three cells in each element and the active element is surrounded by
three elements on each side. The cells are colored in different colors depending
on which element they are placed in.
Fig. 3. The normalized deﬂection shown as function of bias voltage
normalized to the pull-in voltage.

an impedance analyzer for evaluating the electro-mechanic
performance of the PZFlex model.
III. E LECTRO -M ECHANICS

Fig. 2. The full model with the substrate below the CMUTs, an acoustic
window on top of the CMUTs of an RTV silicone polymer, and water on top.

any elevation focusing of the RTV lens into account. The
transmit electrodes are contacted through a 50 Ω resistor.
The simulation is divided into two stages: ﬁrst, the bias is
applied and second, the voltage or pressure is applied. The
biasing stage uses the dynamic relaxation option in PZFlex
and increases the voltage gradually until the bias voltage is
reached. This option overdamps the mechanical elements so a
steady bias state is reached faster. In a future release, a static
solver will be implemented to calculate the biasing stage.
B. CMUT probe
A 192 element linear CMUT array is fabricated and assembled in a probe handle similar to the probe described in
[5]. The individual CMUT cells are circular with a radius of
60 μm and fabricated using a LOCOS process [6]. The plate
thickness is 10 μm silicon with 400 nm aluminum on top. The
insulation oxide is 409 nm, the LOCOS nitride is 100 nm, and
the vacuum gap is 167 nm. The cells are placed in a hexagonal
grid with three cells in each element in the azimuthal direction.
The pull-in voltage is 215 V. The acoustic performance of the
probe is compared to the PZFlex model.
A second CMUT array has been fabricated with a 2 μm
plate, a radius of 24.5 μm and a pull-in voltage of 240 V. This
array is not assembled to a ﬁnal probe, but only tested using

Two parameters are evaluated to verify that the electromechanical part works: the pull-in voltage and the spring
softening effect.
The pull-in voltage, Vpi , is deﬁned as the point when the
plate snaps down onto the bottom of the cavity. This occurs
when the electrostatic force for the applied voltage exceeds the
elastic force originating from the plate. The effective spring
constant becomes zero when this happens. The stable position
of the CMUT can by found by balancing all the forces acting
on the plate, and the pull-in voltage can then be derived [7]

2
89.4459 Di geﬀ
,
(1)
Vpi =
a2 C0
where Di is the ﬂexural rigidity, geﬀ is the effective gap and
C0 is the capacitance of the unbiased cell. These parameters
take all the dimensions of the CMUT cell into account. The
center deﬂection of the plate normalized to the vacuum gap
thickness as function of the applied voltage normalized to the
pull-in voltage, Vpi , is plotted in Fig. 3. The analytic model
is compared to a transient and a static PZFlex model. The
models are identical, the only difference is the ramp time of the
voltage. The transient model is ramped by 270 V/μs whereas
each step in the static model is run until steady state. The two
models agree with a difference less than 2% relative to the
analytic model. In the transient model, the inertia of the plate
is captured, as the plate does not snap in, predicting a 10 V
higher pull-in voltage in this case.
The resonance frequency of the fabricated CMUT array
is extracted using an impedance measurement where the
resonance peak is tracked for varying bias voltages. To extract
the resonance frequency from PZFlex, a single cell CMUT
model is used with the same dimensions as the measured.
The CMUT cell in vacuum is biased and a static analysis
is run to calculate the deﬂection of the plate. The CMUT
is then excited with a wideband AC voltage on top of the
bias in a transient study. The impulse response is calculated
by deconvolving the displacement of the center of the plate
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Fig. 4. The resonance frequency of the transient PZFlex model compared to
real measurements of a CMUT element for varying bias voltages

with the drive signal. The resonance frequency is found at
the maximum value of the frequency spectrum of the impulse
response. The resonance frequency of the transient PZFlex
model compared to real measurements of a CMUT element is
shown in Fig. 4. The model agrees with measurements with a
difference of less than 3%.
IV. ACOUSTICS
After verifying that the electro-mechanical domain calculations work, the acoustic part is now investigated. An array
model similar to the CMUT probe described in section II-B
is simulated. The model has three cells in each element in the
azimuth direction and seven elements in total. A bias voltage
of 80% of the pull-in is used, and the center element is excited
with a 1 Vpeak Blackman-Harris pulse with a center frequency
of 8 MHz.
From the pressure, extrapolated at a distance of 10 mm,
the transmit impulse response is extracted by a deconvolution.
This is done by normalizing the extrapolated pressure with
the excitation pulse in the frequency domain and applying a
window over the region of interest.
The transmit impulse response of the CMUT probe is measured using an AIMS III intensity measurement system (Onda
Corp., California, USA) with an Onda HGL-0400 Hydrophone
connected to the experimental research ultrasound scanner,
SARUS [8]. The method used to measure and calculate the
transmit impulse response is described in [9].
The impulse response in the time domain, the envelope
and the impulse response in the frequency domain are shown
in Fig. 5. All of the three responses are normalized to its
maximum value as the amplitude otherwise would not ﬁt.
The simulation does not take the elevation focus into account
and the extrapolation does not incorporate the symmetry that
the simulation does. Otherwise, there is a excellent agreement
between the simulation and measured impulse response, but
with a slightly higher prediction of the center frequency from
the simulation.
V. I MAGING A SSESSMENT
Two different transducers are simulated in PZFlex. One
with a plate thickness of 2 μm and a second with a plate
thickness of 10 μm. Both of them having a center frequency

in the 5 MHz range and a pull-in voltage of 200 V. The
impulse responses of both transducers are shown in Fig. 6. A
higher transmit sensitivity is obtained by increasing the plate
thickness from 2 to 10 μm, but at the expense of the pulse
length/bandwidth (as seen in [10]). The peak-peak transmit
sensitivity is increased from 25.2 kPa/V to 75.6 kPa/V, and
the bandwidth is decreased from 11.6 MHz to 3.1 MHz.
A simulation of 41 point scatterers at depths from
10–50 mm are performed using the Field II simulation program [11], [12]. Two transducers with 128 elements and a
pitch of 200 μm are simulated. The imaging sequence consist
of line-by-line imaging with 129 focused emissions, 64 active
elements, and an F # of 2 in transmit. The PZFlex simulated
transmit impulse responses for the transducers are used in
the Field II simulation in the transmit stage, while a standard
Hamming weighted 2-cycle sinusoid are used in the receive
part. The excitation pulse are a 1-cycle sinusoid at 5 MHz. For
beamformation, dynamic receive focusing and a receive f# of
1 are employed.
From the point scatters, the point spread function at varying
depth is estimated and from these the imaging quality can be
evaluated. Both the lateral and axial resolution is estimated
based on the FWHM and the cystic resolution, which is the
radius of the -20 dB contour line [13]. The resolutions of
both transducers are shown in Fig. 7. The lateral resolution
is identical for the two transducers, as expected, as it is
determined by the transducer layout. The axial resolution is
better for the 2 μm plate, as it is directly proportional with
the pulse length. It is therefore interesting that the 10 μm
transducer has a slightly better cystic resolution, hence better
at suppressing the side-lobes.
VI. C ONCLUSION
This paper demonstrated PZFlex as a modeling tool for
simulating CMUT arrays. A 3-D model of a CMUT array
was developed with multiple cells in each element and one
active element surrounded by N passive elements. It was
demonstrated that the electro-mechanics could precisely be
predicted within 3%, both the pull-in voltage and the spring
softening effect. The transmit impulse response was simulated
by deconvolving the extrapolated pressure with the excitation
pulse and it was in excellent agreement with the measured.
The impulse response could directly be used in Field II to
assess the image quality of the transducer using the lateral,
axial, and cystic resolution.
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a b s t r a c t
This paper presents the characterization of two prototyped fully integrated 62 + 62 row–columnaddressed (RCA) 2-D transducer array probes, which are based on capacitive micromachined ultrasonic
transducer (CMUT) and on piezoelectric transducer (PZT) technology, respectively. Both transducers have
integrated apodization to reduce ghost echoes and were designed with similar acoustical features i.e.
3 MHz center frequency, /2-pitch and 24.8 mm × 24.8 mm active footprint. The transducer arrays were
assembled in a 3-D printed probe handle with electromagnetic shield and integrated electronics for driving the 128-channel coaxial cable to the scanner. The electronics were designed to allow all elements,
both rows and columns, to be used interchangeably as either transmitters or receivers. The transducer
characterization i.e. bandwidth, phase delay, surface pressure, sensitivity, insertion loss, and acoustical
crosstalk, were based on several single element measurements, including pressure and pulse-echo, and
were evaluated quantitatively and comparatively. The weighted center frequency was 3.0 MHz for both
probes and the measured −6 dB fractional bandwidth was 109 ± 4% and 80 ± 3% for the CMUT and the PZT
probe, respectively. The surface pressures of the CMUT and PZT were 0.55 ± 0.06 MPa and 1.68 ± 0.09 MPa,
respectively, and the receive sensitivities of the rows (receiving elements) were 12.9 ± 0.7 V/Pa and
13.7 ± 2.1 V/Pa.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
For the last 30 years, time resolved 3-D (4-D) imaging has
received considerable interest, since it offers several advantages
over conventional 2-D imaging. Images acquired using a traditional
2-D probe are dependent on position and scan angle. This makes
some imaging planes inaccessible due to the anatomy of the human
body. Volumetric imaging does not have the same drawback, since
any view angle is possible from the volume data. It also offers more
accurate estimation of the size of organs, cysts, and tumors without relying on the assumptions and the operator skills needed when
using 2-D imaging estimations.

∗ Corresponding author.
E-mail address: maeng@nanotech.dtu.dk (M. Engholm).
https://doi.org/10.1016/j.sna.2018.02.031
0924-4247/© 2018 Elsevier B.V. All rights reserved.

To obtain real time-resolved volumetric imaging with frame
rates higher than 20 Hz, 2-D transducer arrays are necessary [1,2].
Such transducers were ﬁrst seen in the early 1990s [3]. By placing
the elements in a rectangular grid, the beam can be steered electronically in two perpendicular directions (azimuth and elevation)
and hereby acquire data from a volume. To obtain an image quality
similar to that of a 1-D transducer, the same number of elements
in both lateral dimensions is needed. A 1-D array of 128 elements
would translate into 128 × 128 = 16, 384 elements in a 2-D matrix
array. From a transducer fabrication perspective, this poses a great
challenge for providing electrical connections to all the elements
while maintaining a high element yield. The interconnecting wires
between the 16, 384 elements and the ultrasonic system result in
a large, heavy cable, which excludes it from any practical use.
The issue of reducing channel counts, whilst maintaining the
size of the array aperture, was addressed in the earlier versions of
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2-D matrix arrays by introducing sparse arrays. Here only a subset of elements is active at the same time. Amongst these are Mills
cross arrays, random arrays, and Vernier arrays, each presenting
their beneﬁts and drawbacks [4–8]. However, all of them suffer
from reduced signal-to-noise ratio (SNR), due to the reduced active
area, and they introduce higher sidelobes and/or grating lobes.
Recently, fully populated arrays with reduced channel count have
become available by integrating electronic pre-beamformers inside
the transducer probe [9–11]. Approaches to include the integrated
circuit (IC) directly on a CMUT has also been investigated, both by
ﬂip-chip bonding the CMUT to the IC [12–14] and by monolithically
integrating the CMUT on the CMOS [15,16]. Integrating the electronics in the handle can result in much fewer signals to be funneled
out to the ultrasound scanner. An example of such a state-of-the-art
fully populated matrix transducer, is the X6-1 PureWave xMATRIX
Array from Phillips (Eindhoven, Netherlands), with 9212 elements.
Despite the recent advances in real-time 3-D ultrasound imaging,
the ultrasound systems supporting such imaging modalities are
highly advanced and rely on cutting edge software, hardware, and
manufacturing technology. This results in expensive equipment
that impairs the low-cost advantage of ultrasound, and thus limits
its more widespread use. Moreover, the thermal budget starts to
become a consideration for modern probes with integrated electronics, due to the constraints on transducer probe heating that are
dictated by the standards for medical equipment [17,18].
Recently, an alternative to fully addressed matrix arrays has
been suggested: the RCA 2-D arrays. These were ﬁrst proposed
in 2003 by Morton and Lockwood [19]. Row–column-addressing
of 2-D arrays is a scheme to reduce the number of active channels needed for contacting the elements in the array. The idea
is to contact the elements in the 2-D array either by their row
or column indices. Each row or column thereby acts as one large
element. This effectively turns the array into two orthogonal 1-D
arrays. The imaging principle relies on using one of the 1-D arrays
as the transmit array, creating a line focus of the transmit pulse.
The perpendicular 1-D array is used to receive, and enable receive
focus in the orthogonal dimension. The combination of transmit
and receive focus provides focusing on a point in the volume; hence
a volumetric image can be created. While a N × N fully addressed
array needs N2 connections, a RCA array only needs 2N connections. The RCA array can therefore have a larger aperture compared
to the fully addressed array, with the same number of connections.
The simulation study [20] and the measurements study [21], both
by Rasmussen and Jensen, compared the two different addressing
schemes. With the same number of connections, a superior image
quality is obtained using the RCA array.
An inherent drawback of the row–column-addressing, is that
the long elements produce considerable edge effects, leading to
ghost echoes in the beamformed image. Since the elements do not
allow electronic control along their length, the ghost echoes cannot
be removed with conventional electronic apodization. This issue
was ﬁrst addressed by Démoré et al. [22] and later studied in detail
by Rasmussen and Jensen [20]. Both studies concluded that integrating the apodization in the transducer itself was an effective
way of solving the issue. Several ways of realizing the integrated
apodization have been suggested, including a variable polarization
of the piezo ceramic material [23] and varying the density of CMUT
cells [24].
Several groups have previously presented realizations of RCA
arrays. The ﬁrst experimental demonstration of RCA arrays was
presented in 2006 by Seo and Yen [25]. The array was a PZT in
a 64 + 64 layout, fabricated using a 1-3 ceramic with the row and
column electrodes deﬁned on separate sides of the ceramic. The
same authors later surpassed this array with a 256 + 256 array using
the same fabrication technique [26–28]. In 2009, Yen et al. introduced a simpliﬁed process for fabrication of RCA PZT arrays using

a dual layer structure [29]. The dual layer structure was composed
of a piezoelectric 2-2 composite for the transmit array, and a single
sheet of undiced copolymer for the receive array. In 2009, the ﬁrst
RCA arrays based on CMUT technology were presented by Logan
et al. [30]. They showed a 32 + 32 array fabricated using the wafer
bonding process with a silicon nitride plate, and later they presented characterization of a similar array [31]. Zemp et al. [32] and
Sampaleanu et al. [33] presented RCA arrays fabricated using the
sacriﬁcial release process and performed feasibility studies. More
recently they have presented photoacoustic imaging using RCA
CMUT arrays [34]. In 2015 Rasmussen et al. [35] and Christiansen
et al. [36] presented a two-part paper presenting a RCA array with
integrated apodization. In part I, the apodization was added as a
static roll-off apodization region located at the ends of the line
elements. They showed that the main lobe was unaffected by integrating this type of apodization. Part II showed experimental results
of a CMUT RCA 2-D array with this roll-off apodization. The CMUT
array had a 62 + 62 layout with four apodization regions fabricated
using the wafer bonding technique, two SOI wafers and a plate of
highly doped silicon. In 2016 Zeshan et al. [37] presented a 32 + 32
RCA CMUT array fabricated using an anoding bonding process. It
was designed to provide a solution for micro-particle trapping and
handling.
This paper describes the experimental results of two RCA 2D array probes, one based on CMUT technology and another
based on PZT technology. The probes are fully integrated RCA 2D arrays equipped with integrated hardware apodization. Both of
the transducers are designed with similar acoustical features, i.e.
dimensions, center frequency, and packaging, and both plugged
into the research ultrasound scanner, SARUS [38]. This gives the
unique possibility of comparing the two probes and evaluating the
row–column addressing scheme based on two different technologies. The scope of this paper is therefore to display the capabilities of
RCA transducers, when integrated into probe handles, and to evaluate their performance. The design and fabrication are described, and
the characterization of the two probes is based on acoustical measurements. Based on these measurements the center frequency,
bandwidth, phase delay, surface pressure, sensitivity, insertion loss,
and acoustical crosstalks are evaluated and discussed.
Initial results of this study have been published in a conference paper [39] describing the development of the CMUT RCA
probe. The description of array design, fabrication, electronics and
probe assembly are partially included in this paper and extended as
another probe was developed based on PZT technology and using
the same hardware architecture as the CMUT probe. This study
extends the characterization of the CMUT probe by also reporting
the bandwidth, phase delay, surface pressure, sensitivity, insertion
loss, and acoustical crosstalks across the array, thereby presenting
a full characterization of both probes.
This paper is organized as follows: Section 2 describes the general design of the RCA transducer followed by the fabrication of
both the CMUT and the PZT array. Section 3 describes the assembly
of the probe and the integrated electronics. Section 4 introduces
the ﬁve different measurement set-ups and Section 5 contains the
results from the characterization of the arrays. Section 6 features a
discussion of the results and comparison of the two technologies.
Finally, a conclusion is presented in Section 7.

2. Array design and fabrication
The general design of the RCA arrays is based on the ﬁndings by
Rasmussen et al. [35] and Christiansen et al. [36]. The arrays consist
of 62 row elements and 62 column elements, and four apodization
regions. Only the 62 + 62 elements are connected to beamformer
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Table 1
Transducer dimensional parameters.
Parameter

Fig. 1. 3-D illustration of a RCA transducer array showing a corner with four top
and four bottom electrodes. The top electrode is colored orange and the bottom
electrode blue. The gray part between the electrodes is the active part, either PZT or
CMUT.

Fig. 2. A sketch of the device layout, including apodization roll-off region. Colors
represent the apodization value. ax represents the lateral proﬁle of the apodization.

channels. The design of the RCA array can therefore be divided into
two parts: The central region and the apodization region.
The central part of the array may be considered as a conventional RCA array. A 3-D diagram of a corner of such an array is
shown in Fig. 1. The diagram includes four top and four bottom
electrodes placed orthogonal to each other, here colored orange
and blue, respectively. Between the top and bottom electrodes is
the “active” material, which either is the CMUTs or the piezoelectric material. The element contacts are placed alternately on each
side of the array as showed in the ﬁgure. The top elements can be
used as a 1-D array by grounding all of the bottom elements, and
the bottom elements can be used as an orthogonal 1-D array by
grounding all of the top elements.
The four apodization regions are located outside the central
part of the array and are added to avoid abrupt truncation of the
elements, which gives rise to ghost echoes [35]. The array layout
including the apodization is shown in Fig. 2 . The central part is
showed within the dashed lines and has an apodization value of
1. The apodization regions are placed on each side of the central
region, and the apodization value follows a Hann function from the
edge of the central part to the edge of the array, where the apodiza-

Array
Number of elements
Number of apodization region electrodes
Element pitch
Element width
Kerf
Element length
Acoustic window thickness
Acoustic window velocity
Length of apodization regions
Array outer dimensions(square)
CMUT cell
Cell side length (square)
Kerf between cells
Plate thickness
Al electrode thickness
Vacuum gap height
Nitride thickness
Insulation oxide thickness
Post oxide thickness
PZT element
PZT layer thickness
PZT volume fraction
Electrode thickness
Matching layer net thickness
Layer 1 (Closest to transducer)
Layer 2
Layer 3
Matching layer bulk acoustic impedance
Layer 1 (Closest to transducer)
Layer 2
Layer 3
Matching layers average velocity
Backing round-trip attenuation at fc /2

CMUT

PZT

Unit

62 + 62
4
270
265
5
24.84
1.5
1.0
4.05
26.3

62 + 62
4
270
245
25
24.84
1.27
1.0
4.05
26.3

–
–
m
m
m
mm
mm
mm/s
mm
mm

56
7
1.85
400
448
56
410
1346

–
–
–
–
–
–
–
–

m
m
m
nm
nm
nm
nm
nm

–
–
–
–
–
–
–
–
–
–
–
–
–

500
66
640
0.433
0.190
0.125
0.118
–
12
4
2.8
1.95
100

m
%
nm
mm
mm
mm
mm
MRayl
MRayl
MRayl
MRayl
mm/s
dB

tion is 0. The apodization was originally developed for the CMUT
array [36], but for the PZT array it has been fabricated to have the
same dimension and roll-off characteristic.
Two arrays are fabricated using the design introduced above,
one based on CMUT technology and another based on PZT technology. The pitch, number of elements, active footprint, center
frequency, and excitation voltage are identical for the two arrays.
This makes it possible to evaluate and compare the row–columnaddressing scheme based on these two different technologies. A
center frequency of 3 MHz was chosen with half wavelength pitch
and an excitation voltage of ±75 Vac. The dimensional parameters
of both arrays are given in Table 1.
2.1. CMUT
The CMUT array layout was identical to the design introduced
by Christiansen et al. [36]. This design employed 16 square cells in
each sub element (crossing of a row and a column element) and the
apodization regions were implemented by decreasing the number
of cells. Apodization value one corresponded to 16 cells in a subelement, and apodization value zero to 0 cells. Each CMUT cell was a
square with a side length of 56 m and had a silicon plate thickness
of 1.85 m with 400 nm aluminum on top. A gap of 410 nm silicon
dioxide, 56 nm silicon nitride and 448 nm vacuum were employed
to obtain a pull-in voltage of approximately 240 V.
The fabrication was based on the direct wafer bonding technique
and the LOCOS process (LOCal Oxidation of Silicon) inspired by Park
et al. [40]. The nine-step process used four lithography masks and
two SOI wafers. A complete description of the fabrication is found
in [39]. The fabricated CMUT array after it was diced is shown in
Fig. 3 .
No backing was applied for the CMUT array, since it was calculated that the substrate ringing would not occur within the
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Fig. 3. A fabricated CMUT array. Top elements are visible as thin lines at the center
of the array. At the top and at the bottom, two large elements are seen, these are the
two top apodization elements.

Fig. 5. Cross-section of PZT array after the matching layers were diced. (a) Perspective view. (b) The foreign matter in the matching layer kerf was a byproduct of
the cross section process. The top-side composite electrode-separation scribe cuts
were slightly misaligned with the composite kerfs. This contributed to the decision
to scrap this speciﬁc array.

Fig. 4. The PZT composite before plating. Color gradation towards the edges arise
from the groove pattern (integrated apodization).

frequency band of the transducer itself [41], when a center frequency of 3 MHz and a substrate thickness of 500 m were used.
2.2. PZT
The PZT RCA array was designed and fabricated by Sound Technology, Inc. (State College, PA, USA) with materials and processes
commonly used in commercial medical ultrasound probes. The
active layer consisted of a 1–3 composite of high-dielectric PZT-5H
(CTS 3257HD, CTS Corporation, Albuquerque, NM, USA) and epoxy.
To achieve a favorable ceramic aspect ratio, the composite pitch was
half the array pitch with a volume fraction of 66%. The apodization
region was integrated into the composite structure by patterning
microgrooves on one surface [42].
The 1–3 composite was manufactured using conventional dice
and ﬁll technique, and was ground to obtain the desired thickness of 500 m. Fig. 4 shows the PZT composite after dicing, and
the color gradation towards the edge are from the groove pattern

(integrated apodization). A 640 nm metal stack of titanium tungsten (TiW), nickel vanadium (NiV) and gold (Au), in that order,
were sputtered on the top and bottom surfaces of the composite for electrodes. TiW functioned as an adhesion promoter for
the NiV electrode material with gold as a passivation layer on
top. Row and column elements were deﬁned by scribing the top
electrodes in one direction and the bottom electrodes in the orthogonal direction. This scribe was a shallow cut made with a dicing
saw resulting in a kerf of 25 m. Separately, a high-attenuation,
mechanically rigid backing block and a stack of three quarterwavelength matching layers were fabricated. The backing material
was glued on to the backside with a thin electrical interconnect
layer sandwiched between the composite and the backing block,
and the matching layers were glued on to the front side of the composite. The matching layers were then diced, and the dicing was
aligned with the electrode grid to reduce the mechanical coupling
between adjacent elements. Fig. 5 shows two optical micrographs
of the cross section of the PZT array after dicing of the matching
layers.
3. Probe assembly
The assembly of the two probes was almost identical after the
fabrication of the arrays, and both were assembled at the facilities
of Sound Technology Inc. (State College, PA, USA). The probes were
composed of four parts in addition to the transducer array itself;
see Fig. 6(a). They consisted of a ﬂexible printed circuit board (PCB)
for connecting the transducer to the electronics, the integrated
electronics containing buffer ampliﬁers, a cable for connecting the
probe to the scanner, and a 3-D printed probe handle.
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Integrated, San Jose, CA, USA) had been exchanged with the
ADHV1301 ampliﬁer (Analog Devices, Norwood, Ma, USA). The two
electronics PCBs in the probe contained preampliﬁers with a 0 dB
voltage gain, and they worked as high impedance buffer ampliﬁers
that remove the electrical load of the cable on the arrays. The PCBs
also contained passive high pass ﬁlters for separating the DC bias
voltage from the AC voltage signals. Electronics were designed to
allow all elements to be used interchangeably as either transmitters or receivers. Both probes were equipped with the exact same
integrated electronics, but no bias voltage was supplied to the PZT
probe.
The ADHV1301 is an application speciﬁc standard product
(ASSP) integrated circuit with a similar performance to the
MAX4805A, i.e. a high-voltage-protected, low-noise operational
ampliﬁer designed to be used as an ampliﬁer for in-probe buffering and ampliﬁcation. The device has 16 input channels, a
30 MHz − 3 dB bandwidth and the small-signal output impedance
of ampliﬁers of 18  is suitable for matching
√ the cable impedance.
√
The voltage and current noise is 1.7 nV/ Hz and 2.1 pA/ Hz,
respectively. The high voltage protection circuit is activated for
voltages larger than 1000 mVpp and the maximum allowed voltage is ±125 V. The recovery time after a transmit burst is less than
800 ns. Unfortunately, the ADHV1301 has been discontinued during the time of this study, and no description is available to use as
a reference.
4. Measurement set-up
Fig. 6. (a) The ﬁve main components of the probes with the CMUT transducer array.
The components of the two probes are identical except for the transducers. (b) One
of the fully assembled probes.

3.1. Assembly
The arrays were mounted on ﬂexible PCBs which were rigidly
supported directly beneath the arrays. The PZT array connection
to the PCB involved soldering, whereas the CMUT array used wirebonding. Both arrays were mounted with the rows as top electrodes
and columns as the bottom electrodes. A glob-top dam was applied
around the CMUT array to ensure protection of the wire-bonds
against mechanical stress, when pressing the probe against an
object. Both arrays underwent an encapsulation step by applying
an initial layer of planar room temperature vulcanizing (RTV) silicone and an electrical shield, an aluminizied polymer ﬁlm (12.5 m
polypropylene with a sub-micron thick aluminum ﬁlm). The gloptop dam determined the height of the initial layer of RTV silicone for
the CMUT and for the PZT a shield standoff shim that was applied
outside the active area. The same silicone material was used to
ﬁll the matching layer kerfs of the PZT array. Each array was then
mounted into a 3-D printed plastic nose piece, after which a ﬁnal
layer of RTV silicone was applied and leveled to prevent a lens effect.
Both arrays had ﬂexible printed circuit interconnect components
with identical connectors and pin maps, and they were attached to
identical ampliﬁer PCBs. These ampliﬁer PCBs were attached to a
128-channel coaxial cable and wrapped with copper tape to provide an electromagnetic shield. The copper shield was connected
to both the shielding foil applied to the front of the array and the
shield of the coaxial cable, and hereby, also the reference ground
of the scanner. Finally, the two 3-D printed plastic handle halves
were glued to each other, the nose piece, and the strain relief to
complete the probe assembly. One of the fully assembled probes is
shown in Fig. 6(b).
3.2. Electronics
The interconnect electronics were the same as used by Christiansen et al. [36], however the MAX4805A ampliﬁer (Maxim

Characterization of the two developed RCA probes was performed using ﬁve different measurement set-ups. The ﬁrst
measurement was dedicated to measuring the element capacitance
and the second to ascertain the two-way impulse response. The
last three measurements were performed using the experimental
ultrasound system, SARUS [38], one to obtain the emitted pressure, the second was a pulse-echo measurement, and the third was
to assess the acoustical crosstalk. Fig. 7 shows a schematic drawing of the three acoustic set-ups described in Sections 4.2–4.4. The
measurement set-ups are introduced below.

Fig. 7. Schematic of the three acoustic set-ups described in Sections 4.2–4.4. The
sole of each probes was placed in water in front of a hydrophone/plane reﬂector,
which was controlled by a xyz/z-system for alignment. The set-up described in
Section 4.2 uses the XCDR II Pulse Echo Test System, the z-system, and the plane
reﬂector. The set-up described in Section 4.3 uses the SARUS research scanner [43],
the xyz-system, and the hydrophone. The set-up described in Section 4.4 uses the
SARUS research scanner [43], no alignment system, and the plane reﬂector.
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Table 2
Main results of the characterization of the transducers.
Parameter

Capacitance [pF]
Center frequency [MHz]
Bandwidth [%]
Phase delay [◦ ]
Surface Pressure [MPa]
Sensitivity [V/Pa]
Insertion loss [dB]
Nearest neighbor crosstalk [dB]
Transmit-receive elements crosstalk [dB]

CMUT

PZT

Row

Column

Mean

Row

Column

Mean

339.4 ± 0.8
2.97 ± 0.07
111 ± 3
0 ± 5.0
0.56 ± 0.05
12.9 ± 0.7
−26.4 ± 0.9
−30.5 ± 0.8
−39.9 ± 0.2

136.1 ± 1.4
3.05 ± 0.09
106 ± 4
0 ± 3.1
0.54 ± 0.07
4.3 ± 0.7
−36.5 ± 2.5
−26.3 ± 1.4
−40.2 ± 0.6

239.6 ± 102.1
3.01 ± 0.09
109 ± 4
0 ± 4.5
0.55 ± 0.06
8.5 ± 4.4
−31.5 ± 5.4
−28.4 ± 2.4
−40.0 ± 0.4

301.6 ± 2.6
2.98 ± 0.05
79 ± 3
0 ± 11
1.66 ± 0.10
13.7 ± 2.1
−16.6 ± 1.7
−28.3 ± 1.2
−53.6 ± 0.8

301.8 ± 1.7
3.00 ± 0.05
81 ± 2
0 ± 13
1.71 ± 0.06
15.1 ± 1.3
−15.3 ± 0.8
−31.8 ± 1.5
−53.8 ± 0.9

301.7 ± 2.2
2.99 ± 0.05
78 ± 3
0 ± 12
1.68 ± 0.09
14.4 ± 1.9
−15.9 ± 1.5
−30.0 ± 2.2
−53.7 ± 0.9

4.1. Capacitance
The element capacitances were measured using a HP 4263B LCR
meter (Hewlett-Packard Company, CA, USA). Because the ampliﬁers
in the probe handle had protection circuitry that was incompatible
with the LCR meter, the measurement was performed before the
ﬁnal assembly. Transducers were connected to a test cable, which
was plugged into a multiplexer box connected to the LCR meter.
All elements except the test element were shorted to ground. To
eliminate the parasitic capacitance and inductance of the set-up,
all channels of the multiplexer and the test cable were measured
independently.
4.2. Impulse response
The pulse-echo response of each element was measured using
an XCDR II Pulse Echo Test System, by emitting and receiving with
one element at a time against a planar stainless steel reﬂector. The
planar reﬂector was placed in 37 ◦ C deionized (DI) water 25 mm
from the face of the probe. With the available set-up, the elements
were actuated with a square unipolar pulse with a duration of
100 ns for the PZT and 150 ns for the CMUT and with an amplitude
of 50 V. The CMUT elements were biased at 200 Vdc. The system
was set to sample at a sampling frequency of 500 MHz. The received
signal was de-convolved with the excitation pulse to yield the twoway element-element impulse response.
From the impulse response and the corresponding spectrum,
the center frequency, the bandwidth, and the phase delay of each
element were found.

Fig. 8. Capacitance across the array elements of both probes. Element number from
1 to 62 corresponds to the columns and 63 to 124 to the rows.

The system was set to sample at a sampling frequency of 70 MHz,
down to a depth of 10 cm. A second measurement was performed
using the same set-up, but without the planar reﬂector, to assess
the acoustical crosstalk.
5. Transducer characterization
This section describes the characterization of the two probes
based on the measurements introduced in the previous section.
The performance of the two probes was evaluated concurrently
and is described below. Table 2 summarizes the main results of the
characterization, allowing easy location of speciﬁc parameters.

4.3. Hydrophone
5.1. Capacitance
The pressure was measured using an HGL-0400 hydrophone
connected to an AC-2010 pre-ampliﬁer (Onda Corporation, CA,
USA). The hydrophone was placed in front of the transducer surface and scanned over each element using the position system of
the intensity measurement AIMS-3 (Onda Corporation, CA, USA),
while transmitting a 3 MHz, 4-cycle sinusoidal signal on the element being measured. An amplitude of 75 Vac was used and the
CMUT probe was biased with 200 Vdc. The pressure was recorded
at 5.8 mm and 5.9 mm for the PZT and CMUT, respectively.
4.4. Pulse-echo and crosstalk
A plane stainless steel reﬂector was positioned in a water tank
at a distance of 7.3 cm from, and parallel to, the transducer surface of the probe being characterized. The transmit signals were
generated using the experimental ultrasound system, SARUS [38],
which also recorded the received signals. Twenty realizations of
a 3 MHz, 4-cycle sinusoidal excitation pulse were transmitted on
one element at a time and received on all elements, both rows and
columns. The 20 realizations were averaged to minimize the noise.

The capacitance measured using the LCR meter also included a
contribution from the multiplexer and the test cable. To isolate the
element capacitances from the LCR measurements, the independent measurements of all the channels of the multiplexer and the
test cable were subtracted from the overall measurements (multiplexer + test cable + array). The element capacitances of both probes
are shown in Fig. 8. Some of the element capacitances appear to be
missing; this is due to an artifact of the measurement set-up. A high
series resistance resulted in a faulty detection of the capacitance
and was, therefore, omitted. This might be the effect of inferior connections to the speciﬁc elements. The mean capacitance of the PZT
probe was 301.7 ± 2.2 pF and the mean of the rows and columns
of the CMUT probe was 339.4 ± 0.8 pF and 136 ± 1.4 pF, respectively. The low standard deviation reﬂected the robust control of
the fabrication methods.
The bottom elements (1–62) of the CMUT probe had a higher
capacitance than the top elements (63–124). This is due to a capacitive coupling to the substrate of the bottom SOI wafer [31,36,39,44].
The capacitance of the buried oxide (BOX), CBOX , was approxi-
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Fig. 9. Average impulse response (solid) and normalized envelope (dashed) of the probe elements (a) CMUT. (b) PZT.

Fig. 10. The mean impulse response spectra are shown for the rows and columns for both probes. The center frequency and the fractional bandwidth are indicated on the
plot. (a) CMUT. (b) PZT.

mately 230 pF, in agreement with the 1 m silicon oxide between
the bottom electrode and the substrate, and the dimensions of the
electrode.
5.2. Impulse response
The signals received from the impulse response measurements,
described in Section 4.2, were de-convolved with the excitation
pulse to yield the two-way element-element impulse response. Fig.
9 shows the average two-way element-element impulse response
and the associated envelope of the CMUT (a) and the PZT probe
(b). The solid line represents the impulse response and the dashed
line the envelope with black and orange representing the rows and
columns, respectively.
Two extra lobes after the main lobe, around −30 dB, were
observed for the CMUT at starting times of 3.2 s and 4.7 s. These
extra lobes also existed for the PZT probe, but were not as easily
recognized as they coincided with the ringing of the transducer
itself. The time difference between the two lobes was 1.5 s corresponding to the time difference between the main lobe and the ﬁrst
secondary lobe. This suggested that these extra lobes originate from
reﬂections within the probes. Both arrays were encapsulated in RTV
silicone, which had an acoustic velocity of 1.0 mm/s, indicating
that a reﬂecting structure was present at a distance of 0.75 mm from
the transducer surfaces. This corresponded to the shielding foils
that covered the arrays. The envelope shows that the internal reﬂections of the probe were roughly −30 dB, which is an acceptable limit
for ultrasound transducers.
The received signals of the columns of the CMUT probe were
observed to be roughly half of the signal measured for the rows.

This was due to the capacitive coupling to the substrate. It should,
however, be noted that even though the signal amplitude differed
between the rows and columns, the shape of the envelopes were
identical.
The frequency spectra are calculated by computing the Fourier
transform of the impulse response and are shown in Fig. 10. From
the spectrum of the impulse response, the center frequency, and
bandwidth for each element are found and presented in the following.

5.3. Center frequency
The center frequency was calculated as a weighted mean of the
frequencies present in the received signal as:

fc =

N/2
i=0

S(if s /N) · if s /N

N/2
i=0

S(if s /N)

,

(1)

where N is the number of frequency bins in the two-sided spectrum.
Fig. 11 shows the uniformity of the center frequency across the
arrays. Both probes had a center frequency of 3 MHz as they were
designed for, and only a small smooth variation across the arrays
was observed. This smooth variation indicated that the variations
were mostly caused by non-uniformities of the silicon plates of the
CMUT probe, and thickness-variations of the piezoelectric material
of the PZT probe.
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Fig. 11. Center frequency across the array elements of both probes. The center frequency was calculated as a weighted mean of the frequencies present in the signal.
Element number from 1 to 62 corresponded to the columns and 63 to 124 to the
rows.

Fig. 13. Phase delay across the array elements of both probes. Element number from
1 to 62 corresponded to the columns and 63 to 124 to the rows.

Fig. 14. Surface pressure across the array elements of both probes. Element number
from 1 to 62 corresponded to the columns and 63 to 124 to the rows.
Fig. 12. Bandwidth across the array elements of both probes. Element number from
1 to 62 corresponded to the columns and 63 to 124 to the rows.

5.4. Bandwidth
The −6 dB bandwidth was determined from the difference in
frequency between the −6 dB points in the frequency spectrum.
Mean bandwidths of 3.26 ± 0.02 MHz and 2.39 ± 0.02 MHz were
found for the CMUT and the PZT probes, respectively. The fractional
bandwidths were calculated from the bandwidth relative to the
weighted center frequency, and a mean value of 109% and 80% were
found for the CMUT and the PZT, respectively. The uniformity across
the array for both probes is shown in Fig. 12. The probes had high
uniformity with a standard deviation of the fractional bandwidth
of 4% for the CMUT probe and 3% for the PZT probe.
5.5. Phase delay
The phase delay was found by cross-correlating the impulse
response for each element with the mean impulse response
and interpolating to ﬁnd the lag of the maximum of the crosscorrelation. Correction for any linear slope due to misalignment
between the transducer and the plane reﬂector was done, and the
mean was subtracted. The phase delay was then calculated by dividing the time delay with the time it takes the wave to travel one
wavelength at 3 MHz, and multiplying it by 360◦ , to obtain the
phase delay in degrees. Fig. 13 shows the phase delay across the
array for the CMUT and the PZT in top and bottom, respectively.
No curvature was seen of the CMUT, however the PZT was
observed to curve. The bottom/column elements phase delays were
seen to have a concave proﬁle, whereas the top/row elements had
a convex proﬁle. This saddle shape was believed to originate from
stress build up during the assembly.

5.6. Surface pressure
The surface pressure was derived from the hydrophone measurement with the set-up described in Section 4.3. The recorded
pressure was compensated to ﬁnd the emitted pressure at the
transducer surface. This compensation factor was calculated by
simulating a single element in Field II [45,46]. The element was set
to emit a 3 MHz, 4-cycle sinusoidal wave, and the pressure magnitude relative to the pressure magnitude at the element surface
was simulated. The compensation factor for the PZT and CMUT
were 9.14 and 8.83, respectively. The difference was caused by
the different locations of the hydrophone during the two measurements. The surface pressure across the arrays is shown in Fig. 14.
The mean values for the CMUT and PZT were 0.55 ± 0.06 MPa and
1.68 ± 0.09 MPa, respectively.
Notice that there was no difference between the pressures emitted by the CMUT columns (elements 1–62) and the CMUT rows
(elements 63–124). One would have expected a lower emitted pressure from the columns due to the increased parasitic capacitance,
hence a lower coupling coefﬁcient. This was, however, not the case,
since the power source during the emission was not limited in the
amount of energy it could supply to the transducer.
5.7. Receive sensitivity
The receive sensitivity was calculated by combining the result
from hydrophone measurement (Section 4.3) with the result from
pulse-echo measurement (Section 4.4). The receive sensitivity of
the transducers was found by dividing the received voltage signal
after a pulse-echo event with the incident pressure. The incident pressure was deduced using the pressure measured from
the hydrophone set-up. The pressure drop was compensated
using the same Field II model described in the previous section.
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Fig. 15. Sensitivity across the array elements of both probes. Element number from
1 to 62 corresponded to the columns and 63 to 124 to the rows.
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Fig. 17. Nearest neighbor crosstalk across the array elements of both probes. Element number from 1 to 62 corresponds to the columns and 63 to 124 to the rows.

The insertion loss across both arrays is shown in Fig. 16. The
mean value all the elements of the PZT probe was −15.9 ± 1.5 dB
and the mean values of the rows and columns of the CMUT probe
were −26.4 ± 0.9 dB and −36.5 ± 2.5 dB, respectively. Since the
receive sensitivities of the two arrays were similar, the lower insertion loss of the CMUT probe was mainly an effect of the lower
transduction efﬁciency from the mechanical domain to the acoustic domain i.e. due to the lower surface pressure. The insertion loss
was mainly a parameter used in the next section when estimating
the acoustical crosstalk.

Fig. 16. Insertion loss across the array elements of both probes. Element number
from 1 to 62 corresponds to the columns and 63 to 124 to the rows.

Besides compensating the incident pressure for the diffraction
loss, the non-ideality of the plane reﬂector is also compensated
for. The reﬂection coefﬁcient for a normal incident wave was
solely determined from the acoustic impedance discontinuity in
the transmission medium. In water, the reﬂection coefﬁcient for
a stainless steel reﬂector is 0.93 [47]. The receive sensitivity for
each element across the two probes is shown in Fig. 15. The mean
values of the CMUT and the PZT probe were 8.5 ± 4.4 V/Pa and
14.4 ± 1.9 V/Pa, respectively.
The sensitivity of the CMUT bottom/column elements was 67%
lower than the top/row elements. This was due to the capacitive
coupling to the substrate discussed in Section 5.1. The two parallel coupled capacitors (CCMUT and CBOX act as a current divider,
resulting in the lower detected voltage (lower sensitivity). When
imaging with RCA arrays, either the rows or columns were used
as transmitters and the orthogonal elements as receivers. Choosing the bottom/column elements as the emitters and the top/row
elements as receivers, the imaging was not affected by the lower
sensitivity. However, determining 3-D vector ﬂow might have been
affected since the sequence used both rows and columns as emitters
and receivers [48,49].
5.8. Insertion loss
The insertion loss is the loss of signal power resulting from the
“insertion” of the device and is a measure of the overall roundtrip efﬁciency (round-trip loss of signal power). It was calculated
as the ratio of voltage received by an element after a pulse echo
event, VR , to the transmit voltage used to excite the element, VT
[47]. The received signal was compensated to exclude the loss of
signal due to diffraction and the non-ideality of the planar reﬂector.
A log-compression of the ratio yielded the insertion loss in dB:
Insertion loss (dB) = 20 log10

VR
.
VT

(2)

5.9. Acoustical crosstalk
The second measurement set-up described in Section 4.4 was
used for evaluating the crosstalk. The ﬁrst 3 s of the received
data were disregarded because the receivers were saturated due
to the transmit pulse (electrical crosstalk) and the ring-down of
the electronics.
Two different types of acoustical crosstalk can be evaluated
when using RCA arrays: Nearest neighbor crosstalk and transmitto-receive crosstalk [50]. Emitting with one element at the time
and extracting the maximum of the signal from its neighbor yielded
the nearest neighbor crosstalk for every element. To provide a relative measure, the signal was normalized to the transmit voltage
after the latter was corrected for the insertion loss of the emitting
element. The insertion loss is reported in Section 5.8. The correction corresponded to a normalization of the neighbor’s signal to
the signal that the emitting element would have received, if the
transmitted pulse were reﬂected right at the transducer surface
and subsequently received by the emitting element. Thus, it yielded
the relative acoustical coupling from one element to its neighbor.
The nearest neighbor crosstalk across the probes is shown in Fig. 17
and the mean values were −28.4 ± 2.4 dB and −30.0 ± 2.2 dB for the
CMUT and PZT probe, respectively. The nearest neighbor crosstalk
of the CMUT was roughly 5 dB lower than earlier reported values
in literature [51,50]. The lower crosstalk could be due to the RTV
silicone on top of the array. The amount of crosstalk for the PZT
probe was in the limit of what is usually accepted for ultrasound
probes. Ideally for phased arrays, one would dice into the piezoelectric ceramic during fabrication and ﬁll it up with the RTV silicone
to reduce the crosstalk. This was, however, not possible with RCA
arrays.
To provide a measure of the crosstalk in an imaging set-up, the
transmit-to-receive crosstalk was estimated. This was calculated
as the average of the maximum signal received on all elements
orthogonal to the emitting element. The average was normalized to
the transmit voltage of the emitting element and corrected for the
insertion loss. The transmit-to-receive elements crosstalk is shown
in Fig. 18 for both arrays and the mean values were −40.0 ± 0.5 dB
and −53.7 ± 0.9 dB for the CMUT and PZT probe, respectively. This
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Fig. 18. Transmit-receive elements crosstalk across the array elements of both
probes. Element number from 1 to 62 corresponds to the columns and 63 to 124
to the rows.

was consistent with results in literature for the CMUT [50] and has
not been previously reported for PZT RCA arrays.
6. Discussion
We have presented the development and transducer performance of two RCA probes for real-time volumetric imaging based
on two competing technologies: CMUT and PZT. The central part of
this paper has been to characterize the two developed transducers.
The characterization should not be seen as a comparison of the two
technologies, but as a display of the capabilities of the row–columnaddressing scheme using these two technologies. However, since
these two technologies are evaluated next to each other, one cannot avoid comparing them. The strengths and weaknesses of the
emerging technology, CMUT, will therefore be discussed in relation
to the traditional technology, PZT.
One of the most highlighted advantages of the CMUT is its
higher bandwidth relative to the PZT technology. The mean −6 dB
bandwidth was 29 percentage points higher for the CMUT probe
compared to the PZT. The higher bandwidth is caused by the CMUT
acting as an overdamped system, due to the low impedance of
the vibrating plate in immersion. The high bandwidth and the
corresponding short pulse length resulted in an improved axial
resolution. It can also be beneﬁcial in non-linear imaging.

A current limitation of the CMUT technology is the lower emitted pressure. This is a result of the low inertia of the plate (thin plate,
low mass). The surface pressure of the PZT probe was consistently
3 times higher than the CMUT probe. Contrary to expectations, the
mean receive sensitivity of the PZT probe was 11% higher than the
top/row elements of the CMUT probe. Optimizing the structure,
plate design, layout, and driving conditions can improve the sensitivity of the CMUT array. Packing the cells closer will increase
the effective area. The CMUT structure can be designed to decrease
the parallel parasitic capacitance originating from the bonding area
between the cells. This could be implemented by incorporating a
bump in the cavity as introduced by Park et al. [52]. This facilitates
the possibility of having a high ratio of post oxide thickness to gap
height. Improving the driving conditions also makes it possible to
increase performance of the CMUT probe. The bias voltage is closely
related to the electro-mechanical coupling coefﬁcient describing
the efﬁciency at which the mechanical energy (vibrations) is converted to electrical energy and vice versa. The coupling coefﬁcient
approaches unity at the pull-in voltage [53]. Increasing the bias
voltage will result in a higher receive sensitivity and emitted pressure [54]. The bias voltage of the probe in this study was limited to
200 V because of the integrated electronics. As a result, the probe is
operated at a maximum of 83% of the pull-in voltage. The optimal
driving conditions and the gain hereof will be investigated in future
research. If both the emitted pressure and the receive sensitivity are
taken into account, one will expect the penetration depth of the PZT
probe to be 3.4 times higher compared to the CMUT probe at these
driving conditions. A potential way of increasing the pressure, and
hence the penetration depth, is by emitting with more than one element. However, the pressure generated by the transducer is usually
limited by both the mechanical index and the temperature of the
probe itself [55].
An advantage of the RCA scheme is that the crosstalk in the
imaging conﬁguration, transmit-to-receive element crosstalk, is
signiﬁcantly lower than the nearest element crosstalk. This is due to
the orthogonal orientation of the transmit- and receive-elements,
as explained by Christiansen et al. [50]. There was, however, a signiﬁcant difference of 14 dB between transmit-to-receive element
crosstalk of the CMUT and PZT array, which is attributed to the
electronic ring-down of the system. Both types of crosstalk are

Fig. 19. Data acquired using the set-up described in Section 4.4. Time zero corresponds to the onset of the transmit pulse. Element 1 is used as the emitter and all elements
are used to receive. The 1-D conﬁguration shows the signals received from the elements parallel to the emitting element, and the RC conﬁguration shows the signals received
on the orthogonal element.
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visualized in Fig. 19, where element number 1 is excited, and all
elements record the received signal. The recorded signals were
normalized with the insertion loss of the corresponding receiving element as explained in section 5.9. The 1-D conﬁguration
shows the signals received from the elements parallel to the emitting element, and RC conﬁguration shows the signals received of
the orthogonal elements. For both conﬁgurations the ring-down
is observed. In the 1-D conﬁguration the crosstalk was observed
on top of the ring-down signal, which were seen as high velocity
waves starting in the upper left corner. In the RC conﬁguration, the
crosstalk was not observed due to the ring-down of the electronics,
which was of similar magnitude. The transmit-to-receive element
crosstalk reported of both arrays is therefore not the true crosstalk,
but a measure of the maximum crosstalk. Since the insertion loss
was 14 dB lower on average for the CMUT array and the electronic
ring-down was of similar magnitude, the 14 dB higher maximum
crosstalk is expected.
The imaging performance of the two probes is investigated in
another paper [56].
7. Conclusion
This paper presented the development and characterization of
two 62 + 62 RCA ultrasound probes based on CMUT and on PZT technology. The objective of the paper has been to show the capabilities
of the RCA transducer implemented using the two speciﬁc technologies. Both transducers have integrated apodization to reduce
ghost echoes and are designed with similar acoustical features.
They were designed to be used with a commercial scanner made
for conventional 2-D imaging. Due to the low channel count of the
RCA probes, the probes and scanner can be directly interfaced. A
solution with a ﬂexible mounting PCB and two rigid ampliﬁer PCBs
was used to mount the array and interface it to the scanner cable
via buffer ampliﬁers. The array and electronics were electrically
shielded with a metal foil, and the array was covered with a silicone coating before the entire probe was encapsulated in a 3-D
printed handle. The reliability and performance of the probes were
assessed through electrical and acoustical measurements. Four different measurement set-ups were used and the probes’ electrical
capacitances, center frequencies, bandwidths, phase delays, surface pressures, receive sensitivities, insertion loss, and acoustical
crosstalks were evaluated. The weighted center frequencies were
exactly 3.0 MHz for both probes, as designed. The −6 dB fractional
bandwidth was 29 percentage point higher for the CMUT probe
than the PZT. The surface pressure of the PZT probe was a factor 3
times higher relative to the CMUT probe. The authors emphasize
that the driving conditions of the CMUT probe was limited by the
integrated electronics in the probe handle, which could otherwise
have improved its performance.
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Abstract— Optimal use of multi-element ultrasound transducers requires knowledge of the performance of their individual
elements, for realistic simulation and optimized beamforming.
When developing transducers, it is critical to characterize the
performance of the transducer material itself, removing the effect
of the transducer element size and geometry. To provide that level
of knowledge, a measurement and characterization algorithm was
developed and applied on several transducers. The individual
elements were characterized consistently along the transducer
length, and element spatial deviations were measured with µm
precision, confirming the precision of the method.

I. I NTRODUCTION
Optimal use of medical ultrasound transducers requires
complete information about the performance of their individual
elements. A correctly measured impulse response allows for
informed choice of excitation pulse for conventional and
harmonic imaging, while individual corrections for element
transmit delay and amplitude deviations contribute to improved
focusing and image quality. Characterizing the individual
elements of a transducer allows for better prediction of its
performance, through incorporating the element-specific data
in the simulation.
The transducer characterization has historically been performed by dedicated pulsers, emitting extremely short
pulse [1]–[5], discrete frequency tones [6], [7] or linear
frequency sweeps [8], [9]. In all of these cases, it has been
assumed that the transducer elements are identical. In recent
times, the advent of programmable research scanners with
flexible transmit and receive logic allows transducer characterization to be performed almost automatically, on the same
machine that will later use that transducer for medical imaging.
For example, in [10], an ultrasound signal is generated photoacoustically (by short and powerful laser illumination), and
the spectra of the received signals by a hydrophone and a
transducer in its place are subtracted to yield the transducer
receive impulse response. The transducers elevation focus is
ignored, and it is assumed that all transducer elements have
identical performance.
The current paper presents an approach for measuring the
impulse response of individual transducer elements. Out of
the obtained set of element impulse responses, individual
deviations in response time/delay and amplitude are calculated,
and the average impulse response of the transducer is derived.
The results of the characterization of a number of piezo transducers (PZT) and an experimental capacitive micromachined
ultrasound transducer (CMUT) are presented.

II. M EASUREMENT METHOD
A method for estimating the impulse response of an individual transducer elements was suggested in [11]. It requires
that the hydrophone is located in the elevation focus of a
transducer, exactly under the investigated element. To achieve
that, the orientation of the transducer has to be found with
high precision.
The Acoustic Intensity Measurement System AIMS III
(Onda Corporation, Sunnyvale, USA) was used for the measurements. The control software for it was developed locally.
The transducers under test were clamped by 3D-printed 2piece plastic adapters, made using the transducers CAD models (Fig. 1), and were fixed above the movable hydrophone
in the AIMS water tank (Fig. 2). The fixation provides
repeatability, but any positioning has a degree of imperfection
that should be compensated for. The orientation relative to the
axes of hydrophone movement in AIMS is determined through
an alignment procedure, and the measurements are performed
in the transducer-based coordinate system.
A. Alignment routine
The use of the experimental scanner SARUS [12] allows
to devise an alignment routine in which focused beams are
produced, at first, by an aperture at the center of the transducer,
and then at each of its edges. The hydrophone is used for
estimating the origins and the directions of these beams. Based
on that, the transducer unit vector relative to the AIMS coordinate system is determined. Hereby, the transducer-centric
coordinate system is established reliably, even in the presence

Fig. 1. A 3D-printed adapter for transducer, which ensures repeatable and
reliable positioning of a transducer.

the signal-to-noise ratio, it is repeated 50 times with different
stochastic signals as excitations, and the element impulse
response is the mean of the 50 estimates.
The purpose of these calculations is to derive an impulse
response curve in Pa/Vs2 for the transducer that is independent
of area and is only a property of the transducer material.
That electro-mechanical impulse response can later be used
for arbitrary transducer geometries of the same material for
predicting the emitted field and the imaging performance.
C. Element inclusion criteria

Fig. 2. A photo of the measurement setup, where the transducer is fixed in
its adapter and suspended above the hydrophone. The visual mismatch is due
to the fact that the camera is pointed obliquely to the water tank wall.

of weak/defective transducer elements that distort the beam
patterns.
B. Transmit impulse response
The method for estimating the impulse response of an
individual transducer has been published previously in [11].
Here, a summary of it is presented.
The hydrophone signal can be described as:
dV (t)
∗ hte (t) ∗ h(t, ~r),
(1)
dt
where ρ is the water density, e(t) is the excitation signal,
dV (t)/dt is the transducer impulse response in transmit, hte
is the electrical impulse response of the transmit amplifier, and
h(t, ~r) is the transducer-hydrophone spatial impulse response.
The amplifiers frequency response is much broader than
that of the transducer under test, so it is assumed flat in the
frequency range of the transducer.
h(t, ~r) is calculated in Field II [13], [14] from the geometry
of the transducer elements and their spatial relationship with
the hydrophone.
The excitation signal e(t) is chosen to be a stochastic
white random signal (constant spectral density) with discrete
representation e(n), whose auto-correlation is
p(t, r) = ρ · e(t) ∗

γxx (m) = Pe δ(m),

(2)

where Pe is the power of the discrete signal [15]. In this
way, when the excitation signal is emitted through a transducer
and the recorded pressure waveform is correlated with it,
that yields (ideally) a scaled version of the transmit impulse
response. The realization of the stochastic signal is finite (an
excitation waveform of 700 samples), so the result of the
autocorrelation is not only a delta function, but also includes
artifacts. For reducing the error in this process and improving

After the individual impulse responses of the transducer
elements have been estimated, they are evaluated with respect
to uniformity. Two parameters are inspected: relative time
delay of the signal arrival at the hydrophone, and the relative
amplitude of the impulse response. An initial mean impulse
response is created by averaging across the elements. The
relative time delays are obtained by finding the lag of the
peak cross-correlation between each impulse response and the
mean one. For any relative time delay that differs too much
(more than time corresponding to λ/2) from its neighbors, the
corresponding element is marked as malfunctioning. Elements
with impulse response amplitude smaller than 0.6 of the
average are also marked as malfunctioning. The remaining
acceptable impulse responses are aligned in time and averaged
to produce impulse response of the transducer, and statistics
is done on them and their spectra.
D. Pulse-echo impulse response
The pulse-echo response, measured with the help of a
reflecting surface, can be described mathematically as:
dV (t)
∗ hte (t) ∗ ht (t, ~r) · kr
dt
dVr (t)
∗ hr (t, ~r) ∗
∗ Hre (t),
dt

s(t, r) =ρ · e(t) ∗

(3)

where the first four terms are as in Eq.1, ht and hr are
the transmit and receive spatial impulse responses, kr is the
reflection coefficient and was calculated to be 0.16 for a
sound wave in water, dVr (t)/dt is the transducer receive
impulse response, and Hre is the receive amplifier impulse
response. Here, both amplifier impulse responses (Tx and Rx)
are assumed to be delta functions.
For evaluating the pulse-echo impulse response, a Plexiglas
plate is placed under the transducer in the AIMS water tank,
parallel to the transducer surface. The emit/receive is done
using a single element at a time, again with 50 different
stochastic signal emissions per element. The plate was placed
at the elevation focus depth for the transducer. The distance
to the plate was measured by emitting a plane wave by the
center 4 elements of the transducer, and measuring the arrival
time of the reflected wave. Interactive corrections were done
by the operator until the echo arrival time corresponded to the
elevation focus depth. The Plexiglas plate tilt was compensated
for after estimating the individual element impulse responses.

Fig. 3. The transmit impulse responses by element. Each element trace is
an average of 50 emissions/estimations.

Fig. 4.

Z-axis uniformity in transmit (hydrophone signal relative delays).

The pulse-echo sensitivity is expressed in units of V/V and
is the ratio of measured echo signal (in Volts) relative to
the expected echo signal, calculated as the excitation voltage
reduced two times by the propagation attenuation (forward and
back) and the reflection coefficient of the plate.
III. R ESULTS
The individual element impulse responses for a transducer
(Linear PZT 5 in in Table I) are shown in Fig. 3.
Based on the average impulse response, the relative signal
delays per element are calculated (Fig. 4). These reflect the
relative delay between the pressure wave arrival times at the
hydrophone.
The strength of each element impulse response relative to
the average impulse response is calculated (Fig. 5).
The stability of the arrival times and the amplitudes confirms, first, that this transducer has good uniformity, and

Fig. 5.

Amplitude uniformity relative to the average.

Fig. 6. Transmit impulse response estimate in the time (top) and the frequency
(bottom) domains. The gray area in both plots shows the standard deviation
among the acceptable elements.

second, that the placement of the hydrophone was precise,
i.e. staying within the elevation focus zone from one end of
the transducer to the other.
After removing the failing element responses (there are none
in this particular transducer), the transmit impulse response of
the transducer is produced (Fig. 6).
The same exclusion and estimation procedure is performed
for the pulse-echo impulse response, with the addition of a tilt
compensation. The resulting pulse-echo impulse response for
the same transducer is shown in Fig. 7.
The main impulse response parameters for a number of
commercial transducers and an experimental CMUT are presented in Table I. The latter has exactly the same element
geometry as PZT 5. In that pair, the CMUT has much lower
transmit sensitivity, but the pulse-echo sensitivity is the same
because of the better CMUT receive sensitivity.

Transducer type, f0
Linear
Linear
Linear
Linear
Linear
Linear

PZT 1, 8 MHz
PZT 2, 10 MHz
PZT 3, 5.5 MHz
PZT 4, 11 MHz
PZT 5, 4.8 MHz
CMUT, 4.8 MHz

Tx sens.
Pa/Vs2

Tx rel. BW
%

Z-axis std.
µm

Ampl. std.
%

Pulse-echo sens.
mV/V

Pulse-echo rel. BW
%

Z-axis std.
µm

Ampl. std.
%

7.88.1016
1.10.1017
2.81.1016
8.85.1016
3.17.1016
4.99.1015

87
89
86
112
86
101.1

3.1
7.6
9.2
10.2
4.5
75.0

7.0
14.3
6.9
29.8
7.6
28.3

16.2
17.5
22.7
10.6
14.1
14.1

95
93
79
101
72
81.5

6.1
10.1
15.5
101.3
11.8
157.3

5.3
12.1
10.3
16.8
3.3
27.8

TABLE I
P ERFORMANCE AND STATISTIC PARAMETERS OF TESTED TRANSDUCERS

mark (7050-00004B) and by BK Medical, Herlev, Denmark
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Fig. 7. The pulse-echo impulse response estimate. The gray area shows the
standard deviation among the acceptable elements.

IV. D ISCUSSION
Although the speed of sound in Plexiglas is known and the
reflection coefficient can be estimated, the reflecting area is not
known, therefore the amplitude of expected received signal can
not be calculated correctly, only the shape of it. Nevertheless,
the relative receive sensitivity advantages between transducers
can be estimated, if they have the same element geometry,
acoustical lens and elevation focal depth. This is the case for
the CMUT and PZT 5 in Table I.
V. C ONCLUSION
Knowledge about the performance of the individual transducer elements is needed for compensating for imperfections,
accurate simulation or evaluation of experimental transducers. The suggested method reveals the performance of the
individual transducer elements with high precision, allowing comparisons between transducers and between transducer
technologies. It detects minute manufacturing defects with µm
precision and provides data for compensation, enabling high
quality beamforming and precise simulation.
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APPENDIX

L

Process Flows

In addition to Chapter 5 of this thesis, the appendix includes detailed process flows associated with the following processes :
Reactive Ion Etching: Used for the Tabla I-III CMUT arrays.
1xLOCOS: Used for the Tabla IV CMUT arrays.
2xLOCOS: Used for the Tabla V, Tabla VI, and Tabla HF CMUT arrays.
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APPENDIX L. PROCESS FLOWS

APPENDIX

M

Process Flow: Reactive Ion Etching

The following process flow was used to fabricate CMUTs based on a reactive ion etching process. The particular process flow was used for the Tabla I-III CMUT arrays.
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Process
RCA cleaning
RCA1

Quickdump
HF
Rinse
Quickdump
RCA2
Quickdump
HF
Rinse
Quickdump
Spin dry
Grow oxide layer 1 (top wafer)
Thermal oxidation

Inspection
Grow oxide layer 2 (bottom wafer)
Thermal oxidation

Inspection
Create CMUT cavities
Adhesion promotion, spin on photoresist

Exposure

Post exposure bake
Development/rinse

Dry
Inspection
Oxide etch
Strip photoresist
Inspection
RCA Cleaning without second HF dip
RCA1

Quickdump

HF
Rinse
Bubble rinse
RCA2
Quickdump
Spin dry
Wafer bonding
Fusion bonding

Inspection
Annealing

Step #
1
1.1

1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
2a
2a.1

2a.2
2b
2b.1

2b.2
3
3.1

3.2

3.3
3.4

3.5
3.6
3.7
3.8
3.9
4
4.1

4.2

4.3
4.4
4.5
4.6
4.7
4.8
5
5.1

5.2
5.3

Infrared camera
Anneal-bond

EVG NIL

5 % HF bath
Water bath in front of HF bath
Bubbler in front of BHF bath
RCA 2 bath
Quickdump bath in front of RCA 1
Spin dryer at RCA bench

SOI wafers: T1, T2, T3, T4 (process on
device layer side)
T1, T2, T3, T4

SSP wafers: B1, B2, B3, B4, test wafer
(p-type)
test wafer

SOI wafers: T1, T2, T3, T4, test wafer
(n-type)
test wafer

Four DSP SOI (N+ device layer)
Four SSP OP422 (P+)
Two Danchip test wafers (n- and ptype, respectively)

All wafers:

Processed on wafer #

Turn off heater for RCA 1 and RCA 2

All wafers:
T1, T2, T3, T4, B1, B2, B3, B4
T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4

Prepare RCA 1 and RCA 2 before this step. Wash baths with water All wafers:
gun before adding new chemicals. Turn on heater for RCA 1 30 min T1, T2, T3, T4, B1, B2, B3, B4
before this step and turn on heater for RCA 2 when beginning this
step.

T1, T2, T3, T4
Important: Make sure that the rinse step runs after the TMAH step. T1, T2, T3, T4
If not, run the "UTIL-DR" recipe for a DI water rinse
T1, T2, T3, T4
Errors with MISSING resist are most severe!
T1, T2, T3, T4
Let AOE cool to 0-1 degC for roughly 20-30 minutes before etching T1, T2, T3, T4
Alternatively use acetone
T1, T2, T3, T4
T1, T2, T3, T4

Mask: 1-D CMUT arrays - Cavities (Optimized)
Rotate aligner to zero and set both wheels to 10 before exposing.

Measured: 407 +- 2.6 nm
Figure c

Measured: 364 +- 1.6 nm
Figure b
Expected thickness from logbook: 400 nm

Figure a
Expected thickness from logbook: 360 nm

Turn off heater for RCA 1 and RCA 2

Prepare RCA 1 and RCA 2 before this step. Wash baths with water
gun before adding new chemicals. Turn on heater for RCA 1 30 min
before this step and turn on heater for RCA 2 when beginning this
step.

Comments

Figure d
Recipe: CMUT (temp: 50 C, piston force: 1500 N, bond time Transport wafers in dedicated box from RCA. Minimize ambient
5 min, vacuum: 1.0E-2 mbar)
exposure and handling time. Use RCA cleaned tweezers.
Inspect for pre-anneal voids
Recipe: ann1110, Time 1h 10min

15 s
20 s
3 min
10 min
3 min

3 min

10 min

RCA 1 bath

Quickdump bath in front of RCA 1

Spin dry
Check for errors in lithography
Recipe: m_res_ny, Time: 1min 50s
O2/N2: 400/70 ml/min, 1000 W, 45 min.
Measure etched CMUT cavity side length

Recipe: T2 MiR 701 PEB
Recipe: DUV 60s or MiR 701 60s

Spin dryer
Optical microscope
AOE
Plasma asher 2
Optical microscope

Spin Track 2
Automatic Developer-TMAH

23 s @ 7 mW/cm2, hard contact

Recipe: T1 MiR 701 1.5µm with HDMS

Spin Track 1

KS Aligner

Measure oxide thickness, 5 points

Recipe: dry1100, time: 8h 55min, 20 min anneal

Furnace: A1 Boron drive-in

Filmtek

Measure oxide thickness, 5 points

Recipe: dry1100, time: 7h 0min, 20 min anneal

Furnace: A3 Phosphorus drive-in

Filmtek

3 min
30 s
20 s
3 min
10 min
3 min
30 s
20 s
5 min

10 min

RCA 1 bath

Quickdump bath in front of RCA 1
5 % HF bath
Water bath in front of HF bath
Quickdump bath in front of RCA 1
RCA 2 bath
Quickdump bath in front of RCA 1
5 % HF bath
Water bath in front of HF bath
Quickdump bath in front of RCA 1
Spin dryer at RCA bench

Recipe

Equipment

Inspection
Remove grown oxide, handle layer and BOX
Oxide etch

Silicon etch

Oxide etch

Rinse/dry
RCA cleaning
RCA1

Quickdump
HF
Rinse
Bubble rinse
RCA2
Quickdump
HF
Rinse
Rinse 2
Spin dry
Etch opening for alignment marks
Adhesion promotion, spin on photoresist

Exposure

Post exposure bake
Development/rinse

Dry
Inspection
Silicon etch

Strip photoresist
Inspection
Etch access to bottom electrode
Adhesion promotion, spin on photoresist

Exposure

Post exposure bake
Development/rinse

Dry
Inspection
Silicon etch

5.4
6
6.1

6.2

6.3

6.4
7
7.1

7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10
7.11
8
8.1

8.2

8.3
8.4

8.5
8.6
8.7

8.8
8.9
9
9.1

9.2

9.3
9.4

9.5
9.6
9.7

Spin dryer
Optical microscope
DRIE Pegasus

Spin Track 2
Automatic Developer-TMAH

KS Aligner

Spin dry
Inspect for errors
Recipe: CMUT/tlehr/SOI_membrane_2um,
process time: 40 sec

Recipe: T2 MiR 701 PEB
Recipe: DUV 60s or MiR 701 60s

23 s @ 7 mW/cm2, hard contact

Recipe: T1 MiR 701 1.5µm with HDMS

Spin Track 1

Plasma asher 2
Optical microscope

Spin dry
Check for errors in lithography
Recipe: CMUT/tlehr/SOI_membrane_2um,
process time: 40 sec
O2/N2: 400/70 ml/min, 1000 W, 45 min.

Recipe: T2 MiR 701 PEB
Recipe: DUV 60s or MiR 701 60s

Spin dryer
Optical microscope
DRIE Pegasus

Spin Track 2
Automatic Developer-TMAH

23 s @ 7 mW/cm2, hard contact

Recipe: T1 MiR 701 1.5µm with HDMS

Spin Track 1

KS Aligner

3 min
30 s
20 s
3 min
10 min
3 min
30 s
20 s
5 min

10 min

RCA 1 bath

Quickdump bath in front of RCA 1
5 % HF bath
Water bath in front of HF bath
Bubbler in front of BHF bath
RCA 2 bath
Quickdump bath in front of RCA 1
5 % HF bath
Water bath in front of HF bath
Bubbler in front of BHF bath
Spin dryer at RCA bench

5 min. in DI water, spin dry

20 min (80 nm/min)

Wet bench/Spin dryer

BHF

Recipe: cmutaway, Time: 1h 5m

6 min (80 nm/min)

BHF

ASE

Inspect for post-anneal voids

Infrared camera

All wafer pairs: T1+B1, T2+B2, T3+B3,
T4+B4
T1+B1, T2+B2, T3+B3, T4+B4

T1+B1, T2+B2, T3+B3, T4+B4
Important: Make sure that the rinse step runs after the TMAH step. T1+B1, T2+B2, T3+B3, T4+B4
If not, run the "UTIL-DR" recipe for a DI water rinse
T1+B1, T2+B2, T3+B3, T4+B4
Errors with MISSING resist are most severe!
T1+B1, T2+B2, T3+B3, T4+B4
Visually check color in openings after etch to confirm that the oxide T1+B1, T2+B2, T3+B3, T4+B4
has been reached.
Alternatively use acetone
T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4
Figure g
All wafer pairs: T1+B1, T2+B2, T3+B3,
T4+B4
Mask: 1-D CMUT arrays - etch to bottom contacts
T1+B1, T2+B2, T3+B3, T4+B4
Rotate aligner to zero and set both wheels to 10 before exposing.
T1+B1, T2+B2, T3+B3, T4+B4
Important: Make sure that the rinse step runs after the TMAH step. T1+B1, T2+B2, T3+B3, T4+B4
If not, run the "UTIL-DR" recipe for a DI water rinse
T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4
Visually check color in openings after etch to confirm that the oxide T1+B1, T2+B2, T3+B3, T4+B4
has been reached.

Mask: Opening for alignment marks
Rotate aligner to zero and set both wheels to 10 before exposing.

Figure f

Turn off heater for RCA 1 and RCA 2

Prepare RCA 1 and RCA 2 before this step. Wash baths with water All wafer pairs: T1+B1, T2+B2, T3+B3,
gun before adding new chemicals. Turn on heater for RCA 1 30 min T4+B4
before this step and turn on heater for RCA 2 when beginning this
step.

T1+B1, T2+B2, T3+B3, T4+B4
Figure e
Dip wafers in water first to fill out potential voids, and
T1+B1, T2+B2, T3+B3, T4+B4
blow dry the side to be etched before dipping into BHF.
Check that the oxide is removed by confirming that the membrane
is water repellant
Chuck temperature: 20C. While processing: It can easily be seen
T1+B1, T2+B2, T3+B3, T4+B4
when the oxide is completely removed (then give it 30-60 seconds
more and abort the process).
Make sure to rinse the wafers with a water gun before next step.
Dip wafers in water first to fill out potential voids, and blow dry the T1+B1, T2+B2, T3+B3, T4+B4
side to be etched before dipping into BHF. Check that the oxide is
removed by confirming that the membrane is water repellant
T1+B1, T2+B2, T3+B3, T4+B4

Rinse/dry
Deposit Al
Spin on photoresist
Exposure
Development
Rinse/dry
Al etch

Rinse/dry
Wet bench/Spin dryer
Strip photoresist
Plasma asher 1
Metallization and etch of contacts/top electrodes
Deposit Al
Alcatel

Spin on photoresist
Exposure
Development
Rinse/dry
Al etch

Rinse/dry
Si etch

Strip photoresist
Protective resist layer
Spin on photoresist

Dicing and resist removal (outside cleanroom)
Dice out chips

Remove resist

10.2
10.3
10.4
10.5
10.6
10.7
10.8

10.9
10.10
11
11.1

11.2
11.3
11.4
11.5
11.6

11.7
11.8

11.9
12
12.1

13
13.1

13.2

Laboratory outside the cleanroom

Saw

All wafer pairs: T1+B1, T2+B2, T3+B3,
T4+B4

T1+B1, T2+B2, T3+B3, T4+B4
Visually check color in openings after etch to confirm that the oxide T1+B1, T2+B2, T3+B3, T4+B4
has been reached
T1+B1, T2+B2, T3+B3, T4+B4

Thoroughly mix the solution using an empty wafer boat.
Temperature control is very unstable, so manually ensure that the
temperature is kept at approx. 50C before etching. It can be clearly
seen when the etch is done through visual inspection - leave the
boat in the mix for another 5-10 seconds.

Or use spin track.
Mask: 1-D CMUT arrays - top electrode
Maybe slightly overdevelop to ensure good wet Al etch

All wafer pairs: T1+B1, T2+B2, T3+B3,
T4+B4
T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4

T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4

T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4
T1+B1, T2+B2, T3+B3, T4+B4

All wafer pairs: T1+B1, T2+B2, T3+B3,
T4+B4

T1+B1, T2+B2, T3+B3, T4+B4

T1+B1, T2+B2, T3+B3, T4+B4

Set to program 8, then use semiautomatic cut. Align wafer Dicing must be performed in several independent runs as the wafer All wafer pairs: T1+B1, T2+B2, T3+B3,
with the x/y buttons. Press start/stop two times in a row to design does not allow dicing of the whole wafer at once.
T4+B4
get
a single
cut.water bath, water gun/sprayer and air gun Place individual arrays in acetone bath until all resist is gone (leave it All arrays
Acetone
bath,
for a few minutes but make sure arrays are covered with acetone).
Then, transfer arrays to a water bath to prevent the acetone from
drying on the arrays. Finally the arrays are flushed with DI water
using a water spray and dried with an air gun.

Recipe: AZ4562_4inch_10um

SSE spinner

Plasma asher 1

5 min. in DI water, spin dry
Recipe: CMUT/tlehr/SOI_membrane_2um,
process time: 40 sec
O2/N2: 400/70 ml/min, 1000 W, 45 min.

2.2 µm AZ5214e, bake for 90s@90 deg
9 s @ 7 mW/cm2, hard contact
70 s in AZ351 developer
5 min. in DI water, spin dry
H2O:H3PO4 1:2, 50 degC, (100 nm/min)

Visually check color in openings after etch to confirm that the silicon
has been reached. Only etch for 2 min at a time (2 min removes
around 400 nm)
O2/N2: 400/70 ml/min, 1000 W, 45 min.
Alternatively use acetone
Figure h/i
Approx. 20 sec BHF dip (alternatively go directly from step Dip wafers in water first to fill out potential voids, and blow dry the
8.7 to 10.3)
side to be etched before dipping into BHF. Check that the oxide is
removed by confirming that the membrane is water repellant
5 min. in DI water, spin dry
800 nm
Al is deposited over the whole wafer
2.2 µm AZ5214e, bake for 90s@90 deg
Or use spin track.
9 s @ 7 mW/cm2, hard contact
Mask: 1-D CMUT arrays - wire-bond pads
70 s in AZ351 developer
Maybe slightly overdevelop to ensure good wet Al etch
5 min. in DI water, spin dry
H2O:H3PO4 1:2, 50 degC, (100 nm/min)
Thoroughly mix the solution using an empty wafer boat.
Temperature control is very unstable, so manually ensure that the
temperature is kept at approx. 50C before etching. It can be clearly
seen when the etch is done through visual inspection - leave the
boat in the mix for another 5-10 seconds.
5 min. in DI water, spin dry
O2/N2: 400/70 ml/min, 1000 W, 45 min.
Figure j/k
200 nm
Al is deposited over the whole wafer

Recipe: m_res_ny, Time: 2+2 min (230 nm/min)

Wet bench/Spin dryer
DRIE Pegasus

SSE spinner
KS Aligner
Developer bath
Wet bench/Spin dryer
Aluminium etch 1

Wet bench/Spin dryer
Alcatel
SSE spinner
KS Aligner
Developer bath
Wet bench/Spin dryer
Aluminium etch 1

BHF dip

Plasma asher 2

Strip photoresist
Metallization of wire bond pads
Adhesion promotion (optional)

9.9
10
10.1

AOE

Oxide etch

9.8

APPENDIX

N

Process Flow: Single LOCOS

The following process flow was used to fabricate CMUTs based on a single local oxidation of silicon process. The particular process flow was used for the Tabla IV CMUT
arrays.
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Process flow title

Revision

TABLA4: 1D CMUT - LOCOS

1.0

Contact email

Contact person

Contact phone

seldi@nanotech.dtu.dk

Søren Elmin
Diederichsen

40351670

Date of creation

Date of revision

Labmanager group

Batch name

MEMS(3313)

1D CMUT LOCOS

Objective
Batch name: 1D CMUT LOCOS

The purpose of this project is to fabricate 1D linear Capacitive Ultrasonic Transducers using LOCOS to define the cavities.

Substrates
Substrate

Orient.

Size

Doping/type

Polish

Thickness

Si

<100>

4”

p (boron)

SSP

525±25µm

SOI

<100>

4”

n (arsenic)

DSP

380-400µm

Not confidential

Box

1µm±5%

File name: 1D_LINEAR_CMUT_LOCOS.docx

Device layer
thickness

2.2±0.5µm

Purpose

Bottom
electrode
Top
electrode

# Sample ID

OP442

Page 1 of 4

Process flow title

Rev.

TABLA4: 1D CMUT - LOCOS

1.0

Step Heading

Equipment

Date of revision

Procedure

1 Preparation
1.1 Wafer
selection

Contact email

seldi@nanotech.dtu.dk
Comments

Bottom electrode wafer
Wafer box

OP442

2 Oxidation – Insulation oxide

Bottom electrode wafer

2.1 RCA

RCA bench

All wafers

2.2 SiO2 wet
oxidation

Phosphorus
Drive-in (A3)

2.3 Thickness
measure
2.4 Break down
voltage

Filmtek

Place a test wafer in the center of the boat and
place device wafers and test wafers equally
distributed on each side of the test wafer. No
spacing between wafers.
Recipe: Dry1100, time: 7h16min)
Target thickness: 380±10nm
Measure oxide thickness on dummy wafer
Measured thickness: 378nm
Out of clean room

3 Nitride deposition – LOCOS nitride
3.1 Si3N4
deposition

Nitride furnace

Polysilicon
furnace

Spin track

5.2 Exposure

KS aligner

5.3 Develop

TMAH UV
developer
Optical
microscope

5.4 Inspection

ASE or DRIE

6.2 Inspection
6.3 Strip resist

Optical
microscope
Plasma asher 2

6.4 Coat wafer

Spin track

6.5 Polysilicon
etch
6.6 Strip resist

Wet Poly Etch

Not confidential

Bottom electrode wafer

Bottom electrode wafer

Bottom electrode wafer

Mir 701 positive resist
Recipe: 1.5 µm with HMDS
Align to flat. Hard contact
Exposure time: 23 sec
Mask: Cavities
Recipe: PEB 110C 60s + 60s puddle develop
Check pattern and alignment marks

6 Polysilicon etch
6.1 Polysilicon
etch

Test

Recipe:Poly
Time: min 13 (@7.23nm/min)
Target thickness: 100nm
Measured Thickness: 94 nm (FilmTek)

5 Lithography 1.5 µm – polysilicon etch/nitrid etch
5.1 Coat wafer

Dummy wafer

Deposit nitride
Recipe: 4nitdan
Time: 20 min (@ 2.55 nm/min)
Target thickness: 50 nm
Measured thickness: 51 nm (FilmTek)

4 Polysilicon deposition – Nitride etch mask
4.1 Polysilicon
deposiiton

1-3 dummies
Note time in logbook

Bottom electrode wafer
ASE: 8 seconds using a continuous deep etch
process (The same as for removing the handle)
DRIE: 1 (or maybe 2) cycle of LF SOI recipe
Check pattern and alignment marks

Mir 701 positive resist
Recipe: 1.5 µm with HMDS
Strip PolySi of backside for 2 min. Frontside is
protected by resist

Plasma asher 2
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7 Nitride wet etch – LOCOS nitride
7.1 Nitride etch

Wet bench

7.2 7up

7up

7.3 Inspection

Optical
microscope
ASE or DRIE

7.4 Strip
polysilicon
mask

Wet silicon nitride etch
H3PO4 @ 180 C (84Å/min)
Time: ~6 min + a little overetch = 8 min
Clean wafers after wet nitride etch due to
possible contamination by potassium ions from
people stripping nitride after KOH
Check pattern and alignment marks

Contact email

seldi@nanotech.dtu.dk
Bottom electrode wafer

Standard procedure

ASE: 8 seconds using a continuous deep etch
process
DRIE: 1(maybe 2) cycle of LF SOI recipe

8 Oxidation - LOCOS

Bottom electrode wafer

8.1 RCA

RCA bench

Only first BHF for half the time (15 sec)

OP442

8.2 SiO2 wet
oxidation

Phosphorus
Drive-in (A3)

Place a test wafer in the center of the boat and
place device wafers and eg. test wafers equally
distributed on each side of the test wafer. No
spacing between wafers.
Recipe: Wet1100, time: 99.8 min
Target thickness: 815 nm (post oxide)

1-3 dummies
Note time in logbook

Out of clean room

Dummy

8.3 Break down
voltage
8.4 Cavity height

Dektak

Measure cavity height on device wafer test
structures

9 Wafer bonding

All wafers

9.1 RCA

RCA bench

RCA of wafers including new 2.2µm SOI wafers

9.2 Fusion
bonding

EVG NIL

9.3 Inspection

Infrared camera

Recipe: CMUT
Transport wafers in dedicated box from RCA.
Minimize ambient exposure and handling time.
Use RCA cleaned tweezers
Check for pre-anneal voids

9.4 Annealing

Anneal-bond
furnace
Inferred camera

Recipe: Ann1100
Time: 1h 10min
Inspect post anneal voids

9.5 Inspection

10 Handle layer and box oxide etch

All ordinary wafers

10.1 Si etch

ASE

Look through window to
check during the etch and
when etching is finished

10.2 Oxide etch

BHF

10.3 RCA

RCA bench

Not confidential

Etch handle layer away
recipe: (prototyping /)etchaway
~1h05 min to etch 380 µm
Etch box oxide away, Time: 14 min, check oxide is
gone. Blue film on backside to protect oxide.
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11 Lithography - Access to bottom electrodes
11.1 Coat wafer

Spin track

11.2 Exposure

KS aligner

11.3 Develop

TMAH UV
developer
Optical
microscope

11.4 Inspection

DRIE-Pegases

12.2 Oxide etch

AOE

12.3 Strip resist

Plasma Asher 2
Alcatel

Etch all device layer
Recipe: 2um_SOI
Temp: 20C
Time: 40 sec
Recipe: SiO2_res
Time: 4 x 2 min
Temp: 0C
O2/N2: 250/70 ml/min, 1000 W, 45 min.

Spin track

14.2 Exposure

KS aligner

14.3 Develop

TMAH UV
developer
Optical
microscope

14.4 Inspection

Wait 30 min for temp to
stabilize

Target Ti thickness: 20nm
Target Al thickness: 400nm
Bonded wafers

Mir 701 positive resist
Recipe: 1.5 µm with HMDS
Align to flat. Hard contact
Exposure time: 23 sec
Mask: Electrode metalization
Recipe: PEB 110C 60s + 60s puddle develop
Check pattern and alignment marks

15 Etch top electrode

Bonded wafers

15.1 Carrier wafer

Crystal bond555

15.2 Al etch

ICP metal

15.3 Etch Si

DRIE-Pegases

15.4 Detach
carrier wafer
15.5 Strip resist

Water

Etch all device layer
Recipe: 2um_SOI
Time: 40s
Temp: 20C
Remove carrier wafer using DI water

Plasma Asher

O2/N2: 250/70 ml/min, 1000 W, 45 min.

Glue device wafers onto 6” dummy wafer using
crystal bond. Should be soluble in water!
Recipe: Al etch
Temp: 20C
Time: 80s

16 Dicing

Buy 6” carrier wafer
Check in microscope if all
metal is gone

Bonded wafers

16.1 Coat wafers

SSE spinner

10 µm resist

16.2 Dice out
chips

Disco Saw

Dicing out chips

Not confidential

Bonded wafers

Bonded wafers

14 Lithography – Top electrode
14.1 Coat wafer

Bonded wafers

Check pattern and alignment marks

13 Metallization
13.1 Deposit Al+Ti

seldi@nanotech.dtu.dk

Mir 701 positive resist
Recipe: 1.5 µm with HMDS
Align to flat. Hard contact
Exposure time: 23 sec
Mask: Bottom electrode
Recipe: PEB 110C 60s + 60s puddle develop

12 Etch - Access to bottom electrodes
12.1 Etch Si

Contact email

File name: 1D_LINEAR_CMUT_LOCOS.docx
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APPENDIX N. PROCESS FLOW: SINGLE LOCOS

APPENDIX

O

Process Flow: Double LOCOS

The following process flow was used to fabricate CMUTs based on a double local oxidation of silicon process. The particular process flow was used for the Tabla V CMUT
arrays.
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Process flow title

Revision

1-D CMUT – Double LOCOS – v2

3.0 (FINAL)

Contact email

Contact person

Contact phone

seldi@nanotech.dtu.dk

Søren Elmin
Diederichsen

45 25 56 92

Labmanager group

Batch name

Date of creation

Date of revision

MEMS(3313)

1-D CMUT
2xLOCOS

30-Sep-15

21-Apr-16

Objective
Batch name: 1D CMUT LOCOS

The purpose of this project is to fabricate 1-D linear Capacitive Ultrasonic Transducers using a double LOCOS process to
define the cavities.

Substrates
Substrate

Orient.

Size

Doping/type

Polish

Thickness

Si

<100>

4”

p (boron)

SSP

525±25µm

SOI

<100>

4”

n (arsenic)

DSP

500µm

0.4µm

2±0.5µm

SOI

<100>

4”

n (arsenic)

DSP

500µm

1µm

2.2±0.5µm

Not confidential

Box

Device layer
thickness
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Top
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1-D CMUT – Double LOCOS – v2

3.0
(FINAL)

21-Apr-16

seldi@nanotech.dtu.dk

Step Heading

Equipment

Procedure

1 Preparation
1.1 Wafer
selection

Comments

Bottom electrode wafer
Wafer box

OP442

2 Oxidation – BUMP oxide
2.1 RCA

RCA bench

2.2 SiO2 wet
oxidation

Phosphorus
Drive-in (A3)

2.3 Thickness
measure

Filmtek

All wafers
Place a test wafer in the center of the boat and
place device wafers and test wafers equally
distributed on each side of the test wafer. No
spacing between wafers.
Recipe: Wet1000, time: 0h11min
Target thickness: 100±30nm
Measure oxide thickness on dummy wafer
Measured thickness: 108.2 nm

3 Nitride deposition – BUMP nitride
3.1 Si3N4
deposition

Nitride furnace

1-3 dummies
Note time in logbook

Dummy wafer
Bottom electrode wafer

Deposit nitride
Recipe: 4nitdan
Time: 20 min (@ 2.55 nm/min)
Target thickness: 50 nm
Measured thickness: 52.8 nm (FilmTek)

4 Lithography 1.5 µm – oxide etch

Bottom electrode wafer

4.1 Coat wafer

Spin track

AZ nLOF 2020 negative resist
Recipe: 1.5 µm (with HMDS)

4.2 Exposure

KS aligner

4.3 Develop

TMAH UV
developer
Optical
microscope

Align to flat. Hard contact
Exposure time: 15 sec
Mask: BUMP
Recipe: PEB 110C 60s + 30s puddle develop

Run several dummy wafer
due to the infrequent use of
nLOF
Check the exposure time.
Run a wafer where you
optimize the exposure time.

4.4 Inspection

Check pattern and alignment marks

5 Oxide etch
5.1 Dry Nitride
etch

AOE

5.2 Wet oxide
etch
5.3 Strip resist

BHF
Plasma Asher 2

Recipe: Nitr_res
Time: 1 min
Temp: 0C
Etch rate: 78.19 nm/min
Etch time: 1.5 min
O2/N2: 250/70 ml/min, 1000 W, 45 min.

6 Oxidation – 1st LOCOS bump

Bottom electrode wafer

6.1 RCA

RCA bench

Only first BHF for half the time (15 sec)

All wafers

6.2 SiO2 wet
oxidation

Phosphorus
Drive-in (A3)

Place a test wafer in the center of the boat and
place device wafers and test wafers equally
distributed on each side of the test wafer. No
spacing between wafers.

1-3 dummies
Note time in logbook
The pillar height on the
device wafers are estimated
to be 500 nm.

Recipe: Wet1100, time: 209 min
Target thickness: 1218 nm (on test wafer)
Not confidential
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3.0
(FINAL)

21-Apr-16

seldi@nanotech.dtu.dk

6.3 Thickness
measure

Filmtek

Measure oxide thickness on dummy wafer
Measured thickness: 1158 nm

7 Strip oxide & nitride

Dummy wafer
Bottom electrode wafer

7.1 Wet oxide
etch

BHF

Etch rate: 78.19 nm/min
Etch time: 13 min (Total time to remove oxide,
minus 3 min)
Wet silicon nitride etch
H3PO4 @ 180 C (84Å/min)
Time: ~6 min + a little overetch = 8 min
Clean wafers after wet nitride etch due to
possible contamination by potassium ions from
people stripping nitride after KOH
Etch rate: 78.19 nm/min
Etch time: 3 min

7.2 Nitride etch

Wet bench

7.3 7up

7up

7.4 Wet oxide
etch

BHF

7.5 Inspection

AFM

Measure surface roughness

7.6 Inspection

Dektak

Measure the bump height
Target height: 500 nm
Measured: 520 nm

Standard procedure
Compare the target thickness
to the measured thickness –
if much higher, adjust the
etch time.
Ra measured to < 0.2nm

8 Oxidation – Insulation oxide

Bottom electrode wafer

8.1 RCA

RCA bench

All wafers

8.2 SiO2 wet
oxidation

Phosphorus
Drive-in (A3)

8.3 Thickness
measure
8.4 Break down
voltage

Filmtek

Place a test wafer in the center of the boat and
place device wafers and test wafers equally
distributed on each side of the test wafer. No
spacing between wafers.
Recipe: Dry1100, time: 8h20min
Target thickness: 400±10nm
Measure oxide thickness on dummy wafer
Measured thickness: 409 nm
Out of clean room

9 Nitride deposition – LOCOS nitride
9.1 Si3N4
deposition

Nitride furnace

Polysilicon
furnace

Spin track

11.2 Exposure

KS aligner

Not confidential

Test
Bottom electrode wafer

Bottom electrode wafer

Recipe:Poly
Time: min 13 (@7.23nm/min)
Target thickness: 100 nm
Measured thickness: 108 nm

11 Lithography 1.5 µm – polysilicon etch/nitrid etch
11.1 Coat wafer

Dummy wafer

Deposit nitride
Recipe: 4nitdan
Time: 40 min (@ 2.55 nm/min)
Target thickness: 100 nm
Measured thickness: 101 nm

10 Polysilicon deposition – Nitride etch mask
10.1 Polysilicon
deposiiton

4 dummies
1 dummy at each end of boat
Note time in logbook

Bottom electrode wafer

Mir 701 positive resist
Recipe: 1.5 µm with HMDS
Align to alignment marks. Hard contact.
Exposure time: 23 sec
Mask: Cavities
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11.3 Develop
11.4 Inspection

TMAH UV
developer
Optical
microscope

Recipe: PEB 110C 60s + 60s puddle develop
Check pattern and alignment marks

12 Polysilicon etch
12.1 Polysilicon
etch
12.2 Inspection

Bottom electrode wafer

DRIE Pegasus

Recipe: Poly100nm
Check pattern and alignment marks

12.3 Strip resist

Optical
microscope
Plasma asher 2

12.4 Coat wafer

Spin track

12.5 Polysilicon
etch
12.6 Strip resist

Wet Poly Etch

Mir 701 positive resist
Recipe: 1.5 µm with HMDS
Strip PolySi of backside for 2 min. Front side is
protected by resist
O2/N2: 250/70 ml/min, 1000 W, 45 min.

Plasma asher 2

O2/N2: 250/70 ml/min, 1000 W, 45 min.

13 Nitride wet etch – LOCOS nitride
13.1 Nitride etch

Wet bench

13.2 7up

7up

13.3 Inspection

Optical
microscope
DRIE

13.4 Strip
polysilicon
mask

Wet silicon nitride etch
H3PO4 @ 180 C (84Å/min)
Time: ~12 min + a little overetch = 14 min
Clean wafers after wet nitride etch due to
possible contamination by potassium ions from
people stripping nitride after KOH
Check pattern and alignment marks

Bottom electrode wafer

Standard procedure

Recipe: Poly100nm

14 Oxidation - LOCOS

Bottom electrode wafer

14.1 RCA

RCA bench

Only first BHF for half the time (15 sec)

OP442

14.2 SiO2 wet
oxidation

Phosphorus
Drive-in (A3)

Place a test wafer in the center of the boat and
place device wafers and eg. test wafers equally
distributed on each side of the test wafer. No
spacing between wafers.

1-3 dummies
Note time in logbook

Recipe: Wet1100, time: 536 min
Target thickness: 1979 nm (on test wafer: 2000
nm)
Measured thickness: 1950 nm (on test wafer:
1895 nm)
14.3 Break down
voltage
14.4 Surface
Roughnes
14.5 Nitride
bump
14.6 Cavity height

Not confidential

Out of clean room

Dummy

AFM

Measured Ra=0.217 nm

AFM

Make sure that nitride edge
is below bonding surface

Dektak

Measure cavity height on device wafer test
structures
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15 Wafer bonding

All wafers

15.1 RCA

RCA bench

15.2 Fusion
bonding

EVG NIL

15.3 Inspection

Infrared camera

RCA of wafers including new SOI wafers (for
plate)
Recipe: CMUT, 1e-3 mbar
Transport wafers in dedicated box from RCA.
Minimize ambient exposure and handling time.
Use RCA cleaned tweezers
Check for pre-anneal voids

15.4 Annealing

Anneal-bond
furnace
Infrared camera

Recipe: Ann1100
Time: 1h 10min
Inspect post anneal voids

15.5 Inspection

16 Handle layer and box oxide etch

Bonded wafers

16.1 Oxide etch

BHF

Protect only wafers with 1µm
BOX (due to bow).

16.2 Si etch

ASE

Etch oxide on frontside
Protect backside with blue film
Time: 6 min
Etch handle layer away
recipe: (prototyping /)etchaway
time: 1h08min

16.3 RCA
16.4 Si etch

RCA bench
Pegasus

LF_etch
Time: ~10 min

Etch 5 min
Then 1 min at a time until all
of the handle is gone

16.5 Oxide etch

BHF

Etch oxide on frontside
Protect backside with blue film
Time: 6 min

17 Lithography – Opening to alignment marks
17.1 Coat wafer

Spin track

17.2 Exposure

MA6-2 aligner

17.3 Develop

TMAH UV
developer
DRIE-Pegasus

18.2 Strip resist

Plasma Asher 2
Spin track

19.2 Exposure

MA6-2 aligner

19.3 Develop

TMAH UV
developer

Not confidential

Bonded wafers

Etch all device layer
Recipe: SOI_membrane2um
Temp: 20C
Time: 40 sec
O2/N2: 250/70 ml/min, 1000 W, 45 min.

19 Lithography - Access to bottom electrodes
19.1 Coat wafer

Bonded wafers

Mir 701 positive resist
Recipe: 1.5 µm with HMDS
Flat alignment. Hard contact
Exposure time: 16 sec
Mask: Alignment opening
Recipe: PEB 110C 60s + 60s puddle develop

18 Etch - Opening to alignment marks
18.1 Etch Si

Most of handle is removed.

Bonded wafers

AZ nLOF 2020 negative resist
Recipe: 1.5 µm (with HMDS)
Align to alignment marks. Hard contact
Exposure time: 8 sec
Mask: Bottom electrode
Recipe: PEB 110C 60s + 30s puddle develop
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19.4 Inspection

Optical
microscope

Check pattern and alignment marks

20 Etch - Access to bottom electrodes
20.1 Etch Si

DRIE-Pegasus

20.2 Oxide etch

AOE

20.3 Strip resist

Plasma Asher 2

Etch all device layer
Recipe: SOI_membrane2um
Temp: 20C
Time: 40 sec
Recipe: SiO2_res
Time: 5 x 2 min +1.5 min
Temp: 0C
O2/N2: 250/70 ml/min, 1000 W, 45 min.

21 Metallization
21.1 Deposit Al+Ti

Alcatel

22.2 Exposure

22.3 Develop
22.4 Inspection

Spin coater
Gamma UV
MA6-2 aligner

TMAH UV
developer
Optical
microscope

Target Ti thickness: 20nm
Target Al thickness: 400nm
Bonded wafers

Mir 701 positive resist
Recipe: 1.5 µm with HMDS
Align to alignment marks. Hard contact
Exposure time: 16 sec
Mask: Electrode metalization
Recipe: PEB 110C 60s + 60s puddle develop
Check pattern and alignment marks

23 Etch top electrode
23.1 Carrier wafer

Crystal bond555

23.2 Al etch

ICP metal

23.3 SI etch

ICP metal

23.4 Detach
carrier wafer

Water

23.5 Strip resist

Plasma Asher 1

Bonded wafers
Bond device wafers onto 6” dummy wafer using
crystal bond.
Recipe: Al etch
Temp: 20C
Time: 20s + 80s (breakthrough + etch)

Etch device layer
Recipe: pxsimicrotry3
Temp: 0C
Time: ~40 min
Detach on hotplate by heating up to above
melting point
Remove crystal bond from backside of wafer with
water gun
O2/N2: 250/70 ml/min, 1000 W, 45 min.

24 Dicing
24.1 Coat wafers
24.2 Dice out
chips

Not confidential

Wait 30 min for temp to
stabilize

Bonded wafers

22 Lithography – Top electrode
22.1 Coat wafer

Bonded wafers

Buy/use old 6” carrier wafer
Check camera to check all
metal is gone before the etch
is stopped,
Check in microscope if all
metal is gone
Nano etch recipe.

Bonded wafers
Spin coater
Gamma UV
Disco Saw

8-10 µm resist
Dicing out chips
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