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Abstract

The purpose of this project is to develop capacitive micromachined ultrasonic transducers (CMUTS) for
medical imaging. Medical ultrasound transducers used today are fabricated using piezoelectric materials
and bulk processing. To fabricate transducers capable of delivering a higher imaging resolution it is
however necessary to develop new fabrication methods that allows fabrication of transducer elements
with smaller dimensions. By using microfabrication technology it is possible to push the dimensions
down and provide higher design flexibility.

This project is part of a large ultrasound project and collaboration with a lot of partners to improve
medical ultrasound imaging. The focus in this part of the project is to design, fabricate and characterize
1D CMUT arrays. Two versions of 1D transducers are made, one at Stanford University and one at
DTU. Electrical and acoustical characterizations are carried out successfully for both types of arrays.
The arrays made at Stanford is found to suffer from low breakdown voltage of the supporting oxide
and was not useful for medical imaging.

The arrays made at DTU are used for various tests, both of the design, performance, possible
packaging, and post-processing. The electrical characterization shows serious charging effects in the
device which is shown to be reduced by reversing the bias polarity. Furthermore, the wirebonding and
glob top packaging scheme shows to cause loose connection for several elements. This is still under
investigation, but two possible solutions are suggested. Two devices are assembled into probe handles
and initial acoustical characterizations are promising. Even though the sensitivity is currently low,
images are produced with recognizable features both on phantoms and volunteers. It can be mentioned
that a -6 dB fractional bandwidth of 100-110 % is measured.
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Resumé

Formalet med dette project er at udvikle kapacitive mikrofremstillede ultraslydstransducere (CMUTs)
til medicinsk billeddannelse. Transducere til medicinsk billeddannelse bliver i dag fremstillet i
piezoelektriske materialer med konventionelle processeringsmetoder. For at fremstille transducere, der
kan levere billeder med hgj oplgsning, er det imidlertid ngdvendigt at udvikle nye fabrikationsmetoder,
som ggr det muligt at fremstille transducerelementer med mindre dimensioner. Ved at anvende
mikrofabrikationsteknologi vil det vere muligt at mindske dimensionerne og samtidig give en hgjere
designfleksibilitet.

Dette projekt er del af et stort ultralydsprojekt, som er et samarbejde mellem mange partnere, og
som sgger at forbedre medicinsk billeddannelse. Fokusomradet i denne del af projektet er at designe,
fremstille og karakterisere 1D CMUT arrays. To versioner er fremstillet, en pa Stanford University og
en pa DTU. Elektrisk karakterisering er udfgrt successfuldt for begge typer af arrays. Transducerne
fremstillet pa Stanford viste sig at have en lav sammenbrudsspanding af support oxiden, og de var ikke
brugbare til billeddannelse.

Transducerne fremstillet pa DTU er blevet anvendt til en raekke test, bade for at undersgge designet,
ydeevnen, mulige indpakningsmetoder og andet efterprocessering. Elektrisk karakterisering viser
serigse opladningseffekter, men ogsa at dissee kan reduceres ved at vende polariteten af bias spendingen
om. Derudover ses der problemer med wirebonding og glob top lgsningen, da den resulterer i lgse
forbindelser til mange elementer. Der arbejdes stadig pa en endelig 1gsning til dette problem, men
to muligheder er testet og fundet brugbare. To CMUT er er monteret i probehandtag, og de fgrste
malinger viser lovende resultater. Selvom sensitiviteten pa nuvaerende tidspunkt er lav, kan der stadig
fremstilles billeder med genkendelige features bade pa fantomer og testpersoner. Det kan n&vnes, at en
-6 dB relativ bandbredde pa 100 — 110 % er blevet malt.
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CHAPTER 1

Introduction

Capacitive micromachined ultrasonic transducers (CMUTs) offer the possibility for replacing standard
piezoelectric transducers used for medical imaging. CMUTs are said to have superior properties such
as larger bandwidth, more design flexibility, easy integration, being lead-free etc. [1-3]. They have
existed for 20 years now - so why have they not overtaken the commercial ultrasonic probe market yet?
During this project a basic knowledge and understanding of the CMUT device has been obtained and
transducers have been fabricated and mounted into both test setups and probe handles to understand, as
well as give solutions to, the challenges with this alternative to the standard piezoelectric transducers.

Ultrasound was first used for medical imaging in the 1950s [4]. Back then, the patient was submerged
into a water bath for making the images. Now, specially made transducer probes are produced and
pressed against the patients skin to produce images. The CMUT technology has the possibility to
improve the transducer performance and expand the production of probes for specific applications. The
conventional transducers as well as the CMUTs will be discussed in the following to show how the
CMUTSs may raise the quality of transducers.

Beside medical imaging, CMUTs can be used for a wide range of applications such as therapeutic
treatment [5], gas flow metering and air coupled ultrasound [6] and as chemical sensors [7]. Across the
application, the technology is based on a resonator, which can either transmit or receive ultrasound.
They are all based on the same types of devices which can be also be used for medical imaging, where
the transducer needs to be able to both transmit and receive ultrasound waves. This project focuses
only on the medical imaging application, and how devices can be fabricated to be optimal for use in
this field.
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Figure 1.1: Principle of ultrasound imaging. a) An ultrasound wave is transmitted from a transducer
into an object. Depending on the structure and density of the object the signal will be reflected
differently, and b) received by the transducer again.

1.1 Ultrasound

Sound is motion or vibration of particles which propagates as longitudinal waves. Ultrasound is defined
as sound waves with a frequency above what the human ear can detect e.g. above 20 kHz. The usual
range for ultrasound waves used for medical imaging is 1-20 MHz, and ultrasound transducers for
this purpose should therefore be designed to have a resonant frequency within this range for optimal
operation.

The principle of ultrasound imaging is to excite the transducer at its resonant frequency to create
ultrasound waves or pulses which propagates through the medium in front of the transducer, see
Figure 1.1a. Different tissue material then reflects the waves differently as a result of the density of the
medium. For example water does not reflect the sound waves, whereas bone reflects them completely.
The acoustical impedance of a medium indicates how much pressure is generated at a given frequency.
All materials have a characteristic acoustic impedance, Z,., which is given by

Zyc = pcC (1.1)

where p is the density of the medium, and c is the speed of sound in the medium. Examples of different
acoustical impedances relevant to medical imaging can be seen in Table 1.1. When the signal is
reflected on an object, the wave will travel back to the transducer again and the received signal is called
an echo, see Figure 1.1b. An image is created by having multiple transducer elements next to each
other which can be addressed and excited separately. By using time delays for the transmissions and
observing the received signals and their arrival times, it is possible to beamform an ultrasound image.
An example of an ultrasound image can be seen in Figure 1.2, showing a liver.

1.2 Transducers

A transducer is a device which converts one form of energy into an other. In ultrasound imaging, a trans-
ducer is used to convert electrical energy to mechanical energy to acoustical energy when transmitting

2



Table 1.1: Examples on density, speed of sound and characteristic acoustical impedance for various
mediums in the body, air and water [8]. It is noted that water and tissue have similar properties.

Density [kg/m3] Speed of sound [m/s] Characteristic acoustic
impedance [kg/(mz-s)]

Air 1.2 333 0.4 x 103
Blood 1.06 x 103 1575 1.66 x 10°
Bone 1.9x 103 4080 7.75 x 10°
Fat 0.92 x 103 1450 1.38 x 10°
Liver 1.06 x 103 1590 1.69 x 10°
Water 1.00 x 103 1480 1.48 x 10°

B-K Medical 30-04-2014 8820e
11:26:17 H 4.3 MHz

-0.8 cm

1.59<1.80
.0

2/23 Hz

50 %

70 dB
Cod Excitation off
Harmonic

Figure 1.2: Ultrasound image of a liver. The image is of a healthy volunteer and recorded at Center for
Fast Ultrasound Imaging using a BK Medical scanner.

ultrasound. The opposite order of conversions are happening when receiving the ultrasound.

As mentioned earlier different ways to transmit ultrasound waves exists. The conventional way which is
used in most commercial scanners today is using the piezoelectric effect and is illustrated in Figure 1.3a.
When a voltage is applied to a piezoelectric material, the material will deform. If an AC voltage in the
MHz range is used, an ultrasound wave will be transmitted.

The alternative to this technique is based on a capacitive method and is illustrated in Figure 1.3b. When
an AC voltage is applied to two plates with some insulation in between (a capacitor), the movable top
plate will deflect and ultrasound waves will be transmitted. Only one of the plates should be able to
move, so the bottom plate is usually thick and the top plate thin so it is flexible.

For making an ultrasound image with both kinds of transducers several elements are placed next to
each other forming an array. This is illustrated in Figure 1.4 for both types of transducers.



An array for imaging typically consists of 128 or 192 elements. The length of an element is dependent
on how deep the ultrasound beam should be focused. The width of the elements is decided from the
desired operation frequency. There are two types of arrays that are usually used for imaging: linear and
phased arrays. For a linear array a group of elements is active simultaneously and an image is formed
as straight lines from each element in the array, see Figure 1.5. For a phased array all elements are
active simultaneously and the beam is steered electronically to form a fan shaped image, see Figure 1.6.
Linear array imaging usually use an element pitch of the wavelength, A, and phased array imaging
requires an element pitch of half the wavelength, A /2. The wavelength is found from the speed of
sound, ¢, and the frequency, f, as

A=c/f. (1.2)

As an example operating at 5 MHz and using the speed of sound in tissue or water of around 1500 m/s,
the pitch for a linear array should be 300 um and for a phased array it should be 150 um. Piezoelectric
transducers are usually diced into elements by a saw and these dimensions can be really challenging to
make using this technique. This is one of the reasons microfabrication can be an advantage.

The operating frequency used for ultrasound imaging determines the resolution and the depth of
penetration that can be obtained, and it is a trade off situation. Higher frequency results in a higher
resolution but the ultrasound is reflected and absorbed faster. Using a lower frequency on the other
hand, a higher penetration can be obtained at the cost of reducing the resolution.

When using the transducer array in a commercial setting, it is contained in a probe handle with some
electronics. This is both to shield the electronics from noise and to protect the patient and operator. A
sketch of an array in a probe handle, a transducer probe, can be seen in Figure 1.7.

1.2.1 Transducer Comparison

CMUTs are usually made in a cleanroom with standard silicon fabrication techniques. This is an
advantage compared to the piezoelectric transducers usually made of PZT. Besides being lead-free,
the cleanroom fabrication technology also provides more design flexibility, as the device is built up of
layer which is patterned on the surface using light. A 3D structure can then be obtained by etching the
different layers. This way it is possible to make any desirable design as long as it can be drawn in a 2D

e
O] (O] E——

I

(a) Piezoelectric transducer. (b) Capacitive transducer.

Figure 1.3: Principle of ultrasound generation for a) piezoelectric and b) capacitive transducers. For
both types an AC voltage is applied which makes the bulk or the flexible top plate vibrate, respectively.
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Figure 1.4: Illustration of 1D array elements for piezoelectric transducers (left) and CMUTs (right).
Several elements are placed next to each other in close distance to maximize the active area.

L J Image .
area Active elements
Beam profile
Beam profile
Active elements
t\\lmage

area

Figure 1.5: Linear array imaging: a group of Figure 1.6: Phased array imaging: all elements
active elements at the time to form straight image active and electronically steered to form a fan
lines. [9] shaped image. [9]

drawing program. The piezoelectric transducers on the other hand is made from a crystal rod which
is diced out using a saw. This makes it very cumbersome to make curved structures and furthermore
limits the smallest feature size due to aspect ratio of the elements after dicing and width of the blade
which limits the smallest possible kerf between elements.

The resonant frequency for the two types of transducers is adjusted to the desired value with different
methods. For piezoelectric transducers it is determined from the thickness of the element and for
CMUTs it is determined from the radius, stiffness and thickness of the capacitor top plate. To obtain
a higher resolution in the ultrasound images a higher frequency is necessary. A higher frequency
means smaller elements which can be a challenge to make with the piezoelectric transducer fabrication
method, however, for the CMUT the width of the structure is limited only by the wavelength of the
light used for patterning the layers and much smaller structures can be obtained.

The CMUT is chosen for the transducers in this project due to the high design flexibility and the large
bandwidth which can open up for possible optimization of the transducer itself for more advanced
imaging methods.



|
128 elements

Figure 1.7: lllustration of a 128 element 1D array in a probe handle. A zoom on the array is seen, in
this case a CMUT array.

1.2.2 CMUT Fabrication

Fabrication of CMUTS can be based on two different fabrication principles: sacrificial release or fusion
bonding. Several versions of these processes have been proposed during the years and these will be
commented on in section 1.3. Here, the basics of each type of process will be explained together with
argumentation for the choice of process in this project. A sketch of a CMUT made with sacrificial
release (a) and fusion bonding (b) fabrication processes can be seen in Figure 1.8.

The sacrificial release method, shown in (a), is basically deposition of an insulation layer, a sacrificial
layer and another insulation layer followed by etching of the sacrificial layer to form the cavity [10, 11].
An electrode is then made on top of the suspended plate. A huge disadvantage with this process is
that the plate will have a high built-in stress after end of fabrication which will affect the bending and

(a) (b)

Figure 1.8: Two basic processes used for fabricating CMUTs [3]. a) lllustrates the sacrificial release
process with blue being the bottom silicon electrode, green being the silicon nitride insulation layer
and plate, and purple the metal layer for the top electrode. b) Illustrates the fusion bonding process
with blue being the silicon bottom electrode and top plate/electrode, and red being the silicon oxide
support post and insulation layer.



vibration in ways that are harder to calculate. Furthermore as the layers are grown or deposited slowly,
it limits the reachable thickness of the plate and gap and also etching the sacrificial layer through
etching holes can be a challenge.

The simplest possible fusion bonding process, shown in (b), is basically a substrate wafer with an
insulation layer, an etched vacuum gap, and then a silicon-on-insulator (SOI) wafer fusion bonded
to the supporting posts [12]. Most of the SOI wafer is then etched away to form the plate. With this
process it should be easier to control the vertical thickness as fewer layers are required, however, the
uniformity of the SOI wafers are not always good which can be a disadvantage. The best uniformity
obtained from SOI wafer manufacturers are +0.3 ym, which is quite a lot when the plate thickness is
in the order of 0.5 —5 pum. Another challenge is the fusion bonding itself which is not a very standard
cleanroom fabrication process and requires an extremely flat and clean surface.

In this project it was chosen to use the simplest possible fusion bonding method as a start. The reason
is that it was of higher priority to obtain good working devices than to optimize the structure itself with
the risk of low yield or unsuccessful processing. Furthermore, the group at DTU Nanotech already had
experience in fusion bonding and a process that only needed slight modifications to work for imaging
CMUTs already existed.

1.2.3 The CMUT Device

The basic CMUT structure is shown in Figure 1.3b. A more detailed cross section of a CMUT including
definition of expressions for the different parts can be found in Figure 1.9. Basically the CMUT consists
of a fixed bottom electrode, a flexible top electrode (or plate), a vacuum gap between the electrodes
and an insulator called the support post to separate the electrodes. An insulation layer inside the cavity
is also needed to avoid leak currents and short circuiting.

For an illustration of definition of device parameters, see Figure 1.10. The plate can be both circular
with radius a or square shaped with side length 2L. The deflection in the center of the plate is called wy.
The plate thickness is &, the vacuum gap g and the insulation layer thickness 7ox. An external circuit
is used to drive the CMUT which consists of both a DC voltage to pre-deflect the plate for higher

Top contact Plate/top electrode

Vacuum gap

Substrate electrode

Figure 1.9: CMUT cross section with device parts illustrated. The CMUT consists of a metilized flexible
plate over a vacuum cavity, an insulation layer and a fixed bottom electrode. The supporting insulator
is called a post or simply support. The access to the top and bottom electrodes of the capacitor is
called top and bottom contacts.




Figure 1.10: CMUT cross section with device dimensions illustrated. For a square cell half the side
length is called L and for a circular cell the radius is called a. The plate thickness is h, the vacuum gap
height g and the insulation layer thickness tox. When a voltage V is applied, the plate deflects wy in the
center.

sensitivity and an AC voltage for generating the ultrasound waves. The most important parameters for
the CMUT is its resonant frequency, bandwidth, and pull-in voltage and these are determined by the
dimensions of the device. The resonant frequency, fp, is found from the radius, a, for a circular plate or
the sidelength, 2L, for a square plate and the thickness of the plate, 4 and scales as

foo<ha®. (1.3)

The bandwidth, BW, is dependent on the damping, mass and resonant frequency of the CMUT and
scales with the thickness of the plate as

BW =b/(wym) =< 1/h?, (1.4)

where b is the damping, @y is the angular resonant frequency and m is the mass. From this equation the
difference in bandwidth for piezoelectric transducers and CMUTSs can be seen. The damping and the
resonant frequency are identical for the two, however, the mass of the CMUT is much lower than the
mass of a piezo-rod which will result in the larger fractional bandwidth for CMUTs.

Pull-in voltage, Vpr, is the applied voltage where the plate is deflected so much that the restoring spring
forces cannot balance the attractive electrostatic force anymore. The plate will snap down to the bottom
of the cavity. For the conventional mode of operation, this therefore defines the maximum operating
voltage, and it scales with gap height, plate thickness, and radius/sidelength as

Vpr o< g°h° Ja®. (1.5)

When increasing the bias voltage the plate will deflect towards to bottom electrode and the higher the
bias the softer the plate will be as the effective stiffness is reduced. The electromechanical coupling
efficiency increases with bias voltage and approaches unity at the pull-in voltage. This means increased
performance the closer to the pull-in the device is operated. The principle of pull-in and pull-out, which
happens when lowering the bias again, is illustrated in Figure 1.11.

Examples of dimensions of a CMUT and the resulting resonant frequency and pull-in voltage can be
seen in Table 1.2. The fractional bandwidth for CMUTs is usually in the order of 100 % [1, 14].

Using (1.3)-(1.5) as design guidelines, CMUTs with the desired parameters can be produced. Later
chapters will go into the specific design and fabrication of the CMUTs in this project.
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Figure 1.11: Principle of pull-in and pull-out. In the first phase (1) when increasing the applied voltage
the plate moved closer to the other plate, in (2) it reaches the pull-in voltage and the plate snaps down
and touches the other plate. Lowering the voltage again the plates are stuck together (3) until the snap

back voltage, which is usually lower than the pull-in voltage, is reaches in (4) and the flexible plate is
released. Figure from [13]

Table 1.2: Example of device dimensions for a circular cell CMUT and the resulting calculated
parameters. These are realistic values for CMUTs made for medical imaging.

Parameter Value

Radius 30 um

Plate thickness 2 um
Gap height 300 nm
Resonant frequency 8.4 MHz

Pull-in voltage 104 V




1.2.4 Operating the CMUT

In a real device, the CMUT does not only consist of one cell as the one shown in Figure 1.10. Multiple
cells (in the order of 300-500) are placed in an element and connected in parallel to obtain a higher
signal when operating at the frequencies used for ultrasound imaging. An illustration of this can be
seen in Figure 1.12. Part of an array is shown with a zoom in on one end of two elements. The cells
can be seen closely packed within each of the elements to maximize the active area. Each element ends
in a contact going to the opposite sides for every second elements. A contact pad for contacting the
elements seperately is also seen. Pitch and kerf of the device is furthermore illustrated.

When operating the CMUT in transmit a DC voltage is applied as well as an AC as mentioned earlier.
This is to reduce the nonlinear effects. The applied AC voltage has the form V = V'sin(®t). In the
theory chapter, it can be seen that the potential energy of the CMUT scales with the voltage squared
and without the DC bias this results in

1
V2 =V"sin*(0t) = 5v’2(1 —cos(2mt)) (1.6)

This way the emitted waves will have the double frequency. This can be avoided by having a DC bias
which is significantly larger than the AC voltage such that

V2 = (Vpc + V'sin(ot))? = Vi3 + V' sin?(ot) + 2Vpc V' sin(wr), (1.7)

and the second term on the right side will be neglectable. Using this operation conditions, the CMUT
in transmit will look as sketched in Figure 1.13 with a DC and an AC voltage applied. In the receive
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Figure 1.12: Sketch of 1D CMUT array with a zoom in on two elements to show the cells and the
contact pads. Furthermore, the pitch is defined as the distance between two elements and the kerf is

defined as the spacing between two elements.
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Monitor

Figure 1.13: A CMUT in transmit mode with a Figure 1.14: A CMUT in receive mode with a DC
DC and an AC voltage applied to have the device applied to increase sensitivity and a monitor to
bias when sending out a signal. shown the received AC signal.

mode the situation will be as sketched in Figure 1.14, where the received signal can be collected and
shown on a monitor instead of applying an AC signal.

1.3 Literature Review

This review will cover several areas of the CMUT technology. First of all the fabrication, going from
the simple processes in the beginning and how CMUTs started through more advanced processes.
Furthermore, a review of the theoretical work on CMUTs will also be given before focusing on 1D
arrays and CMUTs used for medical imaging applications and probe assembly.

1.3.1 Fabrication

The first capacitive ultrasonic transducers were actually not fully micromachined. For example Schindel
etal. [15] made a bottom plate with microfabricated cavities covered by a kapton or mylar film, however
these devices are not possible to make vacuum sealed and the resonant frequency can be hard to control.
Actual micromachined capacitive transducers (CMUTs) were developed at Stanford University who
also holds the majority of publications within the field. Haller and Khuri-Yakub has the first paper in
1994 with a slightly extended version in 1996 [16, 17]. These first papers explain the principle of the
micromachined transducer and show devices fabricated by use of sacrificial oxide etch to form the
cavities.

The sacrificial release process has been developed a lot since the first processing, starting with Jin et al.
in 1998 [10] who changed the sacrificial material to polysilicon for better cell size control (defined by
lithography instead of timed etching and higher selectivity to the surrounding insulating silicon nitride
layers) and possibility for vacuum sealing.

Many variation of the sacrificial release process has been proposed since, e.g. Caronti et al [11]
who used chromium as sacrificial layer, Chen et al. [18] who used phosphosilicate glass (PSG) as
sacrificial layer, and Noble et al. [19] who used polyimide as sacrificial layer. The important thing for
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all the sacrificial release processes is to have high selectivity between the sacrificial layer and the layer
surrounding it.

More advances processes and designs have also been proposed, e.g. Cheng et al. [18] who made a
miniature CMUT device for invasive imaging purpose by etching the device out from a wafer resulting
in a very thin substrate and with the purpose of minimizing the trade off in penetration depth. Another
example is the reverse fabrication process made by Caliano et al. [14] where the standard sacrificial
release process is turned around so the first layer that is deposited is the plate and backing and protection
of wire bonding interconnects can be included automatically.

In 2003 Huang et al. [12] developed a CMUT fabrication process based on fusion bonding. With this
process it is possible to control the uniformity and variations in gab height much better as fewer layers
of thinfilms are used and the plate is formed by the device layer of a Silicon-on-Insulator (SOI) wafer.
Both the fusion bonding process and the sacrificial process is still used today.

A lot of variations has also been proposed for the fusion bonding process to optimise the device
structure. Among these are Kupnik et al. in 2007 [20] who extended the insulation layer structure to
improve limitations on electrical breakdown, parasitic charging effects, and gap height. Furthermore,
it has been desired to make the electrical connection to the bottom electrode through backside of the
device, especially for realizing 2D arrays. For this purpose processes was developed which incorporated
through wafer vias (also optimized specifically for CMUT applications [21,22]). One of these processes
are the thick burried oxide process from Kupnik et al. [23] where the structure is optimised to only
have a high electrical field right under the movable plate and still have thickened supporting oxide
posts. Another advantage with this process is increase patient safety as ground will be on the top
electrode. The challenge with this process is to etch the vias through the thick burried oxide layer
with the dimensions required for medical imaging purposes. Another example is the LOCOS process
by Park et al. [24] where Local oxidation of silicon (LOCOS) is used to extend the oxide posts and
still be able to perform fusion bonding without the need of chemical-mechanical polishing (CMP)
(used in [20]). This process has successfully been used for fabricating 1D arrays, however, for 2D
arrays it has been a challenge to incorporate the through wafer vias in the process while keeping high
enough surface quality to perform fusion bonding. To avoid the through wafer vias and still be able to
contact the elements from the backside Zhuang et al. [25] suggested an alternative process based on
trench-isolated interconnects with a supporting frame. This process is however very challenging to
complete with high yield.

There has also been several more creative suggestions to improve the CMUT structure. These include
e.g. piston shaped membranes [26] with extra mass added to the plate to make the movement more
piston like and get more power transmitted and substrate-embedded springs for non-flexural plate
movement [27].

Almost at the same time as Stanford developed the first CMUTSs, Eccardt et al. [28] made a CMUT in a
CMOS process also with a sacrificial release process of oxide but without changing the layers of the
CMOS. The CMUT-in-CMOS structure has the advantage of easy integration with electronics, however,
other limitations such as optimising the CMUT structure itself may be the reason why this method
for fabrication is not as widespread. An alternative has been proposed where the CMUT is fabricated
as postprocessing of a CMOS wafer (CMUT-on-CMOS) to avoid the space limitations [29,30]. An
other process for easing integration with electronics has also been proposed by Tsuji et al. [31] where a
low-temperature wafer bonding process was realized by use of a Titanium adhesion layer.
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Very alternative device structures has also been proposed. For example having one big plate in an
element instead of multiple cells has been proven to work as well [19] (also a low temperature CMOS
compatible process) or a split of transmit and receive to avoid the trade off between transmitted power
and receive sensitivity by using a grating in the bottom of the cavity and optical read out instead of
capacitive [32]. This device has to be made on a glass wafer substrate so it is possible to shine light
through the backside. Using atomic layer deposition (ALD) for deposition of the different layers to
better thickness and hence device parameter control has also been suggested [33].

Using both the sacrifical release process and the fusion bonding process it is also possible to make
curved transducer arrays for convex array imaging [34,35]. For this imaging method you use the same
exitation scheme as for the linear arrays imaging pictured in Figure 1.5 but are able to scan a fan shaped
area as for the phased array imaging method shown in Figure 1.6.

1.3.2 Theory

Precise modeling of CMUTSs is important for an efficient design process. The deflection of the movable
plate is an important parameter that influences several basic CMUT parameters such as pull-in voltage
and capacitance. The first decade after CMUTSs were invented, various analytical models were presented
for circular cells, which included more and more features of the device behaviour [36-38]. However,
all of them were based on parallel plate approximations for the deflection leading only to estimates of
the critical CMUT parameters. Later, the actual deflection of the movable plate clamped at the edges
was taken into account [39—41], where it was used for calculating pull-in voltage and expansions of
equivalent circuit models. The effect from having a non-uniform load on the plate was included in
solving the plate equation by [40] who used superposition and a concentrically loaded plate, and by
[42] who used the Galerkin method. The non-uniform load occurs when the bias voltage is increased,
as the electrostatic force will be greater where the gap is smaller, an effect getting more distinct when
the deflection is larger. However, it is not necessary to include for the typical CMUT case, where the
plate never deflect more than half the gap due to pull-in.

All of these models assumes a circular plate geometry of the CMUT cells. For circular plates, a simple
and exact solution for the deflection exists [43], but this is not the case for square plates. Existing
solutions for the deflection of square plates is based on series expansions with either trigonometric [44]
or polynomial basis functions [45].

Most existing analytical approaches use the isotropic plate equation to calculate the deflection i.e.
[39,46]. However, when using fusion bonding fabrication technology [12], the plate usually consists
of crystalline silicon. Having a silicon (001) substrate, which is most often used, Young’s modulus
and Poisson’s ratio are strongly anisotropic. The isotropic approach is then invalid, and this results in
deviations in the deflection compared to finite element modeling (FEM) and measurements. Therefore,
to get precise modeling of these CMUTs, the anisotropy of silicon needs to be taken into account. None
of the above mentioned works, however, take the anisotropy of the plate into account.

For the first fabricated CMUTSs there was no need for using anisotropic plate theory, as the plate usually
consisted of silicon nitride or polysilicon when fabricated with the sacrificial release method. After
the fusion bonding fabrication method was applied to CMUTs, the anisotropy of the plate, which
now consisted of crystalline silicon, was considered [47]. However, instead of solving the problem
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analytically, finite element modeling (FEM) was used to estimate a set of material parameters (Young’s
modulus and Poisson’s ratio) to use in the models to get an approximation as close as possible to the
correct anisotropic solution.

In this project solutions to the full anisotropic plate equation for both circular and square plates are
presented. The models were initially presented in [48] for an anisotropic plate with circular geometry,
and this was then modified and expanded to include square plates as well in [49]. For the circular
cells the symmetry reduces the plate equation and an exact solution for the anisotropic case can be
obtained similarly to the isotropic solution. The approach used to solve the equation for the square
plate is the Galerkin method [50]. Utilizing the symmetry of the silicon crystal, a compact and precise
approximation of the deflection of a square plate can be obtained for the anisotropic case.

The plate usually also consists of more than one material. The theory of laminar plates is described
in [51,52] and in this project, the multilayer plate theory including anisotropy is applied to calculate
important parameters for a two layer silicon/metal plate typically used for fusion bonded CMUTs.

Having found the deflection of the CMUT plate, a model for the electrostatic behavior of the transducer
can be set up. Circular cells have been investigated thoroughly during the years and a full model for
this plate geometry has recently been presented [41], whereas the full electrostatic analysis for the
square plate has not been investigated previously. Furthermore, none of the existing models include the
anisotropy. The full anisotropic electrostatic analysis for both circular and square plates are developed
in this project and presented in [48,49, 53].

1.3.3 Imaging

CMUTs have been developed for imaging purposes all the way from the beginning and the first
pulse-echo B-scan images using a 1D CMUT arrays was demonstrated in 2000 by Oralkan et al. [54].
For this demonstration only 16 elements were used, however, similar experiments were conducted a
little later with the first pulse-echo images with a 128 element array [1]. Both of these use devices
made with the sacrificial release process using poly-silicon as sacrificial layer and a bandwidth of 80 %
was observed as well as a center frequency of 2.3 MHz and 3 MHz, respectively.

After proving that CMUTS can be used for medical imaging the next thing is to assemble the transducers
into a probe handle and to compare with a standard piezoelectric transducer and both have been done
several times. Mills assembled CMUTs made with both fabrication processes into probe handles and
compared to a piezoelectric probe and connected the probes to a real ultrasound scanner [55]. A flexible
PCB is used for mounting the device and fold the connections backwards. In-vivo images are shown
and compared with the conclusion that CMUTs perform slightly better in terms of resolution and
bandwidth, however the piezoelectric probe has better depth of penetration. The fractional bandwidth
is shown to be 130 %.

Caliano et al. [14] also assembled a surface micromachined CMUT array into a probe and made
measurements first in air, then water-based phantoms and then in-vivo. The transducers had 64
elements, wirebonding was used for connections and silicone was used to protect the surface of the
device with no acoustical lens applied for this prototype mounting. On average a fractional bandwidth
of 100 % is observed for a center frequency of 2.9 MHz. Using a wire phantom a comparison to a
piezoelectric array is made and the conclusions are that the CMUT appears to perform better in terms
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of axial resolution whereas it suffers from lower sensitivity.

In-vitro characterization and comparison between arrays have also been made to compare the image
quality more quantitatively [56]. Similar image quality is observed for the two probes despite an
environment favouring the piezoelectric transducer, the comparison is done with a standard imaging
system, and performance of the CMUT could be increased by using a dedicated system.

A wearable probe has also been mounted using a flexible PCB with the purpose of constant monitoring
of patients [57]. Here a PDMS lens is used for focusing and the ultrasound field in the focal point is
measured to 750 kPa. Both phantom and in-vivo images were demonstrated. The array is mounted
with electronics made in-house.

Savoia et al. [58] have made probe assembly using their reverse fabrication process where mounting
of the device is incorporated into the process itself by turning the active side of the device during
the processing to avoid through wafer vias but still obtain contact on the backside of the device. The
process then also automatically includes backing. A 192 element CMUT array was compared to a
piezoelectric array and a bandwidth of 105 % was observed with a center frequency of 11 MHz which
is higher than for the piezoelectric probe. Analysis of the 2-way sensitivity showed better performance
of the piezoelectric probe. Real-time in-vivo images are shown and compared.

A very alternative device has also been demonstrated to work for imaging on a wirephantom. It is
the 21 element needle shaped miniature array made for invasive imaging by Cheng et al. [18]. A
bandwidth of 116 % and a center frequency of 3.8 MHz are measured.

Testing of CMUT arrays for medical imaging and development of a flexible system for this purpose
is part of the work done in this project as well as assembly of CMUTs into probe handles. For this
purpose an investigation of PDMS as coating was also made and presented [53]. Coating of CMUTs is
important for insulation between the surface of the elements and the patient when applying the high
voltages required for operating CMUTSs. Furthermore it also protects the surface of the device against
environmental factors and e.g. degradation of the electrodes [59].

A possible coating material should have good acoustical properties such that the impedance matches
with the medium for high energy transfer, a glass transition frequency smaller than 1 MHz for operation
of the CMUT in the MHz range and a glass transition temperature below room temperature providing a
low static Young’s modulus for preserving the CMUT’s pull-in voltage [60]. Furthermore the coating
needs to be biocompatible. Polydimethylsiloxane (PDMS), Sylgard 170, is chosen as coating material
in this work as it fulfils 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 [59,61] 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, but
the stress in this thinfilm highly affects the device performance [62]. Different 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 [60,61]. Many of the experiments regarding coating have been conducted in air using a
vibrometer and thus need further testing to check the influence on performance for imaging.

In this project it has been investigated how the Sylgard 170 PDMS coating affects the CMUT perfor-
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mance through comparison of the transmit pressure and receive sensitivity for devices with and without
coating [53].

1.4 Scope of Project and Motivations

This project is part of a large ultrasound project funded by the Danish Advanced Technology Foundation.
It is a collaboration between Center for Fast Ultrasound Imaging at DTU Electrical Engineering who are
experts in ultrasound imaging and the MEMS-Applied Sensors group at DTU Nanotech who possesses
a very high level of skills and experience within microfabrication. Furthermore, it is conducted in close
collaboration with BK Medical (BK) and Sound Technology Inc. (STI).

First, this project seeks to obtain a basic knowledge and understanding of the CMUT device through
analytical modelling. As several models have already been described, the focus in this project is to
include the anisotropic effects in the analytical modelling and give a better description of a square plate
geometry.

Second, it is desired to design and fabricate 1D CMUT arrays. For the fabrication it is chosen to use
the fusion bonding process as the MEMS-Applied Sensors group had a lot of experience with this
non-standard cleanroom fabrication technique. The simplest possible process is developed to obtain
good working devices with a high yield and short fabrication time.

Third, a test setup for characterization of the fabricated transducers should be made. As it is expected
that several transducer designs should be tested within the large ultrasound project, it is important to
develop a flexible platform for evaluating CMUTs. This part is made together with BK medical who
are in charge of designing PCBs and electronics.

Last, a prototype CMUT probe should be produced. Fabricated devices should be mounted into real
probe handles. This prototype assembly is mainly made towards the end of the project with a timeline of
100 days. It should be produced all the way from design and fabrication of new chips (DTU Nanotech),
design and production of electronics (BK) and assembly with backing, coating and lens in a probe
handle (STI). Next is imaging with the array and a comparison with a piezoelectric probe. This is to
observe which challenges would come up during such a probe production process, and the results will
be explained in the thesis.

1.5 Thesis Outline

This thesis can be seen as a guide to fabricate, design and characterize 1D CMUT arrays and give an
example of how to produce a prototype CMUT probe.

The thesis structure is as follows:

Chapter 1: Introduction - Describing the basis of ultrasound, transducers and the CMUT as well as a
litterature review of CMUT fabrication, theory and CMUTs for medical imaging.
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Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

Chapter 7:

Theory - Describing the electrostatic analysis of CMUTs with anisotropic circular and square
plates which was developed in this project with focus on fusion bonded CMUTs. Multilayered
plates are also covered and calculated deflections are compared to measurements. Energy
considerations are used.

Stanford Arrays - Describing design, fabrication and measurements of the first 1D arrays in this
project. The work was carried out at Stanford University. One array was assembled into a probe
by Vermon and the first images were made with CMUTs at DTU. The importance of high quality
oxide was realized.

Baseline Process - Describing development of a baseline process for fabricating CMUTs at DTU.
Includes a detailed description of a fabrication run with the process and electrical measurements
on the 1D arrays. Issues with charging in the CMUTs was discovered and a possible solution to
avoid the charging found.

Evaluation Platform - Describing development of a flexible platform for testing multiple trans-
ducer designs while reusing the electronic parts. The system is developed in collaboration with
BK Medical. It is used for evaluation of the coating effects of CMUTs and for medical imaging
with the 1D arrays made with the baseline process and different imaging methods.

TABLA Prototype Probe - Describing the design and assembly of the prototype CMUT probe
developed in collaboration with BK Medical and Sound Technology Inc. Initial tests with the
two first probes are shown.

Conclusion and Outlook
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CHAPTER 2

Theory

This chapter will cover the essentials of the electrostatic theory for the CMUT. It is submitted for
publication in [63] which can be seen in appendix E.

Many important design parameters for CMUTs depend on the deflection of the plate. The full
anisotropic plate equation and solutions for both circular and square plates will first be presented. The
models were initially presented in [48], see appendix C, for an anisotropic plate with circular geometry,
and this was then modified and expanded to include square plates as well in [49], see appendix D,.
Furthermore, the multilayer plate theory including anisotropy is applied to a two layer silicon/metal
plate typically used for CMUTs. Having found the deflection of the CMUT plate, electrostatic analysis
can be performed to find the stable position of the plate, when applying a certain bias voltage. The
stable position is the position where the spring force balances the electrostatic and pressure forces.
From this the pull-in distance and pull-in voltage can be found.

An illustration of the CMUT cell analysed in this chapter can be seen in Figure 2.1 which shows a
cross sectional view of a CMUT cell with an applied voltage. The device parameters are illustrated for
both circular and square plates and these notations will be used throughout the analysis.

2.1 Plate Deflection

Conventionally, the deflection w(x,y) of a CMUT with a thin plate is modeled using the isotropic plate
equation [44]
*w o*w o'w p

ox* +28x28y2 * oy* Dy @D
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Figure 2.1: Cross sectional view of CMUT cell with applied voltage. For a square cell the sidelength is
2L and for a circular cell the radius is a. The plate thickness is h, the vacuum gap height g and the
insulation layer thickness tox. When a voltage V is applied, the plate deflects wy in the center.

where p is the applied pressure difference across the plate and the flexural rigidity is given by

E
Di=——h 2.2

with E being Young’s modulus, v being Poisson’s ratio, and / being the thickness of the plate.

For thin clamped circular plates, an exact solution exists. For such a plate with radius a, the center
deflection is given by [43]

1 a*p
W0 iso,circ = a D
i

2.3)

For clamped rectangular and square plates, no simple exact solution exists and approximate methods
have to be used. The conventional isotropic approach is based on a series expansion of the deflection,
and the center deflection for a thin clamped square plate having side length 2L is [44]
L4
Woiso.sq = 0.020245 Dp . (2.4)

1

To take the anisotropy of the plate into account and avoid the inaccuracy from isotropic modeling,
the stiffness of the plate needs to be described through the stiffness matrix of the material instead of
Young’s modulus and Poisson’s ratio.

The generalized plate equation is used to include the anisotropic effects. This is a differential equation
for the deflection, w(x,y), of a thin anisotropic plate exposed to a uniform load p given by [64,65]

*w a4

Tk w o*w 4w d'w  p
ot T ox3ay

929y + k3 930y +ky = —. (2.5)

k
+ ko o D,

The plate coefficients ki-k4 and the anisotropic flexural rigidity, D,, depend on the elastic constants of
the plate material

eff
4CTy3
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C] 1

b2 daieeh) et o
2 = Ceff 3= ceff
11 11

eff
Cl 1

k=

ky = D, = HR3CSH, (2.6)

where ngf are elements in the effective stiffness matrix. Note that the stiffness of the plate is no longer
expressed through Young’s modulus and Poisson’s ratio but directly through the stiffness values. The
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Table 2.1: Room temperature (300K) compliance coefficients for n-type crystalline silicon measured by
[66] for a substrate with low doping level (150 Q-cm, ~ 2.8 X 103 em™3) and high doping level (3.26
mQ-cm, ~ 2.1 x 10 em™3).

Low doping High doping
s$, 7.691 x 10712 Pa~! 7.858 x 10712 Pa~!
56, —2.1420x 10712 Pa~! 22254 x 1072 pa™!
sS,  12.577x1072Pa”! 12,628 x 10712 Pa~!

Table 2.2: Selected values for the plate coefficients and anisotropic flexural rigidity for plates on a
silicon (001) substrate [64]. Upper values in brackets are for low doping level and lower values for
high doping level.

Orientation vy K ky ks ki  12D,/h*[GPa]
2.8133 40.0006 140.96 £0.03
[100] 0 0 1
2.8559 +0.0006 138.3540.03
1.3241 +0.0004 169.62 £0.03
[110] /4 0 0 1
1.2949 4 0.0004 167.9640.03

effective stiffness matrix is found from the relation between stress and strain and for silicon it becomes

1 1 1 _ 1
Stwsy Wy &
Cett _ 1 N U L __ 0 i 2.7
Si(001),[110] ) R, 5 T 2.7
1
0 0 2,

The elements in this matrix are in the crystallographic coordinate system and are known from measure-
ments and shown in Table 2.1 [66]. Equation (2.7) is specifically for having silicon as plate material
and performing standard cleanroom fabrication, the plate will usually be on a (001) substrate and
aligned to the primary wafer flat. Flat alignment is to the [110] direction. A transformation of the
compliance matrix between the two coordinate systems is performed to obtain (2.7) [64].

Using the compliance values for silicon (Table 2.1) and inserting the stiffness elements in (2.7) into
(2.6), it follows that k; = k3 = 0 and k4 = 1. Thus, aligning the plate to the primary flat simplifies the
anisotropic plate equation (2.5). This is also the case for aligning the plate along the [100] direction.
For these two special cases, the coefficients in the plate equation are summarized in Table 2.2 for both
high and low doping levels of the substrate.

2.1.1 Deflection of Circular Plates

The solution to (2.5) for a circular plate of radius a fixed at the boundary is easily obtained using polar
coordinates. The deflection at a point a distance r from the center is given by [43]

WVEZ) - <1 - (;)2>2 2.8)
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Table 2.3: Young’s modulus and Poisson’s ratio for silicon (001) and a plate aligned to the [100] and
[110] directions as well a the mean values for these.

Young’s modulus Poisson’s ratio

[100] direction 130 GPa 0.278
[110] direction 169 GPa 0.062
Mean value 148 GPa 0.177

This expression is similar to the deflection for the isotropic case, however, the center deflection is
different

1 a‘p
c=—————— . 29
W0 circ 3 (3 + ]Q T+ 3k4) Da ( )
By combining (2.3) and (2.9) it is possible to find an effective flexural rigidity
34k, +3k
Defr = %Da. (2.10)

This can be used to easily change from the isotropic plate equation to the anisotropic plate equation in
already existing analytical models of CMUTs. An example of this will be shown in section 2.2. Using
the plate coefficient values from Table 2.2 for a highly doped (001) silicon plate aligned to the (110)
direction, the effective flexural rigidity becomes Dqg = 0.91551D,.

To compare the anisotropic model with the isotropic approach and FEM simulations, the normalized
deflection of a CMUT exposed to a pressure difference is shown in Figure 2.2. The FEM simulations
were performed in COMSOL Multiphysics version 4.2a using the full anisotropic stiffness tensor and
the curves are normalized to the center deflection of this. The isotropic curves are made using (2.8)
and (2.3) and Young’s modulus and Poisson’s ratio along the [100] and [110] directions (see Table 2.3)
to give the dash and dashdot lines, respectively. The anisotropic solution is made using (2.8) and (2.9)
and is shown as a solid curve. This is on top of the FEM simulation (circles). Due to the symmetry
of the circular plate, any set of parameters from Table 2.2 can be used. Excellent agreement between
the anisotropic solution and the finite element calculation is seen with an error of less than 0.3%. The
figure also shows that using Young’s modulus and Poisson’s ratio corresponding to [100] or [110]
directions leads to errors in the center deflection of around 10%. To reduce this error, it is common
practice to use mean values of Young’s modulus and Poission’s ratio (see Table 2.3) which decreases
the error to around 1.5%.

As it is seen, using the anisotropic approach for a thin circular CMUT plate on a (001) silicon substrate
is simple and the result is exact.

2.1.2 Deflection of Square Plates

Having a square plate makes analytical deflection calculations complicated and approximate methods
must be used to solve the anisotropic plate equation. With the anisotropic approach, the Galerkin
method [50] can be used to find approximate expressions for the deflection of a thin anisotropic square
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Figure 2.2: Normalized deflection cross section (y = 0) of a thin circular plate of silicon (001) calculated
with (2.8) using both the isotropic approach (2.3) with Young’s modulus and Poisson’s ratio in the
[100] and [110] directions and the anisotropic approach (2.9). The circles represent the deflection
calculated by FEM.

plate. As previously stated, in the most common case for CMUTs, the plate is fabricated on a silicon
(001) substrate and aligned to the [110] direction. For this orthotropic square plate with sidelengths 2L,
the relative deflection is found to be [64,67]

S [-OTE-@T @] en

where the plate parameter f3 is defined as

182+ 143k,

= 1432 4+91ky

2.12)

Equations (2.11) and (2.12) are also valid when the plate is aligned to the [100] direction on a silicon
(001) substrate. For primary flat alignment, it is found by inserting &, into (2.12) and using the low
doping values Biow = 0.23920 and using the high doping values Byign = 0.23691. For the low doping
case, this results in a normalized deflection for the plate aligned to the (110) direction given by

w(x.) = [1=(/L)* )2 [1 = (/D)2 x [140.23920 [(x/L)> + (y/L)}]],  (2.13)
W0 |sq,Si(001),(110)

and the center deflection becomes

L* p

W0,sq,5i(001),(110) = 0.02196 D 2.14)

a
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Figure 2.3: Normalized deflection cross section (y = 0) of a square plate of silicon (001) calculated
with (2.15) using both the isotropic approach (2.4) with Young’s modulus and Poisson’s ratio in the
[100] and [110] directions and the anisotropic approach (2.14). The circles represent the deflection
calculated by FEM.

For the high doping case, the factor in front becomes 0.02204 for the center deflection. Comparing (2.4)
and (2.14), it is seen that they are very similar containing the same parameters but different coefficients
and the anisotropic instead of the isotropic flexural rigidity.

Figure 2.3 shows the deflection cross section through y = 0 of a square plate of silicon (001) given by
the reduced version of (2.11)

Wy—0sq = wo [1— (x/L)?]’ [1 +B (x/L)z} . 2.15)

The deflection calculated with the anisotropic approach uses k» = 1.3241 in (2.12) and center deflection
(2.14) (solid curve). This is compared to the isotropic approach using k, = 2 in (2.12) and center
deflection (2.4), with Young’s modulus and Poisson’s ratio in the [100] and [110] directions (dash and
dashdot curves), and to a finite element (FEM) simulation made using the full anisotropic compliance
matrix (compliance coefficients from Table 2.1) in COMSOL (circles). The calculated deflections are
normalized to the FEM center deflection. Excellent agreement is shown between the anisotropic curve
and FEM with a deviation of less than 0.1 % whereas the isotropic approach leads to deviations in the
center deflection of around 10 % for both [100] and [110] directions.

2.1.3 Multilayer Plates

For the CMUT application, the multilayer plate will often consist of two layers with silicon as the
main part and a thin aluminum layer on top for contacts. The aluminum is an isotropic material and

24



the silicon is an orthotropic material (when aligned to [110] direction on a (001) substrate). For this
two-layer plate, the total thickness is called 4 and the ratio & = hp;/h is defined from the thickness of
the aluminum, /4;. When the plate is all silicon & = 0 and when the plate is only aluminum o = 1.
Again utilizing the symmetry of the materials, it can be found that k; = k3 = 0 and k4 = 1 so again
only k> and D, need to be taken into account for the usual CMUT plates.

The expressions for k, and the plate stiffness becomes quite long even for the simplified case. Using
the compliance values for highly doped silicon in Table 2.1 and Young’s modulus of £ = 70 GPa and
Poisson’s ratio of v = 0.35 for aluminum in the expressions, they become [63]

Dajsi = (13.9963 GPa — 22.0458 GPa- a)h3 (2.16)
kZ,AISi =1.29493 +1.00464 . 2.17)

Furthermore, it can also be found that when having a sufficiently thin aluminum layer, & < 0.2, a series
expansion can be used and simple correction formulas can be found. This way, the flexural rigidity of
the combined aluminum and silicon plate compared to the flexural rigidity for a plate of only silicon
with the same thickness as the total thickness can be expressed as

Dsi
Ds;

=1-1575¢c. (2.18)

Similarly, for the plate parameter k; it is found that

k2 Alsi

=1-0.775822¢. (2.19)
k> si

Equations (2.18) and (2.19) both use the stiffness values for highly doped silicon from Table 2.1.

For a circular plate, the relative center deflection using the same method as above can be found to be

WoAlSice _ 4 1 437, (2.20)

W0, Sicirc
Doing the same for square plates the relation becomes

WOAISISA _ 1 1 4450, (2.21)
W0,Si,Sq

The error between the series expansion and the full result for the center deflection is less than 2 % for
o = 0.2 for both plate geometries. An example of a typical thicknesses of the layers of the CMUT
multilayer plate is ~2 pm silicon and ~0.2 um aluminum. This gives & = 0.1 and the error when
using the series expansion is less than 0.5%.

As examples on how the aluminum layer influences the plate parameter, stiffness and center deflection
of the circular and square plates, calculations using single and multilayer plate theory can be seen in
Table 2.4. Here, calculations are made with dimensions as the fabricated devices found in Table 2.5. For
the single layer calculations the aluminum layer is not included and a pure silicon plate is considered.
The values for the plate coefficient and flexural rigidity are found in Table 2.2 and for the center
deflections (2.9) and (2.14) are used. For the multilayer plate examples the aluminum layer is included
in the calculations and (2.17), (2.16), (2.20) and (2.21) are used. It is seen that including the aluminum
layer in the calculations affects k, with around 7 %, the stiffness of the plate with around 18 % and the
center deflection with around 12 % in this case.
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Table 2.4: Examples on k, stiffness and center deflection when using single or multilayer plate theory
for both circular and square shaped plates.

a ky 12D, /h? wo
Circ., multi 0.10 1.3954 141.50 GPa 29.4 nm
Circ., Si - 1.2949 167.96 GPa 25.7 nm
Sq.,multi ~ 0.08 1.3753 146.79 GPa 12.5nm
Sq., Si - 1.2949 167.96GPa 11.2nm

Table 2.5: Dimensions of devices fabricated using fusion bonding. Both circular and square shaped
plates were produced.

Circular  Square

Size (a,L) 36 um 325 um
Plate thickness, Si &g 1.8 um 2.3 um
Al thickness hp; 200 nm 200 nm

Gap height (vacuum) g (uncertain) 405 nm
Insulation layer #,x 195 nm 198 nm

2.1.4 Deflection Measurement

To further validate the deflection of the square plate, CMUTs with square silicon plates have been
fabricated using fusion bonding [68]. The dimensions of the fabricated device can be seen in Table 2.5.
The deflection was measured with a Sensofar PLu Neox 3D Optical Profiler using white light interfer-
ometry. Figure 2.4 shows a measured cross section of the normalized deflection for a fabricated device.
It is normalized in both center deflection and distance across the plate to compare the shape of the
measured deflection with the calculated deflection. The red curve is a fit made to the measurements
using the anisotropic model (2.15). The plate parameter 3 is fitted to the measurements. As it is seen
in the figure, the fitted value for B is 0.243. Using (2.17) for calculating 8 for this multilayer plate (2
um highly doped silicon (001) substrate aligned to [110] direction with 200 nm Al) a deviation of only
0.07 % is obtained.

2.2 Electrostatic Analysis

Having found the deflection of the CMUT plate, the device parameters such as stable position, pull-in
distance and pull-in voltage can now be found through electrostatic analysis. The relevant parameters
will first be derived generally before using the theory on three types of capacitors: the parallel plate
capacitor, the circular CMUT plate and the square CMUT plate. The three types will be compared
during the analysis.

The analysis is based on energy considerations. The total potential energy U; consists of three terms,
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Figure 2.4: Normalized deflection cross section (y = 0) from measurement on a fabricated CMUT with
square plate of silicon (001) aligned to [110]. The red curve is a fit made from (2.15).

the strain energy Uy, the electrostatic energy Ue, and the energy from applying a pressure U,
U= Us+ U, +Ue. (2.22)
The method is valid for all systems where the total potential energy is of the form

kow? 1
U = TO — pActiwo — 5vzct(wo), (2.23)
where kg is the generalized spring constant that comes from the calculation of the strain energy, Acfr
is the effective area of the plates i.e. the area that goes into calculation of the work performed by
deflecting the plate due to applied pressure, V is the applied voltage, p the atmospheric pressure, C; the
total capacitance of the device and wy the center deflection of the plate. For the parallel plate kg = k
and Aeff =A.

The total force on the system, Ft, is found by differentiating the total potential energy with respect
to the center deflection, which is used as a reference in this work (any deflection could be used as a
reference)

U 1
Fi= g = kowo = pAar = 5 VG (wo), (224)

where C{(wy) denotes the capacitance differentiated with respect to wy. The stable position of the plate
can be found for a given applied voltage as the point where the total force is zero, so solving

1
kowo = pAegr + EVZCf(Wo)- (2.25)
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The effective spring constant, k., can be found as the second derivative of the total potential energy or
by differentiating the total force
Ik 1

—L —ky— =V2C" (wp). 2.2
aW() k() 2V Ct (Wo) ( 6)

kefr =

Pull-in occurs when the effective spring constant is zero and the pull-in voltage Vpy can be expressed as

2ko
W= . 2.27
PI T (wo) (2.27)
Inserting the pull-in voltage (2.27) into the equation for the stable position (2.25) the pull-in distance
can be found by solving the equation

koCy(wo)

. 2.28
7 (wo) (2.28)

kowo = pAett +
This can then be inserted into (2.27) to obtain the pull-in voltage. Finding pull-in distance and voltage
is therefore a question of solving the two equations (2.25) and (2.28) for the two variables.

In the following, this analysis is shown for both circular and square plates including the anisotropic
effects and for a parallel plate capacitor as well for comparison. Similar analysis has previously been
shown by others for circular plates i.e. [39,41] and are therefore shown here in compact form.

2.2.1 Capacitance

An important variable in the electrostatic analysis for CMUTs is the capacitance. The capacitance
at zero deflection, Cp, of the plate can for both the circular and square plates be divided into two
contributions: The capacitance from the vacuum gap Cy = &A/g and the capacitance from the
insulation oxide between in electrodes Cox = €)€oxA/fox- A is the area of the plates, g the vacuum
gap, & the vacuum permittivity, #,x the thickness of the insulation oxide layer, and €, the relative
permittivity of the oxide. The effect from having both contributions can be collected in an effective gap
height

t,
Seff =8+ —. (2.29)
8OX

The total capacitance at zero deflection can then be written
C <1 4 )1 foA (2.30)
o=\ =+—=— = —. .
‘ Co  Cox 8eff

Taking the deflection of the plate into account, the total capacitance of the device is

_ o
= gl s 23

where 11 = wo/gefr is the normalized center deflection and f(x,y) is a function describing the shape of
the deflection. For circular plates, this function will be (2.8), for square plates it is (2.13), and for the
parallel plate f = 1.
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Figure 2.5: Normalized total capacitance versus normalized deflection for a circular (2.33) and a
square plate (2.34). The parallel plate solution (2.32) shown for comparison.
The total capacitance of a parallel plate capacitor is given by

1
1-n

CLparallel =Cyp (2.32)

For the circular plate, the integral can be solved analytically and the total capacitance becomes
1
Cicire = Co n arctanh,/7). (2.33)

For the square plate, there is no analytical solution. The integration in (2.31) is performed numerically
and is stored using the interpolation function in Wolfram Mathematica 9. The relative error between
the interpolation function and the numerical integration is less than 4 x 10~ and this function can be
used like a normal expression for further calculations. The total capacitance can be written

Cisq = Cofi(M). (2.34)

where f;(1) is the interpolation function. Alternatively, a Taylor expansion can be used, however, at
least 8 terms is needed to get sufficient accuracy.

Figure 2.5 shows the total capacitance normalized to the total capacitance with no deflection, C;/Cy,
versus the relative deflection, 7, for all three cases. It is seen that when normalized, the circular
and square plates have similar capacitance responses. For example, at a relative deflection of 0.4
the deviation is 1.4% between the square and circular capacitance, whereas using the parallel plate
approximation results in a much larger difference as seen in the figure.
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2.2.2 Energy Calculations

The total strain energy is calculated by integrating the strain energy density using the relation between
stress and strain and (2.7). Having a thin plate, we can assume plane stress and the expression becomes

1
Us=5 ///(m € ++ 02 + 06 &) dxdydz, (2.35)
where the strains are given by

9?w(x,y)

__9Pw(x,y) _9wly)
dxdy

& =—Z2—F55; &=

o0x2 € = —2

Sy = - (2.36)

The energy due to the externally applied pressure is calculated as minus the work performed (i.e. force
times length, here pressure times area times length) when deflecting the plate

Up=— // pw(x,y)dxdy. (2.37)

The electrostatic energy is expressed through the charge Q or applied voltage V, the vacuum permittivity
€0, gap height g.¢r and the total capacitance C; of the device

1

1
U= —1y2c = —1y2 / / B gudy (2.38)
2 2 ) gerr —w(x,y)

The capacitance inserted during the second equalization in (2.38) is valid for all plate geometries, if
the right expression for the deflection is used in each case. It can be seen how the deflection of the
plate appears, and therefore, the plate geometry and the anisotropy of the plate is included through the
deflection.

For a circular plate (2.35), (2.37) and (2.38) become

1 (/2 2 ra
Us,circ = 5 / /0 /0 r(G]S] + 026 + 0686> drdOdz

—h/2
_ IPmwg (3CHT +2CT0 +3C55 +4C5Y) 2.39)
9a? ’ '
a 1
Up cire = —/ 2nprwdr = —gﬂpazwo. (2.40)
0
1 5 1, 1
Ue,circ = —ECtV = —EV CtO E arctanh\/ﬁ. (241)

Using (2.6) it can be seen that the strain energy can be written in terms of the effective flexural rigidity

3w} 12D,  327Desw}
Us,circzw(3+kz+3k4) AR e (2.42)

By changing the flexural rigidity, it is possible to easily switch between isotropic and anisotropic
calculations in (2.42).
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Comparing (2.42), (2.39), and (2.40) with (2.23) it can be seen that for the circular plate the general

spring constant and the effective area are given by

2- 32Deff7'l? _ 64Deff7L'
3¢2  3a%2

1
Aeff,circ = gﬂaz- (2.44)

ko cire = (2.43)

For the square plate, only the most common case with a highly doped plate on silicon (001) substrate
aligned to the (110) direction is considered. Using the deflection from (2.13) and the capacitance from
(2.34), equations (2.35), (2.37) and (2.38) become

h/2
Ussq = / /L/—L(Gl €] + 026 + 0&6) dxdydz

nj2J-
409673 w2
= rgngens (NCH +25CH + 1 GE +4nCsl). (2.45)
7 = (1001+468B +4768%), 1 =26(11+2p%).
L
Upsasioonig == [ [ pwlxy) ddy = ~GpLiw, &=1215.  (246)
1

Uesq = —Evzcto f(m). (2.47)

Using the value for Bign, 71 = 1138.5 and » = 288.9. Inserting the plate coefficients from (2.6) into
(2.45), it can be seen that the strain energy can be written in terms of the plate coefficients and the
anisotropic flexural rigidity
2
s,sq — 433;325 (71 + Y2k2 + N k4) L;V y
Using the values from Table 2.2 the strain energy for the square plate of silicon (001) aligned to the
(110) direction becomes

(2.48)

2
Us 5q,51(001),[110] = és 0, & = 385.637 GPa. (2.49)

Comparing (2.49) and (2.46) with (2.23) it is seen that for the square plate the general spring constant
and the effective area are given by

2- ‘Ssh3 2h* gs
o
eff 8q — ép (2-5 1)

kosq = (2.50)

2.2.3 Stable Position

Using the expressions (2.42)-(2.41) for the energies and the equation for the stable position (2.25), the
stable position for the circular plate becomes

vstable,circ =

—256g1t1°/*(—a* prr/64 + DTN ger) (—1+1)
3a>Cyo (—arctanh [\/N] + 1 arctanh [\/7] + /7))

(2.52)
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A comparison of the stable position found using the anisotropic approach, (2.52), and measurements
on a fabricated device can be found in Section 2.3.

For the square plate, combining the expressions in (2.49), (2.46) and (2.47), the stable position for the
highly doped square plate on silicon (001) substrate aligned to the (110) direction can be found by
(2.25)

28ett (—L* p&p + 21 N & getr
Vstable,sq = \/ - ( P oc ) (2.53)

Col?f(n)

Devices with square plates were also fabricated and a comparison of the stable position found using
the anisotropic approaches compared to the measured center deflection can be found in Section 2.3.

Originally, the CMUT was modelled by use of a parallel plate approximation [36,37]. The parallel
plate case is also included here for comparison and in this case, the stable position is

. (2.54)

y B 2(_1+n)2geﬁ(—Ap+kngeff)
stable,parallel — Co

From the static analysis, it is possible to present a set of general design plots for CMUTs by using
adequate normalizations. Hereby, the results for circular, square and parallel plates can be compared.
For specific device behavior, the equations for zero applied pressure or voltage can be used to eliminate
the normalizations. These expressions are derived in section 2.2.5.

Figure 2.6 shows the stable position of the plate for varying bias voltages. The bias voltage is normalized
to the pull-in voltage at zero applied pressure V /Vpy po and the deflection to the pull-in distance at zero
applied pressure 1 /Mprpo. It is seen that the circular and square plate give almost identical results,
whereas the parallel plate has a slight deviation. At 80 % of pull-in, which is where the CMUT is
usually designed to operate, the deviation of the square plate result compared to the circular plate result
is only 0.01 %. For the parallel plate the deviation is 0.3 % compared to the circular plate result.

2.2.4 Spring Constant

As mentioned earlier, the effective spring constant can be found by performing the double differentiation
of the total potential energy with respect to center deflection, see (2.26). The generalized spring constant
can be identified from the strain energy for both circular and square plates, (2.43) and (2.50), and for
the parallel plate the spring constant is simply just k. All these expressions can be inserted into the
generalized effective spring constant (2.26) to obtain the effective spring constant for each plate type.
The effect of spring softening is easily seen in (2.26) as the second term and it is seen to depend on the
capacitance. Furthermore, it is seen that the spring constant at zero applied voltage is the generalized
spring constant.

In Figure 2.7, the effective spring constant relative to the spring constant at zero applied voltage kgt /ko
is shown versus the normalized relative deflection 1 /nprpo (lower axis) or normalized voltage (upper
axis). The spring softening effect is clearly seen as the effective spring constant becomes smaller when
the deflection and bias voltage increases. Again the circular and square plate behave almost identical
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Figure 2.6: Stable voltage normalized to pull-in  Figure 2.7: Normalized effective spring constant
voltage at zero applied pressure versus relative versus relative center deflection normalized to the
center deflection normalized to the pull-in dis- pull-in distance for circular, square and parallel
tance at zero applied pressure for circular (2.52), plates.

square (2.53) and parallel plates (2.54).

and the parallel plate approximation differs from the two. Operating at 80% of pull-in the deviation
between square and circular plate results is 0.47% and for the parallel plate it is 12.5%.

In general, it is seen from Figs. 2.6 and 2.7 that the overall behaviour of the CMUT is well captured
by both the more accurate results for the circular and square plates but also by the parallel plate
approximation. The difference lies in the normalizations i.e. the pull-in point calculation which is
different for each case when using the actual shape of the deflection. The anisotropic effects are
included through these as well. This means that practically the simple expressions can be used to model
the CMUTs with good approximations, if using the specific de-normalizations for each plate type.

2.2.5 Pull-in

For the parallel plate, the pull-in distance at zero applied pressure is given by 7py po paraliel = 1/3. The
corresponding pull-in voltage is

VPI,pO,parallel = (255)

The pressure dependence on the pull-in distance can be found analytically for this plate type and is
given by

NP1 parallel = 1/3 + 2/3pr7 (256)

where the relative pressure is given by p, = pA/(gefek). The relative pressure is the applied pressure
normalized to the pressure it takes to deflect the plate the size of the effective gap, p,. Figure 2.8 shows
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the linear dependence of the pressure on the pull-in distance, (2.56), as the black dotted curve. The
pressure dependent pull-in voltage can for the parallel plate also be calculated analytically and is given

by

(—Ap + kgesr)®

2.57
27C0k? gefr @37

VPI7 parallel —

It is seen that the influence of the pressure on the pull-in distance, and thus also the pull-in voltage, is
dependent on the geometry of the device. Defining the relative pull-in voltage as Vie; = Vpr/ Vprpo and
using (2.57) and (2.55), the relative pull-in voltage for the parallel plate yields

(3/2)

Vrel,parallel = (1 - pr) . (2.58)

Figure 2.9 shows a comparison of the relative voltage versus the relative pressure with a black dotted

curve for the parallel plate.

Looking at the circular plate and the special case where the applied pressure is zero, the relative pull-in
distance becomes 7Npy po cire = 0.463 from (2.28). With this pull-in distance inserted into (2.52), the
pull in voltage at zero applied pressure for the circular plate becomes

89.4459Dcfrg%;
VPI,pO,circ = 76126'0 .
t

To find the influence of the pressure on the pull-in distance, (2.28) is evaluated for varying values of the
pressure. The result can be seen as red points in Figure 2.8. As also observed by [39,41], the influence
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Figure 2.8: Pull-in distance versus relative pres-
sure. Circles are the full calculation for circular
plates, triangles the full model for square plates,
the red solid curve a fit for the circular plate
(2.61), blue dashed curve a fit for the square plate
(2.64) and black dotted the analytical expression
for the parallel plate (2.56).

Figure 2.9: Pull-in voltage relative to pull-in volt-
age for zero applied pressure versus relative pres-
sure. Circles are the full calculation for circular
plates, triangles the full model for square plates,
the red solid curve a fit for the circular plate
(2.62), blue dashed curve a fit for the square plate
(2.65) and black dotted the analytical expression
for the parallel plate (2.58).
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of the pressure on the pull-in distance is found to be linear as for the parallel plate. The expression
can be found by considering the boundary conditions np;(0) = nppo and Npr(1) = 1. Using these
conditions the expression for the pressure dependent relative pull-in distance becomes

Np1 = Nprpo + (1 = Nprpo) P, (2.60)

where the relative pressure is given by p, = p/p, = pa* /(64gesDegr) for the circular plate. Inserting
Np1po,circ = 0.463 for the circular plate yields

NPl circ = 0.463 +0.537p;. (2.61)

Eqgn. (2.61) is plotted as the red solid curve in Figure 2.8. The maximum deviation between the
expression and the data points is 0.6 %. Compared to the parallel plate solution the difference in pull-in
distance at zero applied pressure is clearly observed. Furthermore, note that (2.60) also applies for the
parallel plate as seen in (2.56).

To see how the pressure affects the pull-in voltage for the circular plate the relative pull-in voltage is
again considered. For simplicity, the equation for the pressure dependent pull-in voltage is not shown,
but it is found from the pull-in distance, (2.61), inserted into the stable position, (2.52). The resulting
equation is evaluated for varying values of pressure and this is shown as red dots in Figure 2.9. It is
seen that the pull-in voltage decreases for increasing external pressure as expected, since the plate is
deflected due to the applied pressure. To follow the analytical expression obtained for the parallel plate,
a fit was made to an expression having the same form as this analytical result Vi = (1 — pr)(K 3/2),
where K is the fitted parameter. The result from fitting is

Vielcire = (1 — p;)(0-7103/2), (2.62)

Using this fit a maximum deviation of only 3.9 % is obtained. Also for the pull-in voltage, a difference
is observed between the the parallel and circular plate.

To expand this pull-in investigation to square plates as well, the same procedure as for the circular
plates is followed. For the square case, the pull-in distance in the special case of zero applied pressure
becomes 1pypo,sq = 0.466 which is very close to the circular plate pull-in distance. The corresponding
pull-in voltage is

2.95118g2%.h3
VPI,pO,sq = \/Ctol;ffgs (263)

To find the influence of the pressure on the pull-in distance for the square plate it was calculated for
different pressures and plotted as triangular points in Figure 2.8. A linear fit to the data points are
shown as a dashed blue line. As for the two other plate geometries, the influence of the pressure on the
pull-in distance is found to be linear and using (2.60) it can be described as

Nprsq = 0.466 +0.534p,, (2.64)

where the relative pressure for the square plate is given by p; = 0.021961pL*/(getD,). The maximum
deviation between the fit and the data points for the square plate is 0.7%.

In Figure 2.9 it is seen how the pressure affects the pull-in voltage for the square plate shown as
triangular points and a fit with a dashed blue line. The calculation method is the same as for the circular

35



LO[A T T T
N Circularapprox 1
I - ]
2 r N
ZQ_ 0.8? \\A\ 2 Data, square 1
> AN
Py PN --- Interpolation
g 06- N |
= 06 .
Q r N
= T AN
T r .
S 04r N 8
o r \\
[} N
2 A,
& N
o) 02, \k 4
o \
\\
I e
N,
00 O L L L I L L L I L L L I L L . | . . . \\’
0.0 0.2 0.4 0.6 0.8 10

Relative pressure, pr=p/pg

Figure 2.10: Pull-in voltage relative to pull-in voltage for zero applied pressure versus relative
pressure for a square plate using the interpolating function (blue, dashed) and an approximation of
the capacitance using the circular expression (green, solid). The triangles are the original data points
calculated from the full solution.

plate, and the same behavior is also observed. A fit of the data points to an expression of the same form
as for the parallel plate case yields

(0.712:3/2)

— Pr) , (2.65)

Vrequ - (1

resulting in a maximum deviation of 1.7%.

As it can be difficult for others to use the interpolation function in (2.34), and since the results for a
circular and square plate are close to each other, the expression for the total capacitance of the circular
plate (2.31) can be used for the square plate instead of the interpolation function due to the similarity
of the results. If the same pull-in analysis is carried out, the same pull-in distance is obtained and the
result for the relative pull-in voltage versus relative pressure can be seen in Figure 2.10. The data points
show the result using the interpolation function. The fit to the expression in (2.58) when using the
circular capacitance is shown together with the previous fit for the square plate using the interpolating
function. The fit of the data points in this approximation case case yields

(0.715:3/2)

Vrel,sq = (1 - Pr) s (2.66)

The two curves look the same and the maximum deviation from the data points is only 1.6 %. The
deviation is highest for higher relative pressure and realistic values for CMUTSs would be in the lower
end. The relative pressure for the fabricated square device, see Table 2.5, is 0.02 which gives a deviation
of only 0.01 % when using the circular plate capacitance.
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2.3 Measurements

To compare the anisotropic approach for modeling CMUTSs to measurements for further validation of
the theory for both circular and square plates, devices with both plate types were fabricated using a
fusion bonding method [68]. The dimensions of the devices can be seen in Table 2.5.

Measurements of the stable position (presented as the deflection in the center of the plate) for increasing
bias voltage were performed on the fabricated devices. The deflections were measured as area scans
with a Sensofar PLu Neox 3D Optical Profiler using white light interferometry.

Figure 2.11 shows the measurements of the circular plate device. It is seen how the center deflection
varies with the applied voltage and how it deflects more when approaching the pull-in voltage as
expected. The center deflection for the measurements is found as the average of 10 cells and gray
shaded areas corresponds to plus/minus two standard deviations. For the circular device there was some
uncertainty in the final gap height due to the fabrication method. Because of this it was not possible to
plot the theoretical stable position for a circular plate, (2.52), together with the measurements. Instead
a fit was made which is shown as the theoretical curve in Figure 2.11. From the fit a gap height of 457
nm was found and it is seen that the expression captures the behavior of the device very well. With
this gap, the theoretical curve is within the uncertainty interval of the measurements. Also, the pull-in
voltage is in good agreement with the experimentally found value, as it was measured to be 140 V,
compared to an expected value of 138 V from the anisotropic model (2.62).

Measurements with a DC voltage applied were also performed for the square plate and the results are
shown in Figure 2.12. The center deflection for the measurements is found as the average of 10 cells
and the gray shaded areas correspond to plus/minus two standard deviations. The theoretical curve is
made from the stable position analysis and is for this case plotted directly as the gap height was known
from this fabrication run. It is seen that the anisotropic theory matches well with the measurement as it
is within the error margin. Also, the pull-in voltages are in good agreement as it was measured to be
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Figure 2.11: Measured center deflection for in- Figure 2.12: Measured center deflection for in-
creasing bias voltage together with theoretical creasing bias voltage together with theoretical
curves for a circular plate (2.52). curves for a square plate (2.53).
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206 V, compared to an expected value of 201 V from the anisotropic model (2.65).

2.4 Summary

In this chapter it was demonstrated how wafer bonded CMUTs with both circular and square plates can
be analytically modelled using the full anisotropic properties of single crystalline silicon. The solutions
for the deflections were compared to FEM showing a maximum of 0.3 % difference. The theory of
multilayer plates was also applied to CMUTs and the result compared to a deflection measurement of a
fabricated device.

A full electrostatic analysis including the anisotropic effects was carried out for both circular, square,
and parallel plate devices. The analysis was based on energy considerations, and capacitance, effective
spring constant, stable position, pull-in distance, and pull-in voltage were all calculated. In the pull-in
analysis the pressure dependence was also included. The circular and square plate devices were seen to
behave very similar whereas the parallel plate approximation resulted in a slightly higher deviation.

Devices with both circular and square plates were fabricated and the stable position and pull-in voltage
measured. Comparing these to the anisotropic theory, it was seen that the theory was within the
uncertainty interval of the measurements in both cases.

The analytical models described in this chapter was developed during the project to help the design
process and prediction of the device behavior. It was described in two accepted conference papers
[48,49] and one submitted journal paper [63]. For a complete design tool the dynamics of the plate
should be included as well which has partly been done through FEM with Comsol. A study of
dimensional scaling for CMUT and how this influence the device performance was presented in [69],
see appendix G. These models helped in the design process and the description of device in the next
two chapters.
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CHAPTER 3

Stanford Arrays

The first version of 1D array CMUTs in this project were fabricated at Stanford University. The idea
was to utilize an already existing fabrication process to obtain working devices. The purpose of this
was to collect knowledge and experience in how to fabricate and characterize the CMUTs and how to
operate them to make images.

3.1 Layout and Design

As the process was based on fusion bonding two wafers were used. One was a highly doped silicon
substrate wafer and the other a silicon-on-insulator (SOI) wafer with a highly doped device layer. The
substrate and device layer needed to be highly doped as they would form the two electrodes of the
capacitor.

The masks were reused from a previous process, fixing all lateral dimensions of the devices. The mask
layout of a full wafer can be seen in Figure 3.1a and had 15 arrays with square cells and 6 arrays with
circular cells. A zoom on one of the square cell arrays can be seen in Figure 3.1b. The CMUT cells
are red, the rings to etch edge bumps (explained in the processing section 3.2) are blue, top contact
and plate metallizations are grey and bottom contacts are green. The element pitch was defined in the
same way as in Figure 1.12 and it was set to be 300 pum for this design. The pitch was the same for the
square and circular cell arrays. The sidelength of the square cells were 40 um, and the radius of the
circular cells were 48 pum.

The vertical dimensions could be varied to adjust the resonant frequency of the transducers. Two
versions of the process were carried out to make devices with two different resonant frequencies, called
type 1 and 2. For the type 1 devices the desired immersion frequency was 5 MHz and for type 2 it was
2.6 MHz. They are designed to make one of them a linear array and the other a phased array.
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Figure 3.1: Mask layout for 1D Stanford arrays with square and circular cells. a) The full wafer layout
showing 15 1D arrays with square cells and 6 1D arrays with circular cells and alignment marks to
the sides. b) Zoom on one end of 2 square cell elements, showing bonding pads to opposites for every
second element and one long ground pad along the array. The pitch is 300 um and the cell side length
40 pm.

3.1.1 Device Dimensions

The cell dimension, plate thickness and gap height was decided using the CMUT program developed
by the Stanford group. This was a MATLAB program using a Graphical User Interface (GUI) and
could model the CMUT using simple plate theory and a lumped element circuit model. The transmitted
pressure, the received signal and the plate displacement, when applying a DC voltage, were all analyzed
using the GUI program.

The focus of the design process optimization was the square shaped cells, and the results for the
circular plates were afterwards checked to be acceptable for obtaining working devices with the final
dimensions of each device type. First, the plate thickness was optimized by looking at the transmitted
pressure in a non-linear transient response. A sine wave was used as input waveform and an AC voltage
of 100 V was used on top of a DC voltage of 130 V. The period of the sine wave was adjusted until
a maximum in the signal was obtained (resonance). Plate thicknesses of 1.5 um and 1.77 um were
obtained for the type 1 and 2 devices, respectively. The final plate thickness was decided from the
availability of SOI wafers in stock.

The gap height was now fixed by looking at the displacement of the plate when the device was in
transmit mode and applying only a DC voltage. The intention was to maximize the space within the
vacuum gap, where the plate could move without reaching pull-in. It was found that the gap should be
400 nm for device type 1 and 300 nm for device type 2. The expected pull-in voltage was also found in
this analysis.

Last, the frequency response was checked to make sure the operation frequency was correct. For
these devices the resonant frequency would be a bit higher than the operating point, but due to a large
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Table 3.1: Device dimensions for the Stanford arrays of type 1 (linear, 5 MHz) and type 2 (phased,
2.6 MHz).

Type 1, square Type 1, circular Type 2, square Type 2, circular

Plate size, 2a or 2L 40 ym 48 um 40 pm 48 um
Plate thickness, & 1.77 um 1.77 pm 1.5 um 1.5um
Vacuum gap height, g 400 nm 400 nm 300 nm 300 nm
Insulation thickness, #,x 200 nm 200 nm 200 nm 200 nm
Pull-in voltage, Vp; (150V) 188V (160 V) 19V

bandwidth, it should not be a problem. The final desired dimensions for each device type can be seen
in Table 3.1. The parentheses for the square cells indicate that the program did not model the square
cells very precisely as it only provided estimates for this plate type.

3.2 Fabrication Process

As previously mentioned, the devices were fabricated with a fusion bonding process and the overall
process flow is illustrated in Figure 3.2. The details and results from the fabrication will be explained
in this section, and the full process flow can be seen in appendix A.

Step 1: Oxidation to Create Support Posts

First step of the process was to oxidize the substrate wafer to create oxide support posts, see Figure 3.2a.
The oxidation was performed as a wet oxidation at 1000°C for 1:15 or 1:52 hours in a Thermco furnace.
The grown oxide thickness was 365 nm and 450 nm for device type 1 and 2, respectively.

Step 2: Etch of Cavities

The second step was to etch cavities in the oxide, see Figure 3.2b. This was done by a wet etch in 6:1
Buffered Oxide Etch (BOE) solution. This BOE consisted of approximately 6 parts 40 % ammonium
fluoride (NH4F) and 1 part 49 % hydrofluoric acid (HF), thus, it was approximately 34 % NH4F, 7 %
HF, and 59 % water. All wafers were etched for 6 min. As the bonding surface was covered by resist
during the etch, the surface roughness of the oxide was unaffected. Figure 3.3 shows microscope
pictures of circular and square cells etched in the oxide.

Step 3: Oxidation to Create Insulation Layer

A second oxidation of the substrate wafer was performed to make an insulation layer at the bottom of
the cavity, see Figure 3.2c. This was done by dry oxidation to obtain the best quality of the oxide. The
process was performed in a Thermco furnace at 1100°C in two steps: one of 1:45 hours where most of
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1L

Figure 3.2: Process flow overview of the fusion bonding process made at Stanford. a) Oxidation of
highly doped substrate wafer; b) defining cavities by wet etch of the oxide; c) growth of insulation
oxide layer in the bottom of the cavity; d) etch back of oxide bumps at the corners of the cavities; e)
fusion bonding to SOI wafer; f) removal of handle and BOX layer of the SOI by grinding and etching;
g) opening up to the substrate by etching; h) metal deposition; and i) defining top plates and contacts
by etching. j) The finished device after dicing and wirebonded.
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(a) Circular cells on type I device. (b) Square cells on type 2 device.

Figure 3.3: Microscope pictures of wafers after etching cavities in the oxide. a) Circular cell on a type
1 array and b) square cell on a type 2 array. The color of the oxide is seen to be different for the two
array types due to the two thicknesses.

v tox

First oxidation Second oxidation

l:| = Silicon - = Oxidation 1 |:| = Oxidation 2

Figure 3.4: The final depth of the cavities are determined from measuring the various thickness after
the double oxidation. The oxide thickness after the first oxidation a is measured as well as the oxide
thickness inside t,x and outside d of the cavity after the second oxidation. From this the ¢ and b can be
found and the gap height can be calculated.

the oxide was grown and an other of 30 minutes to grown the rest. This two step process was used to
control the thickness of the layer more precisely. The desired thickness was 200 nm and a thickness of
210 nm was obtained.

The depth of the cavity was determined from the measurement of the different oxide thicknesses as
illustrated in Figure 3.4. The oxide thickness after the first oxidation, a, was measured to be 365 nm
and 450 nm for device type 1 and 2, respectively. The oxide thickness inside the cavity, t.x, after
the second oxidation were measured to be 209 nm for both types. The oxide thickness outside the
cavity, d, were measured to be 433 nm and 509 nm for device type 1 and 2, respectively. Using the
fact that 46 % silicon is consumed during an oxidation, ¢ = 0.54 - fox and b = 0.54 - (d — a). The gap
heights was then calculated as g = (a+b) —c = a+0.54- (d — a) — ¢, and the results were 0.289 um
and 0.369 pm for type 1 and 2, respectively. It was taken into account in the oxidation times that the
oxide grows faster on the silicon surface than on the silicon-oxide interface. The stated thickness for a,
tox and d were averages obtained from one wafer with 5 measurement points using a Nanospec 210XP
(uses spectro-reflectometry). To take into account that the numbers might be slightly different between
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wafers of the same type, the final values were rounded off. A gap height of 290 nm and 370 nm were
obtained for the type 1 and 2 device, respectively. Both devices had an insulation oxide thickness of
210 nm.

The gap heights were also measured using a profiler (Tencor P2 Long Scan Profiler) on test wafers to
avoid scratching of the bonding surface. Rounding off the values, 270 nm and 370 nm were measured,
respectively, confirming the calculated results.

Step 4: Etch of Oxide Bump

The second oxidation step resulted in oxide bumps at the corners of the first oxide which could ruin
the fusion bonding process [68]. To remove these bumps, an extra etching step was made to lower
the bumps under the bonding surface, see Figure 3.2d. Etching of the bumps was performed with dry
etching of the oxide using the AMT 8100 Plasma Etcher with a standard oxide etch recipe which used
mainly CHF; and some O, gasses. Figure 3.5 show the wafers after etching of the oxide bumps.

Step 5: Fusion Bonding

Before this step was performed the surface roughness of the bonding surface was measured using AFM
(Digital Instruments AFM Nanoscope Dimension 3000) to check that it was suitable for fusion bonding
after processing of the wafers. As a rule of thumb the surface roughness should be below 0.3 nm to be
able to get a strong bonding. If the roughness was too high, the wafers could not be bonded together.

The wafer bow was also monitored with a stress gage (Flexus 2320) after each step in the process and
should be minimal before the bonding and preferably be convex rather than concave.

—>
Etching of cell

Etching of cell

<>
Etchring

©
Etch ring

Support oxide :
Support oxide

Tum)

(a) Square cells on type 1 device. (b) Circular cells on type 2 device.

Figure 3.5: Microscope pictures after etching the ring covering the oxidations bumps. a) A type 1
devices with square cells and b) a type 2 device with circular cells. The colors of the support oxide and
the insulation layer oxide are seen to be different and the ring is also seen to have two thicknesses.
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The measured surface roughness was around 0.1 nm for a sample on each of the two kind of SOI wafers
and the wafer bow was convex with 5-15 gm maximum bending for both substrate and SOI wafers
which satisfied the requirements for bonding.

The bonding, see Figure 3.2e, was performed using a Siiss wafer bonder at a temperature of 50°C
followed by an annealing in a Thermco furnace at 1050°C for 4 hours. The annealing after bonding
was done as a wet oxidation to obtain a thick oxide layer on the backside of the wafer, which protected
the backside from getting etched, when the handle layer was removed.

Step 6: Grinding and Etching to Release Plate

After fusion bonding most of the handle layer of the SOI was removed by grinding (mechanical
removal). The last 220 — 270 um were removed in a TMAH (Tetramethylammonium hydroxide) etch.
TMAH temperature was 70-95°C during etching and etch time was around 9 hours.

The handle removal was followed by BOE etching of the buried oxide layer, see Figure 3.2f. The
deflection of the plates due to atmospheric pressure was measured using an interferometer. The
deflection was 10-30 nm for circular and square cells which was expected from calculations using the
CMUT code described earlier.

Step 7: Etching of Bottom Contacts

Next step was opening of the bottom contacts to the substrate wafer, see Figure 3.2g. This was done
by dry etching of the silicon device layer and of the support oxide. For opening the silicon a Drytek2
Model 100 was used with the standard recipe for silicon etching which used mostly SF¢ and some F,,
gasses. For opening the support oxide the AMTecher and the standard oxide receipe also used in step 4
was used again. A microscope picture of a device after etching can be seen in Figure 3.6. Besides the
bottom contacts, the cavities can also be seen through the device layer.

Step 8: Metalization of Top Contacts

The last steps of the Stanford process was deposition of metal and definition of the top plates and
contacts, see Figure 3.2h-i. A 400 nm thick aluminum layer was deposited (done outside the regular
cleanroom) and patterned using wet aluminum etching. A premixed aluminum etchant (AL-11 Cyantek
Aluminum Etchant) was used which consisted of 72 % Phosphoric Acid, 3 % Acetic Acid, 3 % Nitric
Acid, and 22 % water. The pattern was also transferred to the silicon device layer to remove the highly
doped material in the regions outside the top plates. For this the standard silicon recipe, see step 7, in
the Drytek?2 was used. Figure 3.7 shows a device after etching.

A picture of a finished wafer can be seen in Figure 3.8. The yield was very close to 100 % for this
process run as there was only one small void on one of the five wafers, ruining around 10 elements on
one of the arrays. Figure 3.9 shows a picture of two of the finished device, one of each type.
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Figure 3.6: Microscope picture after opening to  Figure 3.7: Microscope picture after etching the
the bottom substrate. The bonding pads are seen top plates. Aluminum is used for bottom and top
as wider areas for every second element and the contacts and plate metallization. Three elements
cells can be seen through the plate. are seen with contacts in the ends.

Figure 3.8: Full wafer after processing. Figure 3.9: A finished type I (green, upper) and type 2
Each wafer yield 21 devices. (purple, lower) device.

3.3 Characterization

A CMUT array should be characterized in several ways after fabrication. First are electrical measure-
ments using an impedance analyzer and these are often followed by acoustical measurements. Both
characterizations have been carried out on the Stanford arrays and are described in the following.

3.3.1 Impedance Measurements

The first thing to characterize was if the resonant frequency and the pull-in voltage were as expected.
With the impedance analyzer, the measurements were made in air. Measuring in air would result in a
higher resonant frequency than the immersion resonant frequency. The desired resonant frequencies

46



Magnitude Phase Zoom on phase

—20V
E2'5_ 20} 1 20t —40V L
6 'g' 'g' —60V
= ol E) al | @ ol —80Vv ||
o 35 el —100V
= o ® 120 v
515 2-207 1 2-207 140 v |1
o O [= %
z 3 3
g 1 50 S
g 3 g
8 £-60; =
E 057 - -
-80+ ) _
O0 10 20 0 10 20 12 13 14 1
Freguency [MHz] Frequency [MHz] Freguency [MHz]

Figure 3.10: Impedance magnitude and phase for a center element on a type 1 device. The capaciive
behavior of the device is seen in the magnitude plot. The resonant frequency is easily found as the
peak in the phase plot and the spring softening effect is seen as a lower resonant frequency for higher
applied voltages.

specified during design of the CMUTSs were the immersion resonant frequency, and the measured
would therefore be higher than the desired frequency.

Impedance measurements on a center element on a type 1 array can be seen in Figure 3.10 for varying
bias voltage. The resonant frequency was clearly seen as well as the spring softening effect, which
reduced the resonant frequency when the bias was increased. The resonant frequency for type 1 devices
was found to be 13.4 MHz. Figure 3.11 shows similar impedance measurements of a type 2 array and
the same effects were seen. The resonant frequency for type 2 devices was determined to be 11.7 MHz.
It was noted that for both arrays the maximum in phase angle crossed 0° in the phase and reached more
than 20°. This was comparable to what others have reported [58] and should be enough signal to make
ultrasound images.

Uniformity

It is very important to have a high uniformity across the array, so each element will operate in the
same way when making images. The uniformity across the array can be found through impedance
measurements. Figure 3.12a shows the resonant frequency found for each element in two different
arrays from the same wafer. A bias voltage of 60 V was used and the frequency was found from
the maximum of the phase angle measurement. The two arrays were seen to have a mean resonant
frequency of 11.83 +0.02 MHz and 11.80+£ 0.03 MHz respectively, indicating a very high uniformity
both between the two arrays and between the elements. Within one array the deviation of each element
from the mean value was less than 1 % as can be seen in Figure 3.12b.
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Figure 3.11: Impedance magnitude and phase for a center element on a type 2 device. The capaciive
behavior of the device is seen in the magnitude plot. The resonant frequency is easily found as the
peak in the phase plot and the spring softening effect is seen as a lower resonant frequency for higher
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Figure 3.12: Uniformity in resonant frequency of all elements of two CMUT arrays of type 2 from the
same wafer (a). The uniformities between arrays and between elements are seen to be good with less
than 1 % deviation for all elements (b).
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3.3.2 The Vermon Probe

The acoustical testing with the Stanford arrays were done in a slightly unconventional manner. An
array was shipped to Vermon (Vermon, Tours, France) and they assembled the chip into a probe handle,
complete with electronics. The finished probe can be seen in Figure 3.13a with an unmounted chip in
front of it. The probe needed to be operated using a separate DC supply cable besides the standard
BK transducer cable. The DC supplies for bias and electronics were made using a push-pull connector
(Lemo, Gentofte, Denmark) which can provide the necessary DC voltages both to the electronics and
for biasing the CMUT. A special power supply was also made for the probe. All this can be seen in the
picture in Figure 3.13b.

Initial Measurements

The probe was connected to the experimental Synthetic Aperture Real-time Ultrasound System
(SARUS) [70] at CFU. As seen in the impedance measurements and from the design of these devices,
the pull-in voltage should be above 200 V. There had previously been indications that some of the
elements had a lower breakdown voltage of the oxide. Vermon provided initial acoustical tests of the
probe during mounting and a bias voltage of 60 V was used during these measurements. Turning the
DC supply to 60 V bias at DTU caused the probe to stop working. As the electronic configuration was
unknown to others than Vermon, it was a challenge to troubleshoot and find the problem. It was found
that the problem was a shorted element and the solution was to pull out the pin in the connector for
that element, then the rest of the probe worked again. From this it was learned that the elements had
a much lower breakdown voltage than expected, and that this probably happened due to low oxide
quality. Furthermore, the importance of making sure in the electronics configuration that the probe
could work with a shorted element was realized.

An evaluation of which elements were working, a hydrophone was placed around 37 mm from the

Connector

Vermon probe

(@) (b)

Figure 3.13: Stanford chip mounted in probe handle with electronics by Vermon. a) Probe handle with
a similar chip in front. b) Probe handle with the lemo connector, transducer cable and power supplies
used to operate the probe.
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Figure 3.14: Output signal from all elements in the Vermon probe measured with a hydrophone. Four
elements are seen to be acoustically dead in one of the ends. No bias is used and the excitation is 8
pulses with a 25 V AC signal. The colorbar is in volts.

transducer. The transmitted pressure was measured using an oscilloscope. The bias was in this
experiment O V and the AC transmit signal was +25 V. The resulting signals can be seen in Figure 3.14.
It is seen that all elements except four are working. The three of these elements had most likely been
shorted from the beginning and therefore not connected to the channels in the probe handle by Vermon.
It was the short circuiting of the forth element that caused the problems until it was disconnected in the
connector.

Ultrasound Imaging

The mounted probe was used to make the very first ultrasound images with CMUTs at DTU. The image
can be seen in Figure 3.15 and depicts the hydrophone. The tip of the hydrophone is seen as the white
dot in a depth of 55 mm and the sides of it can be distinguished as well. The images was made with
the dynamic receive focusing technique using 64 electronically focused elements in transmit with a
Hamming apodization across the array at 5 MHz. The focus depth was 55 mm, number of emissions
128, the DC bias 50 V, and the AC voltage 25 V.

Imaging were also performed testing several imaging methods. The tested imaging methods were
dynamic receive focusing (DRF), synthetic aperture (STA) imaging and tissue harmonic imaging
(THI) combined with both of the first mentioned methods. For DRF the images were made using 64
electronically focused (55 mm) elements in transmit with a Hamming apodization across the array at
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Figure 3.15: First CMUT image from DTU which uses the Vermon probe. The tip of a hydrophone can
be seen in a depth of 55 mm and sides can be distinguished as well. The colorbar indicates dB level.
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Figure 3.16: Ultrasound images with the Vermon probe using different imaging methods: Dynamic
receive focusing, Tissue harmonic imaging with dynamic receive focusing, Synthetic transmit aperture
and Tissue harmonic imaging with Synthetic transmit aperture.

5 MHz. For the SA imaging, single element emissions at 5 MHz were used. For THI the excitation
was a 2 cycle sinusoidal pulse with a center frequency of 3 MHz which was lower than the transducer
resonant frequency but within the -6 dB bandwidth. This was in order to have the second harmonic
(for which signals are received) within the -6 dB bandwidth. In all cases 128 emissions were used and
each image was an average of 10 frames. The probe was operated with a 50 V DC bias and a 25 V
AC voltage. The probe was placed on a multiwire phantom and the resulting images can be seen in
Figure 3.16. It was seen that STA performs better than DRF, and that THI improves the image slightly.
However, it was found that THI was probably not using real pulse inversion since the bias was so low
that sound would be emitted at higher harmonic frequencies from the beginning and not generated in
the tissue.

3.4 Summary

In this chapter the first 1D arrays fabricated in this project was described. The design of the devices
was explained as well as the detailed fabrication process. Devices were fabricated using an existing
mask set from Stanford University. The process was based on a double oxidation to form the cavity
and the insulation oxide followed by fusion bonding to an SOI wafer to form the thin flexible plate.
Connections are made to the front side of the devices.

A yield very close to 100 % was obtained for the fabrication, however measurements showed indications
of a much lower breakdown voltage of the support oxide than expected. Impedance measurements on
good elements were conducted and the uniformity was found to be very good with a variation of less
than 1 % within an array.

One device was mounted into a probe handle by Vermon and used for the first ultrasound measurements
with a CMUT at DTU. Images were made both of a hydrophone and of a multiwire phantom using
various imaging methods. However, the probe suffered from the low breakdown voltage. The experience
from the design, fabrication and characterization of these arrays was used to develop a baseline process
for producing CMUTs at DTU.
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CHAPTER 4

1D Array Baseline Process

Several versions of CMUTSs have been fabricated leading to the development of a reliable baseline
process for fabricating CMUTs at DTU. The baseline process can be used for both 1D array fabrication
and also for 2D array fabrication with only a few modifications. The focus of this thesis will only be
on the 1D arrays.

This chapter will describe the important factors, that was discovered during the processing, for making
working CMUTs. Furthermore, the baseline fabrication process for 1D arrays will be explained and
electrical characterization of fabricated devices will be shown.

4.1 Development of the Baseline Process

The initial attempt at making CMUTs at DTU was based on an old design of capacitive pressure
sensors. The work was performed prior to the work on the 1D array for ultrasound imaging presented
in chapter 3. The experience gained from these initial fabrication processes was used for development
of a baseline process for CMUT array fabrication at DTU.

4.1.1 Capacitive Pressure Sensor

The capacitive pressure sensor, developed by Thomas Pedersen and Giulio Fragiacomo at DTU [71],
was operated by the same principle as a capacitive ultrasonic transducer. The device had two electrodes
where one of them was free to move and deflected when pressure was applied, and the other electrode
was fixed. Instead of being divided into elements, as a CMUT, the pressure sensor was just one big
element with a lot of cells. Figure 4.1 shows the design layout and a photo of a finished pressure sensor.
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(a) lllustration of the design. (b) Fabricated pressure sensor.

Figure 4.1: Capacitive pressure sensor made by Giulio Fragiacomo at DTU Nanotech [72]. a)
Hllustration of the design with the honeycomb cavity structure and insulation groove around the active
area. b) A finished device with contacts in the corners after dicing and visible deflection of the plates
in the center. The design was reused for the fabrication of a single element CMUT.

This design had a hexagonal plate geometry to maximize the active area. The pressure sensor was not
designed to operate with a bias voltage, however, this was no problem to add to the existing design.

With this design it was possible to emit ultrasound and measure it using a hydrophone. However,
problems with the device performance were discovered. It was found that fabrication of CMUTs
requires a particular clean environment for several of the process steps as high voltages need to be
applied to the finished device. If the cleanliness during fabrication was not good enough, the oxide
between the two capacitor plates would break down and the device would not work. With the first
devices, problems with the performance was found mainly to be caused by low oxide breakdown
voltage (not measured but devices broke down at a few volts). This resulted in incapability to keep a
high bias voltage over the device and thus only producing very low sound transmission.

4.1.2 Optimization of Cleanroom Processes

During the investigation of the problems with the initial single element CMUTs, several factors were
found to be of high importance when fabricating CMUTs:

* Particle contamination during wafer bonding

* KOH contamination/contamination from ions

* Contamination from dicing

* Low insulator quality
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All of these were considered during development of the baseline process and will now be elaborated
on.

Particle Contamination

When performing fusion bonding it was of high importance to have very clean substrates as even a
single particle could result in a void (air trap) with a diameter of up to 1 cm. Furthermore, contamination
when performing the bonding could cause surface currents to run inside the cavity or it could cause
contamination of the insulating oxide. Therefore, having clean wafers was of high importance for
the finished device performance. Two precautions should be taken to keep the wafers clean and
particle-free:

* Wafer cleaning: By default the bonding process included a cleaning step right before the bonding
itself. A Piranha combined with an IMEC clean was suggested by DTU Danchip, however, a
standard RCA clean was also tested, and it was found that both cleaning methods could be used.
The procedures for both cleaning methods can be seen in Table 4.1 and 4.2. As no particular
difference was observed when using one cleaning method or the other, it was decided to use the
RCA which had a dedicated bench in the Danchip cleanroom.

Table 4.1: Cleaning procedure for IMEC/Piranha cleaning developed specially for fusion bonding at
DTU Danchip.

Process Time  Notes

Piranha Smin  Mixture: HySO4:H,0; (4:1), 80°C

Rinse 2 min

IMEC 100 s Mixture: DI water:5 % HF:IPA (100:10:1), 25°C
Rinse 2 min

Piranha 20 min Mixture: HSO4:H,0, (4:1), 80°C

Rinse and spin dry 5 min

Table 4.2: Standard RCA cleaning procedure which was found to provide sufficient cleaning before
fusion bonding.

Process Time Notes

RCA1 10 min Mixture: NH4OH:H,O,:DI water (1:1:5), 70°C
Rinse 3 min

HF 30s

Rinse 20 s+2min 20 s in bath for HF cleaning and 2 min in dump rinse
RCA2 10 min Mixture: HCI:H,O,:DI water (1:1:5), 70°C

Rinse 3 min

HF 30s

Rinse and spindry 20s+ 5 min 20 s in bath for HF cleaning and 5 min in dump rinse
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* Bonding machine: Another important part was that the bonder itself was clean. A guideline
for cleaning the bonder was previously developed by Giulio Fragiacomo [72]. This procedure
involved blowing off particles from the machine the evening before bonding and then performing
the bonding as early as possible next morning. However, as the developed CMUT process
opposed to the pressure sensor process did not use alignment of the wafers before the bonding, it
was found that the most important thing was to keep the air exposure of the wafers to a minimum
and avoid talking when the wafer box was open. Having the bonder in a room separate from the
main part of the cleanroom was helping a lot in fulfilling this.

Bonding of two wafers with 100 % yield have been obtained at DTU Danchip with the current bonding
setup and RCA cleaning.

Contamination from Ions

The second possible cause for low breakdown of the devices could be contamination by alkali ions
arising from some of the process steps. Indications of such problems were observed from two different
sources: using plasma asher for removing photoresist and using a NaOH-based developer for photoresist.
These problems, however, were found not to be the main source of failure in device performance and
were not considered further.

Later, a TMAH-based developer had become available in the DTU cleanroom, and this would be
recommended for future CMUT processing.

Contamination from Dicing

Poor performance of devices was in some cases observed after dicing out the wafer. Breakdown
was observed in cases where the dicing was done through the top electrode layer. This can leave
contaminating particles or dust from the saw along the edge of the device, causing the bottom and
top electrode to be short circuited. To avoid this, the design layout of all CMUTs should include
etching away the top electrode around the active plate area. This way the saw will only touch the
bottom substrate electrode and the insulation oxide and possible surface currents will have much longer
distance to travel. These two ways of dicing are illustrated in Figure 4.2 where the difference in the
path of the current is indicated as well.

Insulator Quality

The quality of the oxide was found to be the most important factor for obtaining working devices.
As a high voltage is required to operate the CMUTs, the oxide needs to be of high quality to avoid
breakdown. If the quality is poor, contaminants in the oxide will cause an electrical breakdown which
results in a short in the device.

In theory a high quality oxide should be able to withstand 1 V/nm. When measuring the breakdown
voltage of the oxide made at DTU Danchip, it was found that it did not meet the requirements, see
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Figure 4.2: Illustration of surface currents when dicing chips out from wafer. a) Dicing through the
metal layer, the current only has to run on a nanometer scale. This can leave contaminating particles
or dust from the saw along the edge of the device, causing the bottom and top electrode to be short
circuited. b) Etching the metal before dicing, the current has to run on millimeter scale and short
circuiting is unlikely.
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Figure 4.3: Breakdown voltage measurements on 60 nm thick test oxides grown on a standard silicon
wafer. a) The poor oxide quality is seen on the low breakdown voltage whereas for b) the high quality
is seen on the high breakdown voltage.

Figure 4.3a. A breakdown of around 0.08 V/nm was measured. After this discovery, all oxidation tubes
had to be changed and the test of the oxide quality was repeated. With the new oxidation tubes, the
quality was markedly increased as is seen in Figure 4.3b. A breakdown voltage of around 0.9 V/nm
was obtained, almost as high as the theoretical value. The measurements in Figure 4.3 were made on
test structures with a 60 nm oxide layer grown on a standard silicon wafer. Contacts of around 1 X 1 cm
were made on the oxide with aluminum using a shadow mask deposition.

To be able to check the oxide quality of each batch of transducers, test structures for measuring
breakdown should be included in all designs. The first characterization of oxide quality should be
performed after the first oxidation step in order to avoid full processing of wafers with poor oxide
quality.

Recommendations for Ensuring High Cleanliness

Considering all these factors for cleanliness a set of guidelines were suggested for designing and
fabricating CMUTs:
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* Use the standard RCA cleaning before fusion bonding.

* Wear a mouth cover and do not speak during fusion bonding, especially when the wafers are
exposed to the air.

* If possible use TMAH-based developer in stead of KOH-based developer.
* Always etch back the metal and device layers everywhere around the plate area.
* Include test structures on the wafer to check oxide quality during and after fabrication.

* Make an initial test of the oxide quality on a dummy wafer right after oxide growth, and stop
further processing if the quality is low.

» Use photoresist for protection of device surfaces while dicing wafers.

Recommendations for Designing 1D CMUT Arrays
After having made the initial tests on CMUT arrays some guidelines for designing are proposed:

* Cavity etch on SOI wafer: The etch back of the oxide bumps in the Stanford 1D array process
(see previous chapter) is not needed if the insulation oxide is made on the substrate wafer and
the cavities are made on the SOI wafer. Note that the opposite way results in stresses in the plate
due to a silicon-oxide plate and this can give unpredictable performance.

* Bottom contacts: Contacts to the bottom plate from front side of device is important as it will
cause problems with obtaining proper contact when using the entire backside of the wafer.

* Insulation layer: Include the insulation layer in the cavity even though a device is not meant to

operate in pull-in, otherwise surface currents will appear, ruining the device.

These are guidelines made from observations during the development of the baseline process and it is
recommended to follow these whenever a new design is made. The next sections will present the design
layout of the baseline process followed by a process overview and detailed fabrication description.

4.2 Layout and Design

The design of the 1D arrays made with the baseline process developed during this project had a specific
purpose: the arrays should be used in a prototype CMUT probe. This meant that the chip should be
mounted with electronics in a probe handle and connected to an imaging system. The probe should
also be comparable to a standard piezoelectric transducer. This resulted in the following criteria for the
CMUT:

* The probe should be comparable to a piezoelectric transducer with the following constraints:

— Resonant frequency of 5 MHz in immersion.
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— 128-element linear array, A-pitch — pitch= 300 pum.

— Element height of 5 mm.
* Fabrication and assembly provided the following requirements:

— Fusion bonding method.

— The insulation layer should be a thermally grown, high quality oxide to be able to withstand
high voltages even if pull-in occurred.

— 1 um thick aluminum bonding pads for wirebonding.

— The vacuum gap should be large enough for the probe not to operate in pull-in mode when
applying 80 % of the pull-in voltage.

— Outer dimensions should fit within reasonable constraints to a conventional scanner head.
* Requirements from electronics were specified as:

— Compatible with BK Probe Port.
— Optimal operation at 190 V DC bias voltage, corresponding to 80 % of pull-in voltage.

— Functional at up to 85V AC transmit voltages.

The plates were made with a square geometry to have the best utilization of area. The silicon plate
thickness was 2 pm due to availability of SOI wafers.

From the resonant frequency and the plate thickness specified in the requirements above, the plate
side length was calculated to be 49 pm. From the requirements for DC biasing, it was found that a
vacuum gap of 360 nm and an insulation layer thickness of 400 nm were suitable for the probe to
obtain a pull-in voltage of around 240 V. A thorough description of the design process was included
in [73] where it was also described how COMSOL was used to simulate the device performance in
immersion, which was not covered by the current analytical models. The final dimensions of the
devices is summarized in Table 4.3.

The layout of an array can be seen in Figure 4.4. The bottom contact is a line along the length of the
array with bonding pads for every eight element. A zoom in on the array is seen in Figure 4.5. One
wafer contained 13 arrays.

Table 4.3: Device dimensions for 1D arrays fabricated at DTU using the baseline process.

Parameter Value
Side length, L 24.5um
Plate thickness, A 2 um
Vacuum gap, g 360 nm

Insulation layer thickness, t,x 400 nm
Al layer thickness, /4] 200 nm
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Figure 4.4: Mask layout for 1D arrays with 128 elements made at DTU. The element pitch is 300 um
and elevation height 5 mm. The contact for substrate is made on the front side of the device and is seen
as the bar along the length of the array.
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Figure 4.5: Zoom in on mask layout to show individual elements (seen as vertical bars with red square
cells), contact for substrate and bonding pads to be used for wirebonding.
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4.3 Fabrication Process

The devices were fabricated with a fusion bonding process. An overview of the process can be seen in
Figure 4.6. The details and results from the fabrication are described in the following. The fabrication
is also described in [53, 73] and the full process flow can be seen in appendix B.

Step 1: Oxidation of Support Posts and Insulation Layer

First step of the process was to oxidize the SOI wafer to create the post oxide supporting the plate in
the final device, see Figure 4.6a. The oxidation was performed as a dry oxidation at 1100°C for 7 hours.
The expected oxide thickness was 360 nm and the actual thickness was measured to be 364+1.6 nm.

In parallel the oxide for the insulation layer was also grown as this was done on separate wafers in this
process (opposed to the Stanford process described in chapter 3). The oxidation was performed as a
dry oxidation at 1100°C for 8:55 hours. The grown oxide was measured to be 407+2.6 nm.

a) Oxidation of SOI wafer
e) Opening bottom contacts

b) Oxide etching

| f) Metallization and etching for bonding pads
| ] I —
]
e -

c) Fusion bonding to substrate wafer g) Metallization and etching of top plates

u
L

d) Etching handle and BOX layer h) Wire bonding illustration

Figure 4.6: Process flow overview for the fusion bonding process made at DTU. a) Oxidation of both
SOI and substrate wafer; b) defining cavities on SOI wafer by dry etching of the oxide; c) fusion
bonding of the two wafers; d) removal of handle and BOX layer of SOI by etching; e) opening up to
the bottom electrode by etching; f) defining bonding pads by metal deposition and wet etching; and g)
defining top plates and contacts by metal deposition and wet and dry etching. j) The finished device
after dicing and wirebonding.
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Step 2: Etching of Cavities

The second step was to etch the cavities in the oxide on the SOI wafer, see Figure 4.6b. This was done
by dry etching in the Advanced Oxide Etcher (AOE) for 1 min and 50 s using the standard recipe
m_res_ny and a chuck temperature of 0°C. The etchants were C4Fg with He and H, gasses. Figure 4.7
shows a microscope picture of square cells etched in the oxide.

Step 3: Fusion Bonding

The next step was to perform the wafer bonding, see Figure 4.6c. Bonding temperature was 50°C
and the piston force 1500 N. The prebonding time was 5 mins and a vacuum of 1.0 x 10~ mbar was
specified. The prebonding was followed by an annealing at 1100°C for 70 min.

Step 4: Etching to Release Plate

After the fusion bonding the plates were released, see Figure 4.6d. First a Buffered HF (BHF, similar
to BOE) etch was applied to remove the previously grown oxide from the backside of the SOI wafer,
which was now the device front side. Etching time for this step was 6 min. Then the handle layer of the
SOI was removed by dry etching using the Advanced Silicon Etcher (ASE). The recipe cmutaway was
used for 1:05 hours with a chuck temperature of 20°C. This recipe used SF¢ and O, for etching and
no passivation steps. Every half hour the chamber was purged with Ar to remove any charge build-up
which could otherwise break the wafer during de-clamping in the machine. Next, the buried oxide
layer was removed by a 20 min BHF etch.

Before any further processing could be performed the wafers were conditioned to an RCA clean as the
bonder and annealing furnace were considered dirty. Openings to the alignment marks also needed
to be made, as it was not possible to do proper alignment through the 2 um thick silicon plate. This
was done reusing an old mask from a previous process, which just had two openings for the alignment
marks and could be used by manual aligning as a first print mask.

>
300 pm

Figure 4.7: Microscope picture of etched cavities Figure 4.8: Microscope picture of etched bottom
in the SOI wafer. The square cell shape and the contact openings after fusion bonding. It is seen
elements can be seen. as a rectangle along the array.
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Elements

Banding pad
(1|um thick)

Substrate contact

Figure 4.9: Microscope picture of bond- Figure 4.10: Microscope picture after etching out the el-
ing pads after metal deposition and wet ements and contacts. Bonding pads are seen as a thicker
etching. aluminum layer in the ends of the elements.

Step 5: Etching of Bottom Contacts

Next step was opening of the bottom contacts to the substrate wafer, see Figure 4.6e. This was done
by dry etching of the silicon device layer and of the support oxide. To avoid notching when etching
through the silicon layer a special SOI recipe was used in the Deep Reactive lon Etcher (DRIE). The
process time was 40 s. The oxide etch was performed with the AOE using the recipe m_res_ny for
2+2 min (etch depth was checked after the first 2 min). A microscope picture of a device after etching
can be seen in Figure 4.8. The cavities was also seen through the device layer.

Step 6: Metallization and Etching of Bonding Pads

The metallization for this process was done in two steps, see Figure 4.6f-g, as the wire bonding partner
requested 1 um of Al on the bonding pads, however, a thinner layer was preferred on the plate area. The
first deposition step was of 800 nm Al using e-beam evaporation in the Alcatel, and it was patterned
by a wet Al etch. This contained HyO:H3POy in the ratio 1:2. The etch was performed at 50°C and
etching time was around 8 min. Figure 4.9 shows a microscope picture after defining the bonding pads.
The cavities are also seen in the picture.

Step 7: Metallization and Etching of Elements

The last step was to deposit the second metal layer and define the top plates and contacts. A 200 nm
thick layer of aluminum was deposited and patterned using wet aluminum etching for around 3 min.
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Figure 4.11: Picture of a finished wafer made with the 1D array baseline process. The wafer contains
13 arrays and some test structures at the edges.

The pattern was also transferred to the silicon device layer to remove the highly doped material in the
regions outside the top plates. The DRIE and the special SOI recipe was used for this, again to avoid
notching. Figure 4.10 shows a device after etching out the elements.

Step 8: Post-processing

A picture of a finished wafer can be seen in Figure 4.11. The yield was close to 100 %. There was only
a small fault from a resist coating on one of the four wafers that was processed and it affected around
10 elements on one of the arrays. Figure 4.12 shows a picture of a finished CMUT array. During the
dicing of the wafer it was found that it was necessary to protect the devices with photoresist. This was
to avoid dust from the saw settling on the wafer surface. The resist was easily removed afterwards with
acetone.

4.4 Characterization

As for the Stanford arrays both electrical and acoustical characterization were carried out for the arrays
made with the baseline process at DTU. The impedance measurements are discussed below and the
acoustical characterization is presented in chapter 5 and 6.
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Figure 4.12: Picture of one finished array. The length of the array is 42 mm and the width is 7 mm

4.4.1 Impedance Measurements

Initial impedance measurement made on the 1D arrays fabricated at DTU can be seen in Figure 4.13.
A bias voltage of 150V was applied and the frequency was swept from 1-15 MHz with an AC voltage
of 50 mV using a HP4191A impedance analyzer (Agilent, Santa Clara, CA, USA) and an external DC
supply connected through a bias-T. The capacitive behavior was seen in the impedance measurement.
The resonant frequency could be read from the maximum in the phase angle. The device was seen to
have resonant frequency in air of 9 MHz. This was lower than the expected value of 11.8 MHz from
the design, but could be explained by the theoretical analysis using fixed boundaries. The actual device
would have some influence of the support oxide when deflecting, resulting in a sightly higher effective
radius and hence lower resonant frequency.

It is noticed that the signal was very weak and to check if this resulted from charging effects in the
device structure, the polarity of the bias was switched. New measurements were carried out with
—150V applied. The result can be seen in Figure 4.13b. A significantly higher signal is observed. The
signal level in the reverse mode should be enough for making ultrasound images. The two polarities of
the bias voltage will be called normal (positive bias) and reverse (negative bias) mode and are illustrated
in Figure 4.14.

4.4.2 Charging

An initial investigation of the charging effects was made. This was done through continuous measure-
ment of the impedance on a single element while tracking the maximum phase angle. Figure 4.15
shows a plot of the maximum phase angle where the bias voltage is changed from 0V — —190V —
0V =190V — 0V — —190V and then repeating the same sequence one more time. The change in
charging of the device was clearly seen for the two polarities of the bias voltage. Using the normal
mode (190 V) the phase increased to around zero degrees after applying O V first, but then very quickly
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(b) Bias voltage in reverse mode: —150V.

Figure 4.13: Impedance magnitude and phase angle measured for the DTU arrays with an impedance
analyzer. The charging effects are clearly seen for the normal mode (a) as a much lower signal at the
resonant frequency is obtained compared to operation in the reverse mode (b).

reduced to around —70°. On the other hand, using the reverse polarity (—190 V) the phase increased
to around 60° and then decayed to around 30°. It is noticed that for reverse polarity the same level in
phase angle was kept if the bias had just been zero, whereas it went back up to the 60° if the normal
polarity had been used in the meantime. Furthermore, it was seen that going from —190V — 0V
showed a very abrupt shift in phase angle whereas going from 190V — 0V actually increased the
phase angle slightly before slowly decaying back to —90°. This indicates that it took longer time to
de-charge the device from the normal mode than from the reverse mode. Ideally a short de-charge time
is preferred meaning the reverse mode performs better in this regard.

Figure 4.15 shows that it is possible to get much more signal out of the CMUT and circumvent the
charging problem to a high degree by changing the bias polarity to the reverse mode. For practical use it
was investigated if the reverse mode of operation could give a stable signal level or how much the signal
would decrease when performing long term measurements. In the measurements in Figure 4.15 there
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(a) Bias voltage in normal mode. (b) Bias voltage in reverse mode.

Figure 4.14: lllustration of normal and reverse polarity for a CMUT, indicating the direction of the
electrical field. a) Normal polarity has ground on the substrate electrode whereas b) reverse mode has
ground on the flexible top electrode.
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Figure 4.15: Tracking of maximum impedance phase angle when switching between normal mode
(+190 V), zero bias (0 V) and reverse mode (-190 V). The charging effects for the two modes of
operation is clearly seen as a lower signal and longer de-charge time when shifting voltage to zero.

were some indication that a steady level would be reached by just keeping the polarity in the reverse
mode. This was tested by two different long term measurements which can be seen in Figure 4.16. On
the blue curve in Figure 4.16 a bias voltage of —190V was applied to an element, and the phase angle
was tracked for around 23 hours. It is seen to decrease mostly in the beginning and then get more stable
towards the end and a high signal was still observed. On the red curve in Figure 4.16 a bias voltage of
—190V was applied and for every five hours the bias was set to zero for half an hour before going back
to the —190 V. Again the phase angle was tracked and the same tendency as previous was observed.
Both measurements were performed on elements which had not been measured on previously. It can
not be concluded that a completely stable level can be reached, however, this signal level should be
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Figure 4.16: Long term tracking of maximum impedance phase angle when operating in reverse mode
(-190 V). The blue curve is when a constant voltage of —190V is applied and measurements performed
continuously. The red curve is a similar measurement with OV applied for 10 min every five hours. An
applicable, almost stable signal level is observed over time.

suitable for making reliable ultrasound imaging.

A second set of long term measurements were performed to learn more about the charging and the
results can be seen in Figure 4.17. In Figure 4.17a the bias voltage is changed every half hour from 5V
to 160V in steps of 5 V for both normal and reverse polarity. It is confirmed that the charging was a lot
worse in the normal mode than in the reverse mode. The decreasing signal was visible at around 40 V
for the normal mode, whereas it was not observed in the reverse mode measurements. The difference
in signal level was clearly seen as well. In Figure 4.17b only reverse mode was measured to see if there
was a change in the observed charging over time at different bias voltages. Measurements were made
at each voltage for 10 hours with pauses of 10 min at O V in between. It was seen that some charging
appear at 150 V and continued when the voltage was further increased.

From the long term measurements of the 1D CMUT array with different DC voltage polarity it can be
determined where in the CMUT stack the trapped charges are located and the sign of the charges. The
charges will under a DC voltage be moved to one of the following interfaces: top silicon plate/vacuum
gap, vacuum gap/insulation oxide or insulation oxide/bottom silicon electrode. These interfaces are
illustrated in Figure 4.18a and denoted as interface A, B, and C, respectively. The top silicon plate
and bottom silicon electrode are both highly doped with a high amount of free charge carriers. If the
trapped charges in the CMUT stack were located at either silicon interfaces (A or C) they would be
screened by oppositely signed free charges from the silicon. Since this screening effect will cancel
out the effect of the trapped charges, it can be concluded that the trapped charges necessarily must be

68



-20

/=21
40 =:io0
a0 m\/\%\'
20 N
g -40 @ V=150
5] g 0 NG
h=A k=2
o -50 o
2 2-20
®© © .
[0} [0} =
@ -60 17} —
= -70 s &0
-80 80}z
lu =1 0 =0 o V=0 v
il
_900$ 2= 400 600 800 1000 0 500 1000 1500 2000 2500 3000 3500 4000
Time [min] Time [min]

(a) Increasing bias voltage in steps of 5V for 25 min each.  (b) Increasing bias voltage in large steps for 10 hours each.

Figure 4.17: Long term tracking of maximum impedance phase angle when operating in normal and
reverse mode (a). Charging is clearly seen also for lower voltages in normal mode. For reverse mode
it appear around 150V when doing long term measurements only (b).
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(a) Possible interfaces for charges to get trapped. (b) Charge build up in normal operation mode.

Figure 4.18: lllustration of possible problems with charging when the CMUTs are operated in normal
mode. a) Three possiblew interface in the structure for charges to get trapped. b) Positive charges will
cause a reduction of the effective bias over the CMUT structure.
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located at the vacuum/oxide interface (B). The measurements showed that the trapped charges primarily
affect the CMUT in normal operation mode (Figure 4.14a) by minimizing the effective electric field
over the vacuum gap. This means that the trapped charges at the B interface must be positive since
negative charges would increase the effective electric field across the gap, see Figure 4.18b.

Further investigations of the origin of these charging effects in the CMUT elements should be performed
to find a way to eliminate the charges. It was not carried out in this project due to time constraints.

4.5 Summary

In this chapter the development of the baseline process for fabricating CMUTs at DTU was described.
The challenges was explained and guidelines for designing and fabricating the devices was suggested.

The baseline process was used to fabricate 1D arrays which should be used in a prototype probe.
The design and layout of the CMUT was explained from the requirements for this prototype. The
fabrication process, which is based on separate oxidation of the two wafers used in fusion bonding,
was described in details. The connections are made from the front side as for the Stanford devices.

A yield of almost 100 % was also obtained for this process. Impedance measurements showed large
charging effects in the device which was found to be reduced drastically by reversing the bias polarity.
From investigations of the charging, it was concluded that positive charges were trapped at the interface
between insulation oxide and vacuum cavity.

Acoustical testing of the devices was also carried out and will be explained in the two next chapters.
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CHAPTER D

Transducer Packaging and Acoustical Tests

This chapter covers all transducer evaluation that is not the prototype probe. It is important to
characterize the fabricated device properly to see how they perform acoustically. For this purpose a
flexible platform for testing various designs of transducers was developed in collaboration with BK
Medical. The acoustical measurements performed using the experimental Synthetic Aperture Real-time
Ultrasound System (SARUS) [70] at CFU.

5.1 Development of Evaluation Platform

For evaluating the transducers with different designs it was a requirement that the evaluation platform
was flexible to be able to reuse the expensive electronics parts and easily switch the device. The layout
of the system that was developed can be seen in Figure 5.1. The transducer was mounted on and

wirebonds
Transducer
[ |PCB1
-Connector between the 2 PCBs
| |PcB2
© @ @ @ Em S caty
Electronic components cable

Figure 5.1: Design of flexible transducer evaluation platform for testing various CMUT designs. The
transducer is mounted on a PCB using wirebonding, the PCB is connected to another PCB containing
all electronics and a cable for connecting to a scanner is attached to the electronics PCB.
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wirebonded to PCB1, called Chip Carrier Board (CCB). This CCB was clicked onto another PCB
containing all the electronics for operating the CMUT and this second PCB was called InterConnect
Board (ICB) and could be reused for other devices. A new CCB would be needed for different
transducer designs. A transducer cable for a BK Medical scanner was also attached to ICB so the
transducer could be connected to an imaging system.

The transducers were made by DTU Nanotech, the wirebonding and mounting on the CCB was done
by an external partner, DELTA, and all electronics and layout of the CCB and ICB were made by BK
Medical. Another requirement was that the system should be encapsulated in a box to be able to do
experiments with the device submerged in water.

The setup can be described as

1. CMUT glued on CCB

2. Wirebonding of all elements

3. Connect CCB with transducer to ICB with electronics
4. Attach transducer cable to ICB

5. Separate cable for DC connections

6. Contained in a waterproof box

Pictures of the final setup can be seen in Figure 5.2 from front and back side of the box.

Figure 5.3 shows a picture of CCBs with different layouts, a chip mounted on a CCB and an ICB. In
Figure 5.3a, a 1D and 2D CMUT arrays are seen together with their corresponding CCBs as the top
and bottom row, respectively. A 1D array mounted on a CCB with wirebonds covered in glob top is
seen to the bottom left and an ICB is seen to the bottom right.

5.2 Acoustical Setup

Two types of acoustical measurement were performed: transmitting into a hydrophone and mea-
suring the output signal plus pulse-echo measurements against a plane reflector, consisting of PVC
(Polyvinylchloride), to measure the receive sensitivity. A picture of the transmit setup can be seen
in Figure 5.11a, and a picture of the receive setup can be seen in Figure 5.11b. Later another plane
reflector of the same material was used. This could fit on top of the evaluation box so the whole
box did not have to be submerged in the oil. This setup can be seen in section 5.3 together with the
measurements it was used for.

5.2.1 Confirmation of Charging Effects

With the initial configuration of the ICB-CCB setup the polarity of the device was in the normal mode.
Using this a decrease in signal was observed over time, see Figure 5.6 which shows RMS of pulse-echo
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(a) Front side. (b) Backside.

Figure 5.2: Flexible transducer evaluation platform developed to test multiple CMUT designs and
devices. The front side (a) is open to the CMUT and on the backside (b) the transducer cable and a
separate DC supply cable can be seen.

measurements in voltage measured over time. It is the mean value of all working elements. One
element was transmitting at the time and the signal was received with the same element to obtain the
two-way sensitivity. The measurement was made with 190 V DC bias and £60 V AC signal. Ten
different white, Gaussian random signals were used for the excitation and averaging was performed
over the 10 random signals.

As the charging was discovered during the impedance measurements, shown in chapter 4, the polarity
was also switched to reverse mode in this setup. For this a slight modification of the CCB had to be
made to be able to put the DC bias on the substrate electrode. This modification is seen in Figure 5.7.

After reversing the bias a much higher signal was obtained as can be seen in Figure 5.8. It was noted
that the signal was still decreasing over the time scale that was measured here. However, it was seen
for the impedance measurements that an almost stable operating point could be obtained and operating
the transducer in the reverse mode was usable for making ultrasound images.

A similar measurement was made for a piezoelectric probe and the results can be seen in Figure 5.9.
The two measurements were not directly comparable due to different amplifiers etc. in the setup,
however, the level of signal for the CMUT was seen to be in the right order of magnitude after reversing
the polarity. All measurements should thus be made in the reverse mode with these devices until a
solution to eliminating of the charging completely were found.
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(a) 1D and 2D CMUT arrays and corresponding CCBs. To the left is the backside of the CCBs with
connectors seen on each side, in the middle the corresponding devices are seen and to the right the
fontside of the CCBs where the devices are glued onto are seen. The top row is for a 2D array and
the bottom for a 1D array.

(d) ICB with electronics for operating the CMUTs. The same
ICB is used for both 1D and 2D arrays.

Figure 5.3: Different PCBs and devices for the flexible transducer evaluation platform developed to
test multiple CMUT designs and devices.
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Figure 5.6: RMS of received signal over time mea- Figure 5.7: Modification of CCB to allow for
sured using a plane reflector. bias voltage on the substrate electrode.

5.3 Device Coating

There are several ways to apply a coating to a transducer e.g. mold-transfer [60], spray coating, VDP
[59,61] and spin coating [61]. 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 mounted on a printed circuit board (PCB)
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Figure 5.8: RMS of received signal over time Figure 5.9: modification of CCB to allow for bias
measured using a plane reflector. voltage on the substrate electrode.

and wirebonded. The wirebonds were covered by a protective glob top (CHIPCOAT G8345D) and this
was used as a dam when applying the PDMS coating. The dam was filled with liquid PDMS and then
cured in vacuum. The procedure for this PDMS coating was

* 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 was estimated to be around
900 um. Coating thickness have been investigated by Lin et al. [60], who found that the main signal
was not affected by the thickness. However, if the coating was thin, the echo from the coating-liquid
interface would 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
Figure 5.10.

All measurements were performed in oil for electrical insulation of the uncoated part of the device.
Acoustical measurements were made to obtain the transmitted pressure and the receive sensitivity for
the two halves of the device. Ten working elements were chosen on each half of the array for the
experiments. For all measurements the transducer elements were biased at 190 V, which was 80 % of
the calculated pull-in voltage. The AC transmit signal was 60 V.
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Figure 5.10: CMUT array mounted on a PCB with PDMS coating applied to half of the array using the
glob top and an epoxy as dam.

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

Figure 5.11: Measurement setup using hydrophone (a) and plane reflector (b) in front of the CMUT
mounted in the box with electronics.

5.3.1 Transmit Pressure and Frequency Characteristics

A hydrophone (Optel 5 MHz, Optel, Wroclaw, Poland) placed 10 mm from the transducer surface
was used to measure the transmit pressure, as seen in Figure 5.11a. Ten different white, Gaussian
random signals were used for the excitation and averaging was done over the 10 random signals. The
hydrophone was aligned to the center of all elements when measuring across the array. The values
were 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 could be described as [60]

Lag = o.fBw or ~~2 =10 , (5.1)
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Figure 5.12: 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.

where Iy is the original intensity, & the attenuation loss factor (given in dB/MHz/mm), f the frequency,
B an empirically found parameter and w the thickness of the coating. For the Sylgard 170 PDMS it was
found that &« = 0.37 dB/MHz/mm and 8 = 1.4. Using a frequency of 5 MHz and the estimated coating
thickness of 0.9 mm, the expected drop in signal intensity was 31 %, which was comparable to the
measured signal loss with a difference of +13 % respectively for transmit and receive. The differences
arose 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 in the center of each element at a distance of 10 mm and
the average results =2 standard deviations for 10 elements with and without coating can be seen in
Figure 5.12. From this the mean center frequency was found to be 4.5 MHz for the elements without
coating and 4.1 MHz for the elements with coating. This means the coating resulted in a decrease in
center frequency of around 9 % which was due to the added mass on the plate. Similarly the fractional
bandwidth was found to be 77 % for the array without coating and 84 % with the coating. Thus, the
PDMS coating slightly increased, 9 %, the fractional bandwidth when transmitting pressure which was
explained by the increased damping of the plate. It was also seen that applying this coating with a
thickness of 0.9 mm resulted in a loss in signal of around 3.8 dB at the center frequency.
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Figure 5.13: 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.

5.3.2 Receive Sensitivity and Pulse-Echo Characteristics

To measure receive sensitivity a plane reflector of 40 mm PVC (Polyvinylchloride) was placed at a
distance of 10 mm from the transducer surface as seen in Figure 5.11b. Again ten different white,
Gaussian random signals were used for the excitation and averaging was performed over the 10 random
signals.

The results from the receive analysis showed a decrease of 35 % for the coated elements compared to
the uncoated which matches well with the expected value found from (5.1). The receive sensitivity was
found by dividing the measured pulse-echo signal with the measured transmit pressure for the same
element to take into account that the coated elements also transmitted less pressure than the elements
without coating.

A pulse-echo analysis to find the transfer function using a plane reflector was also carried out. The
same method as for the transmit analysis was used and a narrowband, 8 period excitation applied.
Again, a frequency sweep was made from 1.5 MHz to 7 MHz in steps of 250 kHz and the average
result +2 standard deviations for 10 elements of each kind can be seen in Figure 5.13. This shows the
pulse-echo frequency characteristic. It was seen that the loss in signal was around 3.4 dB. The -6 dB
center frequency and fractional bandwidth were found again from the normalized pulse-echo signal.
This resulted in the center frequency being 4.4 MHz and 3.9 MHz for the elements without and with
coating, respectively. This meant a decrease of 11 %. The measured fractional bandwidths were found
to 108 % and 92 %, respectively, resulting in a decrease of 15 %. Again, the coating decreased the
center frequency due to the added mass and the fractional bandwidth was decreased as well, which
could also be ascribed to the added mass.

The results from the measurements for both transmit and receive are summarized in Table 5.1.
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Table 5.1: Results 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 4.5 MHz 4.1 MHz -9 %
Fractional bandwidth, transmit 77 % 84 % +9 %
Center frequency, receive 4.4 MHz 3.9 MHz -11 %
Fractional bandwidth, receive 108 % 92 % -15 %

5.4 Loose Connections

During the measurements another problem was discovered: more and more elements seemed to
loose the connection indicated by becoming acoustically dead. An easy way to check if there was
connection to an element was to measure the capacitance with the impedance analyzer. For the array
used in the longterm acoustical measurements shown above the capacitance was checked right after
mounting of the device, and it was found to have 30 missing connections already before use. The
capacitance measurements showed that the elements were open not short circuited. This showed
that it was not due to short circuiting of the elements, like for the Vermon probe, that they were not
emitting ultrasound. During the acoustical measurements 60 elements were not working, and checking
the capacitance again afterwards, 80 elements were not connected! The capacitance measurements
were performed at 500 kHz by reading the capacitance directly from the impedance analyzer. The
capacitance measurements from before and after SARUS measurements can be seen in Figure 5.14.

A lot of tests were performed to find the source of the missing connections to the elements. Computer
Tomography (CT) scanning of the mounted devices was tried to see if broken wires or loose wires
could be seen. However, since aluminum was used for wire bonding and bonding pads on the device,
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—=e New mounted chip —eo Capacitance measurements
—= After SARUS measurements —Mean = 39.6847 pF, std = 0.41005
80 Elements outside 25% threshold: 4 ———Minimum threshold = 29.775
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Figure 5.14: Capacitance check for all elements Figure 5.15: Capacitance check for all elements
before and after acoustical measurements on before using the arrays without covering the wires
same array. with glob top.
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Figure 5.16: Microscope picture of wirebonding where a previous wire that ripped off the aluminum
pads is seen next to one of the wires.

the wires and pads could not be seen in the CT scanning. An acoustical microscope was tried to again
see if the wires were loose or the aluminum bonding pads had loosened from the silicon substrate.
Again nothing could be observed to be the reason for the missing connections.

As the problem with the missing connections were not seen to be as severe a problem for the first arrays
that was mounted and DELTA changed their bonder since then, it was suspected that the bonder was
the origin of the problem. A problem with the bonder could mean that the wires were not properly
attached to the bonding pads. Another option could be that the glob top, that was used to protect the
wires during experiments, had too much stress so it would either break the wire, pull it off, or pull off
the aluminum bonding pads. To test if one of these two options (bonder or glob top) was the problem, a
device was mounted in the same way as usual but without the glob top. Checking the capacitance right
after mounting, it was found that all elements were connected, see Figure 5.15. As the same bonder
was used as for the device in Figure 5.14, it was concluded that it was the glob top causing the problem
not the bonder.

Looking in a microscope, there was evidence that the wire bonding had to be redone several places
because the aluminum had ripped off. This is seen in Figure 5.16. On another wafer the aluminum
was annealed after end processing and this seemed to improve the adhesion to the silicon surface.
Alternatively, an adhesion layer of e.g. titanium should be included in the process, however, this
requires more modifications of the process flow as titanium is not etched by the wet aluminum etch.

Contact Materials and Annealing

To further evaluate the attachment of bonding wires to the contact pads and the pads themselves,
destructive tests of wirebonds on various contact pads were performed. Four samples were prepared
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with four different metal or treatment conditions:

1. Silicon with 400 nm aluminum pads (Si/Al)
2. Silicon with annealed 400 nm aluminum pads (Si/Al anneal)
3. Silicon with 20 nm titanium and 400 nm aluminum pads (Si/Ti/Al)

4. Silicon with annealed 20 nm titanium and 400 nm aluminum pads (Si/Ti/Al anneal)

The annealing was done at 425°C and the titanium was added as an adhesion layer between the silicon
and aluminum. Ten wirebonds were made on each of the substrates and a destructive pull test performed.
During this test the bonded wire was pulled and the load for which it broke or got ripped off was a
measure of the strength of the wirebond. Normally a wirebond was accepted if the pull test measured
above 5.5 g. The mean and standard deviation for the four substrates can be seen in Table 5.2.

A two-sample t-test statistic was used to test the null hypothesis that the difference in mean value
between any two destructive tests was zero (against the alternative hypothesis that they were not equal).
A level of significance of o@ = 0.05 was used and the degrees of freedom was 18 since the number of
measurements in each sample was 10. To perform this test on a relative small number of samples, it
was assumed that the populations were normal, and due to independence, so was their difference. It
was furthermore assumed that the standard deviations of each pair in the comparisons had a common
value. The results from the t-tests can be seen in Table 5.3. If the t-test statistic was less than the table
value for a t-distribution with 18 degrees of freedom, #p o5 = 2.1, the null hypothesis must be accepted.
It was therefore only the comparison between Si/Al (sample 1) and Si/Al annealed (sample 2) that
resulted in a rejection of the null hypothesis, i.e. there was a difference in the mean breaking strengths
for the two treatments. This meant that the wirebonds should be stronger if the aluminum was annealed,

Table 5.2: Results from a destructive pull test measurements of wirebonds on four different substrates.
Mean and standard deviations are found from 10 wirebonds on each.

Substrate Mean load [g] Standard deviation [g]
Si/Al 6.3 1.30
Si/Al anneal 7.6 1.15
Si/Ti/Al 7.35 0.89
Si/Ti/Al anneal 7.1 0.43

Table 5.3: Results from t-tests with different combinations of substrates. Only for the Si/Al and the
Si/Al anneal a significant difference is observed within the 95 % confidence interval.

Si/Al  Si/Al anneal Si/Ti/Al Si/Ti/Al anneal

Si/Al - 2.233 1.987 1.741
Si/Al anneal 2.233 - 0.5124 1.213
Si/Ti/Al 1.987 0.5124 - 0.753
Si/Ti/Al anneal 1.741 1.213 0.753 -
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and this was recommended for all future processes. It can not be concluded from these experiments if
an adhesion layer is necessary as well.

PDMS as Coating and Glob Top

Another alternative for solving the glob top issue was to only apply the outer dam from the standard
glob top and then fill it up with PDMS. PDMS was much softer than the standard glob top and the
stress should therefore be lower. Furthermore, this solution provided both surface protection/insulation
and wire coating at the same time.

A sketch of the wirebonding and possible glob top and coating solutions are seen in Figure 5.17.
The wirebonding between device and PCB without any glob top or coating are seen in Figure 5.17a.
Figure 5.17b shows the standard glob top procedure performed by DELTA where a two step epoxy was
used to protect the wirebonds. A less viscous dam was first applied around the wires and then filled up
with a more viscous component before curing. Figure 5.17¢ shows the proposed method for applying
PDMS both as glob top and surface coating at the same time. Here the out dam from the standard glob
top was used as a dam which was then filled with PDMS.

This method for protecting the wires were tested on a device mounted on a CCB. The capacitance of
60 elements was measured before any PDMS was applied and all had proper connection afterwards.

A) Chip mounted without glob top

B) Standard glob top procedure

Glob top
fill

C) Alternative glob top + coating procedure

Figure 5.17: lllustration of possible glob top options. a) The wirebonding between device and PCB,
b) the standard glob top procedure performed by DELTA, and c) the alternative protection of both
worebonds and device surface with PDMS.
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PDMS was applied using same principle as explained in section 5.3 and all elements still had proper
connection. To test whether the PDMS provided sufficient protection of the wires even with a pressure
applied on top, a sponge was pushed on the surface of the PDMS. No difference was observed. The
transducer was then pushed towards the skin of an arm and as this resulted in no difference as well, a
finger was pushed firmly against the surface. Again all elements were still connected to the PCB and it
could be concluded that the PDMS would provide a sufficient glob top for the wirebonds.

5.5 Summary

In this chapter the development of a flexible system for testing multiple transducer design was described.
The platform is based on wirebonding of the device to a PCB which is connected to a second PCB
containing the electronics and a cable to a scanner. It is developed in collaboration with BK Medical.

The charging effects was confirmed acoustically by measuring pulse-echo against a plane reflector.
Reversing the bias voltage was again seen to decrease the charging issue.

A thorough investigation of Sylgard 170 PDMS was carried out to evaluate this material as coating for
CMUTs. The work was presented at a conference [53], see appendix F, as an evaluation of a device
with coating of half of the elements. The initial measurements performed on the coated and uncoated
elements showed that the 0.9 mm thick Sylgard 170 PDMS coating had an effect of around 30 % on
the performance of the CMUT array 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. As some effects are always expected from a coating due to
the loss in the material the Sylgard 170 PDMS was found to be a good option for coating of CMUTs.

An other problem with the mounted devices was observed: a lot of loose connections which kept
increasing in number during operation of the transducer. It was found to be due to too much stress
in the glob top, which caused the aluminum to get ripped off the silicon surface on the device. A
final solution to this problem was still under investigation at the time of this thesis, but two methods
was suggested. The first was to anneal the aluminum after deposition and patterning to improve the
adhesion, and the other was to use PDMS or an other softer material as glob top and coating in one.

The challenges found in this chapter and the suggested solutions also apply to the prototype probe
described in the next chapter. This probe is built on a similar system as the evaluation platform.
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CHAPTER O

TABLA Prototype Probe

In the last part of the project a new goal was made in the large ultrasound project: make a CMUT
prototype probe. The timeline for this was set to 100 day! Within these 100 days new devices should
be designed and fabricated, and electronics should be developed to operate the CMUT. Furthermore,
packaging and mounting in a probe handle should finalize the prototype probe. The CMUTs were
designed and fabricated at DTU, the electronics were made by BK Medical and the assembly by STI.

The probe was named TABLA. The name was inspired by an Indian set of drums with two different
sizes, in this case representing the 1D and 2D version of the prototype. The 2D version was out of
scope for the 100 days and this thesis, but will be made in the future. A sketch of how the final probe
should look is seen in Figure 6.1.

Cable going to scanner —>

Probe handle

CMUT with
lens coating

Figure 6.1: Drawing of the final TABLA prototype probe as it should look after assembly. The grey
area is a lens covering the CMUT and the light green part is called the nose piece.
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6.1 Probe Requirements

Certain requirements and restrictions for how the probe should be designed and fabricated arose from
the project goal of making a fully working probe. These criteria were also stated in chapter 4 with
the description of device design. The CMUTs used for the TABLA probe are the arrays described in
chapter 4, and the design and fabrication of the CMUTs can be found there.

For completeness some of the requirements are repeated here. The main idea from a scientific point of
view with the TABLA probe, was to make a CMUT probe and compare the performance of this probe
with a standard piezoelectric probe. Thus, the parameters affecting imaging performance were chosen
to match an 8812 STI piezoelectric probe. Table 6.1 shows the parameters of the TABLA probe and
the 8812 probe. The two last parameters are not a requirement, but an observation after producing the
TABLA probe.

Table 6.1: Transducer parameters for a 8812 piezoelectric probe and the TABLA CMUT prototype
probe. The CMUT is made to match this piezoelectric probe as much as possible.

8812 TABLA
Design Center Frequency 5 MHz 5 MHz

Pitch 0.3 mm 0.3 mm
Number of elements 128 128
Active length 38.1mm 38.1 mm
Elevation 5 mm 5 mm
Geometric focal depth 25 mm 25 mm
Lens material Plastic RTV
Lens max thickness 0.584 mm 1.15 mm

The probes were both linear arrays with A-pitch. The TABLA probe was designed to operate at a DC
bias of 190 V which should correspond to 80 % of the pull-in voltage. The transmit signal should be
485 V AC which is the maximum of the imaging systems. The probe should work with both a BK
2300 commercial scanner and the research scanner, SARUS.

All this was taken into account when designing the TABLA probe devices, electronics and packaging
scheme, which will be described in the following section.

6.2 Probe Development

The design and fabrication of the device used in this probe was described in chapter 4. The plate side
length was 49 um, the insulation oxide layer was 400 nm, the vacuum gap height 360 nm and the plate
consisted of 2 um silicon and 200 nm aluminum.

To assemble the TABLA probe, it was desired to have electronics that could be reused if necessary, thus,
a flexible system similar to the one described in chapter 5 was developed. A cable should be connected
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to a PCB which contained the electronic parts, see Figure 6.2, and this PCB should be connected to
another PCB which held the CMUT. The connector PCB should in this case, unlike the CCB used in
the evaluation platform, be a flexible PCB. This PCB still contained the connections to the individual
elements and to ground. The flexibility was necessary to fold the connections backwards and into the
probe handle. The chip was mounted by DELTA in the same way as before using wirebonding and a
glob top. A CMUT mounted on a flexible PCB, ready for assembly into the probe is seen in Figure 6.3.
The PCBs are made by BK Medical.

Figure 6.4 shows the flexible PCB mounted on the electronics PCB. The device is seen facing forward
in the photo and the flexible part of the PCB can be seen to bend and connect to the solid PCB. The
photo in Figure 6.4 is only for demonstration; for the actual probe the CMUT needs a protective coating
and a focusing lens as well.

After the chip was mounted, wirebonded and glob topped it was sent to STI who handled the assembly
and packaging into the probe handle. The glob top dam was filled with Room Temperature Vulcanized
(RTV) silicone for insulation of the device surface. A lens of RTV for focusing in transmit was applied

Figure 6.2: PCBs to be put inside the probe han- Figure 6.3: Flexible PCB for mounting CMUTs
dle of a TABLA prototype. A cable is attached to and connect to the probe handle PCB. A CMUT
the outside side of each PCB. device is seen as the bright rectangle.

Electronics PCB
‘1, Flexible PCB

--------

Figure 6.4: Flexible PCB with a CMUT chip connected to the probe handle PCB for demonstration
purpose. The chip mounted on the flexible PCB is seen in the front and the cable toward the back.

87



Figure 6.5: First finished TABLA probe with a similar device in front of it.

as well. The design also allowed for adding a backing material on the backside of the chip by having a
hole in the flexible PCB. Two different materials were tested in the two first prototype assemblies: a
standard backing material used for piezoelectric transducers by STI and a piece of FR4 which was the
material used for the flexible PCB. Offthand, no difference was observed for the two backing materials
so for future probe assemblies the FR4 can be used, however, no quantitative evaluation of the two
backing materials has been carried out.

An existing nose piece (tip of the probe) for a piezoelectric probe was used for the assembly of the
TABLA probe. The plastic handle was 3D printed for the prototype probes. Figure 6.5 shows a photo
of the first finished prototype of the TABLA probe with a CMUT similar to the one inside the probe in
front of it.

6.3 Characterization

By the time this PhD project ended, two prototype probes had been assembled. Some initial tests were
conducted with a BK 2300 ultrasound scanner and these will now be shown and discussed.

6.3.1 The TABLA 1 Prototype Probe

This was the first successful prototype assembly and the probe was named TABLA 1. This first probe
was finished within the 100 days deadline that was originally set for the CMUT prototype probe.
Images was successfully made with the probe.
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(a) Average waveform. (b) Average spectrum.

Figure 6.6: Initial characterization of working elements after finished assembly of the TABLA 1 probe.
a) Average waveform in pulse-echo and b) corresponding average spectrum.

After the assembly, the individual elements were measured in pulse-echo. The average waveform
of the working elements right after assembly can be seen in Figure 6.6a and the average spectrum
in Figure 6.6b. This characterization was made by STI as part of their probe production similar
to evaluations of their standard piezoelectric probe after manufacturing (a rough comparison to a
manufacturing test of a piezoelectric probe will be shown later in this section).

The spectral shape in Figure 6.6b looked Gaussian as it should, and the ringdown characteristic
attractive as well. It is seen that the center frequency was measured to be 4.1 MHz and the -6 dB
fractional bandwidth to be 100 % which was expected for a CMUT probe. This was found from the
average of the working elements. As this probe was assembled before the problem with increasing
number of loose connections was discovered. As for the ICB-CCB solution, using glob top resulted
in a lot of elements with missing connections and more lost their connections along the way when
using the probe. During the assembly the elements were checked after every step in the process and
right after the flexible PCB arrived at STI, seven elements were missing connection. The number
increased to 17 after first coating, to 21 after applying backing material, to 24 after applying the lens
and to 33 at an acoustic test at STI before shipping the probe back to BK Medical. The number of
missing elements were not measured after using the probe for imaging, but too many elements are lost
to continue imaging with this probe.

A couple of ultrasound images were also made before most of the elements lost the connection.
Figure 6.7a shows an image of a tissue mimicking and wire phantom and Figure 6.7b shows an image
of a carotic artery on a volunteer. In Figure 6.7a the metal wires are clearly seen as white spots, but no
cysts (should be next to the wires) are visible. In Figure 6.7b the round black area a little off-center to
the right is the carotic artery. The images looks good and the structures can be identified in the images.
However, the sensitivity of the probe was seen to be rapidly decreasing when continuously measuring
with the probe. This was due to the previously mentioned polarity of the DC bias which for this probe
was in the normal mode of operation, for which charging would cause a large decrease in signal as it
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(a) Phantom image. (b) In-vivo image.

Figure 6.7: Ultrasound images made with the CMUT TABLA 1 prototype probe. a) Shows a wire
phantom and b) shows the carotic artery on a volunteer.

was observed in the images.

6.3.2 The TABLA 2 Prototype Probe

A second prototype probe was successfully assembled. A couple of changes were made compared to
the TABLA 1 probe: FR4 was used as backing material, better connection of shield to ground, a little
thicker lens (due to process variations), and the polarity was changed to the reverse mode to avoid the
charging issue.

As for the TABLA 1 probe, the individual elements were measured in pulse-echo after the assembly.
The average waveform of the working elements can be seen in Figure 6.8a and the average spectrum in
Figure 6.8b. Again this characterization was performed by STI.

It was seen that the center frequency was measured to be 3.6 MHz and the -6 dB fractional bandwidth
111 % for this probe. As for the TABLA 1 probe this was also assembled before the problem with
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(a) Average waveform. (b) Average spectrum.

Figure 6.8: Initial characterization of working elements after finished assembly of the second TABLA
probe. a) Average waveform in pulse-echo and b) corresponding average spectrum.

missing connections was solved and around 30 elements were not connected after the assembly was
finished. Thus, it was expected that this probe had a limited life time before too many open connections
would make it unsuitable for imaging.

A couple of ultrasound images were made before too many elements lost the connections. The images
were made at BK Medical with a 2300 scanner and for an initial comparison similar images were
also made using a 9012 piezoelectric probe from STI. This probe did not have the same specifications
as the 8812, however, it was the only available for the 2300 scanner at the time of measuring. The
images can therefore not be directly compared, but they can provide an initial idea of the CMUT probe
performance.

Figure 6.9 shows images of a tissue mimicking phantom with wires and cysts and images of a carotic
artery on a volunteer made with both the TABLA 2 probe and the 9012 piezoelectric probe. The images
look good for the TABLA probe and the structures could be clearly identified in the images. It should
be noted that the gain was a lot higher for the TABLA probe than for the 9012 (93 % compared to
44-50 %) indicating a lower sensitivity of the TABLA probe. However, the operating conditions were
not optimal for the TABLA probe, as a frequency of 7 MHz was used, the AC transmit voltage was set
to 50 V and not the 85 V the probe was designed for. Furthermore, the 9012 probe has 192 elements
which should give a better images than a 128 element probe. A lot of elements had also already lost the
connection in the TABLA probe, so the number of active channels for this probe would be even lower
than 128. Taking all this into account, the sensitivity would probably still not be as good as for the
piezoelectric probe, however, the difference would not be as big.

In contrast to the TABLA 1 probe, the signal of the TABLA 2 probe did not decrease when measuring
continuously. This showed that the reverse mode of operation had solved the issue with charging in
the CMUT also for the prototype probe. Future assemblies should be made in the reverse mode if the
charging issue is not eliminated from the device.
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(a) Phantom image made with TABLA 2. (b) Phantom images made with 9012.

(c) In vivo image made with TABLA 2. (d) In-vivo image made with 9012.

Figure 6.9: Ultrasound images of a multi-purpose phantom (a and b) and a carotic artery (c and d)
of a volunteer to test the TABLA 2 probe (a and c) and make an initial comparison to a piezoelectric
probe (b and d). The gain for the TABLA probe was 93 % and for the piezoelectric probe it was 44 %.
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Figure 6.10: Initial characterization of all elements after finished assembly of a 8812 piezoelectric
probe. a) Average waveform in pulse-echo and b) corresponding average spectrum.

6.3.3 Comparison

An example of a manufacturing test made on a 8812 probe was provided from STI. The average
waveform of all elements in such a probe can be seen in Figure 6.10a and the average spectrum in
Figure 6.10b.

By extracting data from the measurements an initial comparison of the three probes could be made. The
results can be seen in Table 6.2. Comparing the two TABLA probes with the 8812 piezoelectric probe
from these measurements, it was seen that the TABLA probes had a lower center frequency which was
due to the design of the CMUTs. The TABLA probes both have a higher fractional bandwidth as it
was expected for a CMUT probe. Furthermore, it was seen that the amplitude was around 20 dB lower
for the CMUT probes showing a lower sensitivity for these probes than for the piezoelectric probe.
As seen in Table 6.1, the lens material for the 8812 and the TABLA probes were different and had
different attenuations. The following informations about lens design was given from STI: the two-way

Table 6.2: Summary of measured probe values made by STI for the two first TABLA probes and a 8812
piezoelectric probe. The measurements are seen in Figures 6.6, 6.8 and 6.10.

TABLA1 TABLA?2 8812

Center Frequency 41MHz 3.6MHz 5.8MHz
Fractional bandwidth 100 % 111 % 75 %
Peak frequency 39MHz 34MHz 5.6 MHz

dB at peak frequency -66.6 dB -61.7dB  -42.1dB
Peak-peak amplitude  -65.1 dB -60.7dB  -45.1dB
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attenuation at 5 MHz in the 8812 array lens was around 1.4 dB. The 5 MHz two-way attenuation in
the TABLA 1 lens was estimated to be 6.2 dB and for the TABLA 2 with the thicker lens it might be
closer to 8 dB. This meant a difference of around 5 dB due to lens attenuation was expected. The 8812
probe was furthermore tested using a different test system which showed in a test measurement to give
around 5 dB lower sensitivity. Even taking both of these 5 dB differences into consideration, it only
accounted for some of the lower sensitivity that was measured. The difference in sensitivity which was
not accounted for was then 5-10 dB. Possible factors to influence this lower sensitivity could be the
glob top approach, which could reduce the active area of the CMUT (if around 10 % it would be -1 dB).
It could also be due to the fact that a piezoelectric probe, with a lower center frequency than the 8812,
would also have a lower sensitivity due to the lower capacitance (may be around 2-3 dB). Furthermore,
it could also arise from the amplifiers only being in their start-up O dB gain mode and if they were
activated, they would add sensitivity to the CMUT probe. In general it seemed that the CMUT probe
lack sensitivity compared to a piezoelectric probe, however, a fair and quantitative comparison should
be made with a final, fully working version of the probe.

Comparing the two TABLA probes to each other, it was seen that the sensitivity was markedly higher
for the TABLA 2 even with the thicker lens. This was very likely caused by the bias reversal which
also showed a higher signal in the impedance measurements in chapter 4.15. The center frequency was
slightly reduced which was due to the higher effective bias causing an increased spring softening effect.
It could also be partly caused by the thicker coating as seen during the investigations of the effect of a
coating on CMUTs (see section 5.3). Furthermore, an increased fractional bandwidth was observed
which could also be explained by the increased spring softening which as it meant a lower mechanical
impedance of the system, and that the impact of the acoustical impedance would therefore be relatively
higher. This resulted in an increased damping of the system, which gave a higher bandwidth of the
system.

In total, there were definitely some improvements for the second version of the TABLA probe.
Investigation on how to solve the problem with missing connections was still ongoing and hopefully a
fully working CMUT probe could be made within this year.

6.4 Summary

In this chapter the development of the CMUT prototype probe called TABLA was described. The
probes were made in collaboration with BK Medical who was in charge of electronics and STI who
was in charge of packaging and assembly.

The probe was designed similar to the evaluation platform described in the previous chapter with
a CMUT device mounted on a carrier PCB which in this case was flexible. The flexibility made it
possible to connect the carrier PCB to a PCB with all electronics inside a probe handle. A cable was
attached to the electronics PCB as well to connect the transducer to a BK 2300 scanner or SARUS. Two
TABLA probes had been assembled so far and the initial characterization showed promising results for
the CMUT probe, however, the first version suffered from charging effects. These was solved in the
second version, which had issues with loosing connections as seen with the evaluation platform as well.

The TABLA probe was designed to match a standard piezoelectric probe in specifications as much as
possible and initial comparisons were carried out. The sensitivity was seen to be lower for the CMUT
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probe, but the fractional bandwidth larger as expected. A proper quantitative characterization and
comparison with a similar piezoelectric probe was not done at the time of this thesis and will be the
scope of future work when the issue with lose connection is properly solved. Furthermore, the fully
working probe should also make it through tests for approval of images on humans and on a longer
perspective a clinical study will be made.
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CHAPTER [

Project Conclusion

The overall purpose of this project was to design, fabricate, and characterize microfabricated capacitive
transducers for ultrasound imaging.

Theoretical Modeling of the CMUT

Basic knowledge and understanding of the CMUT device was obtained through analytical modelling.
The focus in this project was to include the anisotropic effects of a single crystalline silicon plate
in the analytical models. The full anisotropic plate equation was solved for the deflection of both
circular and square shaped plates. The solutions for the deflections were compared to FEM showing a
maximum deviation of 0.3 %. The theory of multilayer plates is also applied to CMUTs and the result
compared to a deflection measurement of a fabricated device showing a difference of only 0.07 %. A
full electrostatic analysis based on energy considerations and including the anisotropic effects was
carried out for both circular, square, and parallel plate devices. CMUTs are usually operated with a
DC bias of 80 % of the pull-in voltage. The stable position of a square plate at 80 % of pull-in was
found to only have a deviation of 0.01 % compared to a circular plate whereas the parallel plate had a
deviation of 0.3 %. Looking at the spring constant for the three plate types a difference of 0.47 % was
found for the square and circular plates opposed to 12.5 % for the circular and parallel plates, both at
80 % of pull-in. The pull-in distance and pull-in voltage was calculated both for zero and non-zero
applied pressure for all three plate types. For the parallel plate exact expression can be found and using
the same form for the expression for the circular and square plates results in a deviation of 0.6 % and
0.7 %, respectively, for the pull-in distance and 3.9 % and 1.7 %, respectively for the relative pull-in
voltage. The capacitance for circular and square plates was found to only have a difference of 1.4 % at
a relative deflection of 0.4. To simplify the calculations for the square plate the capacitance for the
circular plate was used instead, resulting in a deviation of only 1.6 %. Devices with both circular and
square plates were fabricated to compare with the developed theory. The stable position and pull-in
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voltage was measured and comparing these to the anisotropic theory, it is seen that the theory is within
the uncertainty interval of the measurements for both types of plates.

CMUT Fabrication

Fusion bonding was chosen as the process technology for producing CMUTs in this project. Two
different processes was carried out with almost 100 % yield in both.

The first 1D arrays were fabricated at Stanford University reusing an existing design. Two versions
of the arrays were made: one for linear array imaging at 5 MHz and one for phased array imaging
at 2.6 MHz. Both had 132 elements and both circular and square cells were included in the design.
Impedance measurements showed signals high enough for imaging with a maximum in phase angle
at resonance above 20° for both types of arrays. The resonant frequency in air was measured to be
13.5 MHz and 11.8 MHz, respectively. Increasing the bias voltage the spring softening effect was
clearly seen as a lower resonant frequency. The uniformity between two arrays from the same wafer
was found to be 0.3 % and the uniformity between all elements within an array was also good with
deviations from the mean value of less than 1 % for all elements.

The second version of 1D arrays were made at DTU with the developed baseline process. These arrays
were designed to be used in a prototype probe which should be comparable to a piezoelectric probe.
The 128 element linear arrays with square shaped cell arrays were designed to have an immersion
frequency of 5 MHz. Impedance measurements in air showed a resonant frequency of 9 MHz for these
arrays. A large issue with charging was observed in the devices. It was found that the charging effects
could be reduced drastically by reversing the bias polarity. Operating in the normal bias polarity with
ground on the bottom electrode the maximum phase angle would reduce to around —60° which is not
suitable for imaging, however, reversing the bias polarity to having ground on the top electrode, the
maximum phase angle increased to around 20°. From investigations of the charging, it was concluded
that positive charges were trapped at the interface between insulation oxide and vacuum cavity.

CMUT Acoustical Characterization

Acoutical tests were performed with both Stanford and DTU arrays. For the Stanford version, one of
array was mounted into a probe by Vermon and used for the first CMUT ultrasound imaging at DTU.
Images were made both of a hydrophone and of a multiwire phantom using both DRF, STA and THI
imaging methods. However, the probe suffered from a low breakdown voltage of the support oxide
which made proper imaging with these devices impossible and the focus was shifted to the DTU arrays.

As it was expected that several transducer designs should be tested during a longer project period, a
flexible platform for evaluating CMUTs was developed. This part was made in close collaboration with
BK medical who were in charge of designing PCBs and electronics. The evaluation platform is based
on wirebonding of the device to a PCB which is connected to a second PCB containing the electronics
and a cable to a scanner. A thorough investigation of Sylgard 170 PDMS was carried out to evalute
this material as coating for CMUTSs. The initial measurements performed on the coated and uncoated
elements show that the 0.9 mm thick Sylgard 170 PDMS coating have an effect of around 30 % on
the performance of the CMUT array regarding transmitted pressure and receive sensitivity. In both
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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 loss in the coating can, however, be
reduced by reducing the thickness of the coating which was not optimized yet.

For the DTU arrays, two of the fabricated devices were also mounted into probe handles. The prototype
probes were successfully produced all the way from design and fabrication of new chips (DTU
Nanotech), design and production of electronics (BK) and assembly with backing, coating and lens in
a probe handle (STI). The first assembled TABLA probe suffered from large charging effects which
degraded the image quality to an useless level. The charging issue was solved in the second version by
reversing the bias polarity. The second version then had issues with loosing connection to the individual
elements. It was found to be due to too much stress in the glob top which caused the aluminum to get
ripped off the silicon surface on the device. A final solution to this problem was still under investigation
at the time of this thesis, but two methods was suggested. The first was to anneal the aluminum after
deposition and patterning to improve the aluminum adhesion. Annealing of the aluminum was tested
and showed a significant improvement in a t-test of the mean values for 10 wirebonds of each kind.
The other suggestion was to use PDMS or an other softer material as glob top and coating in one and
this was tested to provide sufficient protection of the wirebonds even when applying different levels of
pressure to the wires through the coating.

The TABLA probe was designed to match a standard piezoelectric probe in specifications as much as
possible and initial comparisons were carried out. The sensitivity was seen to be lower for the CMUT
probe with around 20 dB. The resonant frequency was around 2-2.5 MHz lower, and the fractional
bandwidth larger, 100-110 % versus 75 %, as expected.

7.1 Outlook

With this project the work with CMUTs at DTU was initiated. A lot of experience was gained and 1D
arrays was successfully produced. The characterization and optimization of the devices just started and
looking ahead this will be the focus of future work.

First of all, a third version of the TABLA probe should be assembled with proper connection to all
elements. Using this probe, a proper quantitative characterization and comparison with a similar
piezoelectric probe should be carried out. Furthermore, the fully working probe should also make it
through tests for approval of images on humans and on a longer perspective a clinical study should be
made to complete the evaluation of the CMUT probe.

Having a fully working CMUT probe which is comparable to a piezoelectric probe is good, but really
utilizing the advantages with the CMUT technology is of great interest for future projects. The CMUT
technology provides much higher design flexibility than the conventional piezoelectric fabrication
method and a probe designed specifically for tissue harmonic imaging (THI) could much easier be
made with CMUTs. As the technique of THI is to transmit with the fundamental frequency and receive
with at the second harmonic frequency, a probe with separate cells optimized for transmitting and
receiving can be made with CMUTs.
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APPENDIX A

Process Flow - Stanford Arrays




Step |description [Machine Recipe Time comment
1|oxidation wbnonmetal piranha clean 20 min
whdiff RCA cleaning 30 min fresh chemicals
thermcol/2 wet 02 1000C 1h15m/52 m |targeted thickness 0.4 and
0,3 um
nanospec measure thickness
2|Litho singe oven if done immediately after
oxidation this not needed
yes oven HMDS 30 min
svg coat track 1 |1 pum resist with 2 mm EBR w/o VP
Karlsuss hard contact, oxide mask 1 1.1s
svg dev 60 s postbake (prog #3)
Drytek2 descum prog 1 1.5 min
wbnonmetal 6:1 BOE oxide etch 4.5 min or 5.7|fresh chemicals
min
wbnonmetal Piranha resist strip 20 min fresh chemicals
3|2nd whbdiff RCA cleaning 30 min fresh chemicals, NO HF
oxidation DIP!
thermcol/2 wet 02 1000C 1h45m + 30m [target 2 um
nanospec measure thickness
4(Litho yes oven HMDS 30 min
svg coat track 1 |1.6 um resist with 2 mm EBR w/o VP
Karlsuss2 hard contact, oxide mask 2 1.7s 40 um alignment gab,
Critical alignment,
Karlsuss2 better focusing
svg dev 120 s postbake (prog #4)
Drytek2 descum prog 1 1.5 min
AMTetcher season etch prog. 3 10 min
AMTetcher season etch prog. 3 3.5 min ~1200A
Drytek2 descum prog 1 1.5 min
wbnonmetal Piranha resist strip 20 min fresh chemicals
nanospec measure thickness, and gap height
5|Bonding whdiff RCA cleaning
special rinse
Ksbonder recipe: kupnik50
Annealling [Thermco2 2wetox at 1050C 4h
6|Grinding Tim, crystal shop|remove 300 um +/-20 um of 525 um
IR camera check bonding quality
7|removing wbnonmetal piranha clean 20 min no fresh chemicals

box




wbgen Heated TMAH ~9 hours strip handle took about 9h
at 95-98C, started at 70C
wbnonmetal piranha clean
wbnonmetal 6:1BOE oxide etc 6 min overetched, still color but
hydrophobic surface
8|Litho singe oven prebake 10 min
(bot. yes oven HMDS 30 min
Contact)
svg coat track 1 |1.6 um resist with 2 mm EBR w/o VP
Karlsuss1/2 hard contact, mask3 1.7s
svg dev 120 s postbake (prog #4)
Drytek2 descum prog 1 1.5 min
stsl Si etch recipe 10 min
AMTetcher season etch prog. 3 15 min
Drytek2 descum prog 1 1.5 min
wbnonmetal Piranha resist strip 20 min fresh chemicals
9|Contacts Al deposition Give wafers to Tom, crystal shop 400 nm Al, 15s HF dip
before
Rinse+Singe Dumprinse, SRD wbmetal+Singe 30 min
oven oven
yes oven HMDS 30 min
svg coat track 1 |1.6 um resist with 2 mm EBR w/o VP
Karlsuss1/2 hard contact, mask 4 1.7s
svg dev 120 s postbake (prog #4)
Drytek2 descum prog 1 1.5 min
Al etch wbmetal 1.5-2.5 min
stsl Si etch recipe 10-12 min
wbmetal PRX127 resist strip 20 min Piranha will remove metal!
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APPENDIX B

Process Flow - DTU Arrays
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Modelling of CMUTs with Anisotropic Plates
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TDepartment of Micro and Nanotechnology, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark

Abstract—Traditionally, CMUTs are modelled using the
isotropic plate equation and this leads to deviations between
analytical calculations and FEM simulations. In this paper, the
deflection profile and material parameters are calculated using
the anisotropic plate equation. It is shown that the anisotropic cal-
culations match perfectly with FEM while an isotropic approach
causes up to 10% deviations in deflection profile. Furthermore,
we show how commonly used analytic modelling methods such as
static calculations of the pull-in voltage and dynamic modelling
through an equivalent circuit representation can be adjusted to
include the correct anisotropic behaviour by using an effective
flexural rigidity. The anisotropic caluclations are also compared
to experimental data from actual CMUTSs showing an error of
maximum 3%.

I. INTRODUCTION

Capacitive micromachined ultrasonic transducers (CMUT)
are a promising alternative to piezoelectric transducers and
receive considerable attention due to their advantages such
as wider bandwidth, higher sensitivity, ease of array fabri-
cation and integration [1], [2]. Analytical and finite element
calculations are important for efficient design of CMUTs and
much has been put into modelling the behavior of the CMUT
using mostly lumped element calculations [1] or finite element
modelling [3]. Currently, the analytical approach to modelling
the CMUT is based on the isotropic plate equation from which
the deflection profile w(x,y) can be obtained.

With the fusion bonding fabrication technology [4], the plate
usually consists of crystalline silicon which is an anisotropic
material. This leads to differences between analytical deflec-
tion profiles calculated with the isotropic plate equation and
deflection profiles calculated by finite element programs that
uses the correct anisotropic approach.

In this paper, the performance of CMUTs will be ana-
Iytically calculated using the correct anisotropic approach.
Utilising the anisotropic plate equation with fixed boundary
conditions, the exact solution for the deflection profile can be
obtained. The anisotropic solution is compared to the isotropic
solution and FEM simulations. By combining the isotropic
and anisotropic deflection profiles an effective flexural rigidity
can be found. Using this, the pull in condition is found
for a generalised case through energy considerations and the
resonance frequency is found by lumped element modelling
and compared to measurements. The objective is thus to show
that using the anisotropic plate equation gives results matching
FEM simulations and to demonstrate how this can easily be
implemented into commonly used methods for calculating the
performance of CMUTs.

978-1-4673-4562-0/12/$31.00 ©2012 IEEE
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II. THE ISOTROPIC PLATE EQUATION

In some cases, the CMUT devices have a thin plate made
of an isotropic material, such as silicon nitride, and the
static deflection profile, w(z,y), is calculated by solving the
isotropic plate equation [5]

4, 4 4,

Iw oy 0w  Jw_p ()

ozt o0x20y?  oy* Dy
where p is the applied pressure difference across the plate and
the flexural rigidity is given by

E 3

T12(1 - v?)
where E is the Young’s modulus, v is the Poisson’s ratio,
and h is the thickness of the plate. The plate equation is then
solved using appropriate boundary conditions.

The plate material, however, is not always isotropic. Crys-
talline silicon is an anisotropic material with a diamond cubic
crystal structure. For plates made on silicon (111) substrates,
Young’s modulus and Poisson’s ratio are constant and the
isotropic plate equation can be used. However, for other silicon
substrates, such as silicon (001) and silicon (011), Young’s
modulus and Poisson’s ratio are strongly anisotropic, and (1)
and (2) are therefore no longer valid.

D; 2

III. THE ANISOTROPIC PLATE EQUATION

The differential equation for the deflection, w(x,y), of a
thin, anisotropic plate exposed to a uniform load p is [6]

84w+k 0*w k 9w " 9w o v p
0zt 0230y T 202207 T 0zdy® oyt 0
where
k= 46, — 20012426%0)  p 4l
C11 C11 ¢11
R “)
ko= g2 Dy=qzh’en

and ¢,, are the elements of the reduced stiffness tensor
in the plate coordinate system (using the engineering strain
convention) given by [6]
g
/ (‘pS(’Sq

Cpq = Cpq —

7 (5)
C33
Here, cgj are the elements of the stiffness tensor in the plate
coordinate system.

By aligning the plate coordinate system to the crystal-
lographic coordinate system the expressions in (4) can be

2012 IEEE International Ultrasonics Symposium Proceedings



TABLE I
ROOM TEMPERATURE (300K) STIFFNESS COEFFICIENTS FOR
CRYSTALLINE SILICON [7].

c11 C12 C44
165.6 GPa  63.9 GPa  79.5 GPa

Fig. 1. Cross sectional view of CMUT cell with applied voltage.

expressed through the stiffness coefficients of silicon shown
in Table I [7].
For a thin circular plate on a (100) substrate, we obtain

ki =ks=0 (0)
2 4

fy = —2C12 SUA 981 7
ci1tci2  Cfp — 1y

ky=1 (®)
1 0%2 3 3

Dh:f Cc11 — — h® =11.75 GPa- h (9)
12 C11

The solution to (3) for a circular plate of radius a fixed at
the boundary is easily obtained using polar coordinates. The
deflection at a point a distance r from the center is given by

(5] N
w(r) = wo (1 - (g) >

This equation is similar to the deflection profile for the
isotropic case, however, the center deflections are different

(10)

1 a*p
64 D;

1 a'p
8(3+ ko + 3ka) Dy,

Fig. 1 shows a cross sectional view of a CMUT cell with an
applied voltage with parameters shown.

By equating (11) and (12) and isolating Dj it is possible to
find an effective flexural rigidity

3+ k28+ 3k4 D

This can be used to change from the isotropic equation to
the anisotropic equation in commonly used analytical models
of CMUTSs. Examples of this will be shown in the following
sections.

Fig. 2 shows the normalised deflection profiles, using (10)
to (12), of a CMUT exposed to a pressure difference. Using
Young’s modulus and Poisson’s ratio along the [100] direction
(F100=130 GPa, 119=0.278) gives the solid green curve and
using Young’s modulus and Poisson’s ratio along the [110]
direction (F1190=169 GPa, v110=0.062) gives the dashed blue
curve. The anisotropic solution is shown as a dotted red curve

an

Wo,isotropic =

(12)

W0, anisotropic =

Doy = h 13)
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— T T T T T T T T T
+ FEM

Anisotropic
LO | — - Jsowopic, [110] N
= -7 T
| -, |
2 r P N 1
08 AN
8L / \ ]
%5 ‘ v
3 I / k i
o 0.6 [ / 3 |
2 A b ]
| | A 1
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Distance, 1/a

Fig. 2. Normalised deflection profile of a thin circular plate of silicon (001)
as calculated by (10), (12), (11) and FEM.The anisotropic profile is on top
of the FEM simulations.

and is on top of the FEM simulation shown for comparison.
The FEM simulations were performed in COMSOL 4.2a
using the full anisotropic stiffness tensor. Excellent agreement
between the anisotropic solution and the finite element calcu-
lation is seen. The figure also shows that Young’s modulus and
Poisson’s ratio corresponding to [100] or [110] directions leads
to errors in the center deflection of around 10%. To reduce this
error, it is common practice to use mean values of Young’s
modulus and Poission’s ratio (Fave=148 GPa, 1,,.=0.177)
which decreases the error to around 1.5%. However, using the
anisotropic approach gives the exact result. The error between
the anisotropic calculation and FEM is less than 0.3%.

IV. ANALYTICAL MODELLING

As mentioned previously, the behavior of CMUTs are in
most cases modelled using lumped element analysis or finite
element analysis. In the following, an analytical model for
CMUTs based on energy and force considerations will be
presented. By investigating the energies of the system it is
possible to estimate pull-in voltage and distance [8]. This ap-
proach also applies when using the anisotropic plate equation
and an example will be given in the end of the section.

The total potential energy of the plate, Uy, has three terms

Ug=Up + U+ U (14)

where U, is the energy associated with pressure, U, is the
electrostatic energy due to the capacitor and Uy is the strain
energy stored in the deflected plate. Equation (10) is the solu-
tion to the plate equation when a uniform pressure is applied.
The electrostatic pressure is not uniform but as observed by
[8] it is a very good approximation.

The energy contribution from the pressure difference is
calculated as the work performed (i.e. force times length, here
pressure times area times length) when deflecting the plate

@ 1
Uy, = —/ 2mprwdr = —§a2p7rw0 (15)
0
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The electrostatic energy for an applied voltage V' is given
by
1 2
U. = —§C’tV (16)
where the total capacitance Cy is given from the capacitance
of the plate C};; and of the insulating oxide Cox

The potential energy associated with the plate acting as a
spring is given by

o 2
lDeH / <8T (r(’“)rw)>
2 0 T

The flexural rigidity appears in this equation, making it pos-
sible to switch between isotropic and anisotropic cases.

By taking the derivative of the total potential energy with
respect to the center deflection, the total equivalent force on
the center of the plate can be found

F, = 8Ut — 1 2 64Deffﬂ"w0
t __Afziﬂgr 3UPT T s
V2 (fwo + /wo (—g + wo) ArcTanh [\/%D
)

4(g —wo wo( 0x+CO\/7ArCTaIlh [ﬁ])

where g is the gap distance. The stable position of the plate
is found when F; = 0. Thus, this equation can in principle
be solved numerically to obtain the center deflection wq for a
given design (Cy, g, a, Deg) and operating conditions (V' and
D).

32D gmw]

Us = 2mrdr = 302 a7

(18)

V. PULL IN VOLTAGE

To simplify the calculation, we normalise by using the
following expressions

4 2
pa g Co 5 3a°Cy
=P = k.= R Ve
Y00 = 649D 0 T we " T O VAT Y 256Dugg?n
(19)

Zoo is the normalised deflection due to the external pressure,
xo is the normalised center deflection, ko, is the ratio of
capacitances at zero voltage and V} is the normalised applied
voltage. This way (18) becomes

Fin = —xo + zoo—
V2 (y/zo + (=1 + z0) ArcTanh [/zo])
(=1 + ) v/Zo (y/Zo + koxArcTanh [/Z]) 2

The pull in voltage Vpr and the pull in point xp; of the
CMUT cell can be found from the expression of the force
as OF;,/0xo = 0 and Fi,, = 0 apply. By isolating Vj in the
first equation and substituting this result into the second, zpg
can be obtained and then afterwards Vpy.

For the special case where both the oxide thickness and
the applied pressure is zero, the pull in distance becomes
zpr = 0.46. For a parallel plate capacitor, this distance is

(20)

590

TABLE II
PULL IN VOLTAGES AND RESONANCE FREQUENCIES FOR THE SPECIAL
CASE OF ZERO APPLIED PRESSURE AND ZERO OXIDE THICKNESS.

Vp1 wo (0V)
Anisotropic 179 V. 9.6 MHz
" Isotropic [001] ~ 172V~ 9.1 MHz ~
Isotropic [011] 188 V. 10.0 MHZ
Isotropic average 179 V.= 9.5 MHz

TPIparallel = 1/3. With the corrected pull in distance, the
pull in voltage becomes

Voo _ 894459 Derrg®
PI = 7{1200

To compare calculations using the isotropic and anisotropic
approaches, the pull in voltage for the special case (21) is
found and shown in Table II. The calculation is performed
with ¢ = 20 gm, h = 1 pm and g = 0.5 pm. A difference
of more than 10 V is observed so using different parameters
for the calculations can make a considerable difference in the
expected pull in voltage. Using the average values for Young’s
modulus and Poisson’s ratio gives a result close to the correct
anisotropic result.

2n

VI. RESONANCE FREQUENCY

When modelling the dynamic behaviour of transducers, such
as CMUTs, it is common practice to set up a lumped parameter
equivalent circuit representation [9], [10], [11], [1]. Using the
center displacement of the CMUT plate, wy, and the equivalent
charge on the plate, (), as state variables, the state equations
of the system are given by (18) and the three relations V =
Q/Ct, i = dQ/dt and v = dwg/dt. The system can then be
linearized around a bias point (wg 1, Q) by using the Jacobian
of the system [11], [9], [10]

oV oV
av — oQ wo,b,Qb dwo wo,b,Qb aqQ (22)
dFy OF OF; dwyg

9Q wo,b,Qb dwo wo,b,Qb

The linearized system can then be transformed into the
complex frequency domain by Lapace transform. Denoting the
matrix in (22) as A, we get the following in the frequency

domain

av dqQ Lai di

{dFt}_A[dwo} {fd} B{dv
The lumped system components, the transformer factor and
the coupling coefficient of the transducer can then easily be
extracted from the matrix B [11]. The effective mass of the
plate is attached to the terminals of the mechanical domain
to complete the equivalent circuit as shown in Fig. 3, where
k* is the spring constant including spring softening. The
effective mass is found through the relation megr = kegr/ w%,
where ker = 02Us/Ow? and wy is the fundamental resonance
frequency of the plate. The effect on the resonance frequency
of using different flexural rigidities is demonstrated in Table
II. Note that the velocity of the system in this calculation is

} (23)
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174 =} F
-0 o -
Fig. 3. Equivalent circuit diagram for a CMUT.

the velocity of the center of the plate. For correct coupling
to the acoustic domain, a second transformer relation should
be added to the equivalent circuit [9], [10]. Only the coupling
between the electric and the mechanical domain is shown here
for simplicity.

In such an equivalent circuit, the full anisotropic behaviour
of the silicon plate is described by simply using the effective
flexural rigidity as given in (13). This demonstrates that ex-
isting CMUT models can easily be accommodated to include
the actual behaviour of single crystalline silicon plates.

VII. COMPARISON WITH MEASUREMENTS

To see how well the analytical model describes the behavior
of CMUTs, measurements have been performed on fabricated
devices. The impedance was measured with a HP 8752A
network analyzer for varying bias voltages and the resonance
frequency was found from the phase. The measurements were
performed on two types of devices, half of them meant for
phased array imaging with a frequency of 2.6 MHz (a =
24.5 uym, h = 1.5 pym, g = 0.37 pum and t,x = 0.21 pm)
and the others for linear array imaging with a frequency of
5 MHz (@ = 24.5 ym, h = 1.77 pm, g = 0.29 pym and
tox = 0.21 pm). Fig. 4 shows the resonance frequency as
a function of applied voltage calculated for our two types
of devices (red and green curve, circles). The corresponding
analytical calculations are shown for comparison (blue and
black curves, diamonds). Phased array device has solid curves
and linear array device has dashed curves. The model is seen
to match well with the measurements. The calculated values
for the linear array device (dashed curves) has an average
deviation from the measurements of 3% =+ 0.7 while for the
phased array device (solid curves) it is only 2% =+ 0.4. The
deviation can be explained by the metal electrode layer on
top of the membrane causing a change in effective mass
and flexural rigidity which is not included in the analytical
calculations.

VIII. CONCLUSION

We have here demonstrated how wafer bonded CMUTs can
be analytically modelled using the full anisotropic properties
of single crystalline silicon. Using this approach, the analytic
plate deflection profile shows excellent correspondence with
FEM calculations. We have used a circular CMUT as an
example to show how the anisotropic behaviour is easily incor-
porated into both static modelling of the pull-in voltage and
dynamic equivalent circuit modelling by simply introducing
an effective flexural rigidity. Using the anisotropic equivalent
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Fig. 4. Resonance frequency vs. applied voltage for measurement on two
different devices and corresponding analytical curves.

circuit model, the resonance frequency as a function of bias
voltage has been compared to measurements on wafer bonded
CMUTs in order to evaluate the accuracy of the model.
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Abstract—The conventional method of modeling CMUTs use
the isotropic plate equation to calculate the deflection, leading to
deviations from FEM simulations including anisotropic effects of
around 10% in center deflection. In this paper, the deflection is
found for square plates using the full anisotropic plate equation
and the Galerkin method. Utilizing the symmetry of the silicon
crystal, a compact and accurate expression for the deflection can
be obtained. The deviation from FEM in center deflection is
<0.1%. The deflection was measured on fabricated CMUTs using
a white light interferometer. Fitting the anisotropic calculated
deflection to the measurement a deviation of 0.5-1.5% is seen for
the fitted values. Finally it was also measured how the device
behaved under increasing bias voltage and it is observed that
the model including anisotropic effects is within the uncertainty
interval of the measurements.

I. INTRODUCTION

Precise modeling of capacitive micromachined ultrasonic
transducers (CMUT) is important for an efficient design pro-
cess. The deflection w(x,y) is an important parameter that
influences several basic CMUT parameters such as pull-in volt-
age and capacitance. Most existing analytical approaches use
the isotropic plate equation to calculate the deflection [1], [2].
However, when using fusion bonding fabrication technology
the plate usually consists of crystalline silicon, which is an
anisotropic material. The isotropic approach is then invalidated
and this results in deviations in the deflection compared to
finite element modeling (FEM) and measurements. Therefore,
to get precise modeling of these CMUTs the anisotropy of
silicon needs to be taken into account.

For circular plates a simple and exact solution for the
deflection exists, but this is not the case for square plates.
Existing solutions for the deflection of square plates is based on
series expansions with either trigonometric [3] or polynomial
basis functions [4]. None of these, however, take the anisotropy
of the plate into account.

Previously a model was made for calculating the deflection
for an anisotropic plate with circular geometry [5], and in
this paper the model is expanded to include square plates as
well. The approach used to solve the full anisotropic plate
equation is the Galerkin method [6]. Utilizing the symmetry
of the silicon crystal, a compact and accurate approximation
of the deflection can be obtained. The calculated deflection
is compared to the solution for corresponding isotropic cases,
a finite element model (FEM) and measurements performed
on fabricated devices. Furthermore, the calculated deflection
is used to find the stable position of the CMUT plate for a
given bias voltage. Equivalent measurements are performed as
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well and the theory is compared to these.

II. THE ISOTROPIC PLATE EQUATION

Conventionally the deflection w(x,y) of a CMUT with a
thin plate is modeled using the isotropic plate equation [3]
otw otw  F*w  p
= 255 t+57 ="+ 1
o 2oy T o Ty ()
where p is the applied pressure difference across the plate. The
flexural rigidity is given by

E 3

Di=———
T 12(1-V2)

(2)
with E being Young’s modulus, v being Poisson’s ratio, and &
being the thickness of the plate. For clamped rectangular and
square plates no simple exact solution exists to this equation
and approximate methods have to be used. The traditional
isotropic approach is based on a series expansion of the
deflection and the center deflection for a thin clamped square
plate having side length 2L is [3]
r p
. 3
- 3)

1

W0,isotropic = 0.020245

However, the plate material is often not isotropic and (1) and
(2) are therefore no longer valid. Using the fusion bonding fab-
rication technique the plate usually consist of silicon which is
an anisotropic material with a diamond cubic crystal structure.
Having a silicon (001) substrate, which are most often used,
Young’s modulus and Poisson’s ratio are strongly anisotropic,
and this leads to inaccurate deflection expressions.

ITI. ANISOTROPIC PLATE EQUATION

To be able to take the anisotropy of the plate into account
and avoid the inaccuracy from isotropic modeling, the stiffness
of the plate needs to be described through the stiffness matrix
of the material instead of Young’s modulus and Poisson’s ratio.
The starting point is the relation between stress and strain [7]

c¢ =", or € =s°6°. “4)

Here superscript ¢ denotes the crystallographic coordinate
system, so ¢ is the stiffness matrix and s = (c¢)~! the
compliance matrix in this coordinate system. Having a thin
plate the stresses in the z direction can be ignored and plane
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TABLE 1. ROOM TEMPERATURE (300K) COMPLIANCE COEFFICIENTS

FOR LOW DOPED N-TYPE CRYSTALLINE SILICON [8].

<

St Sa4
1258 x 102 Pa!

—2.14x 10" PaT

=
11
7.69x 10~ 12 PaT

stress assumed. The relation between strain and stress then
becomes

€1 S11 S12 S16 (9] O1
& | =1 s12 s» 5% Gy | =S| ©O2 )
€6 S16 526 S66 (&9 Co6

and we can define an effective stiffness matrix, Cepr = (Seff)il.
For silicon the effective compliance matrix becomes

. szl siz 0
Ser=1 512 Su 9 . (6)
0 0 54y

The compliance elements in this matrix are known from
measurements and shown in Table I [8]. It is noted that the
elements in (6) are known in the crystallographic coordinate
system. An equation describing plate deflection on the other
hand is valid in the plate coordinate system which is not nec-
essarily the same. To illustrate this further the crystallographic
and the plate coordinate systems can be seen in Fig. 1. The
solid coordinate system aligned to the (100) directions is where
the compliance values for silicon are known and the dashed
system shows the rotated coordinate system for the plate where
the compliance values needs to be calculated. Having silicon as
plate material and performing standard cleanroom fabrication,
the plate will usually be on a (001) substrate and aligned to
the primary wafer flat. Flat alignment is to the (110) direction
and the plate coordinate system will be rotated y = 45° and
a transformation of the compliance matrix between the two
coordinate systems is needed. The resulting effective stiffness
matrix for the present case becomes (taking the inverse of the
transformed compliance matrix) [9]

i _
CSioon, (1101 =

1 1 11 0
% +1 G TR AT

CEREAIE I AT A R
0 0 o
11 12
It is seen that the stiffness matrix now has an orthotropic
symmetry.

Now having the effective stiffness matrix the generalized
plate equation can be used. This is a differential equation for
the deflection, w(x,y), of a thin anisotropic plate exposed to a
uniform load p given by [10], [9]

o*tw otw otw o*w atw  p

oxt th 0x3dy th ox20y? ths 0xdy? ks ot D, ®
The plate coefficients k;-k4 and the anisotropic flexural rigidity,
D,, depend on the elastic constants of the plate material

ff ff ff fr
= gy AT
Ch Ch Ch ©
o) | 3 eff
k4_7l~ Dazﬁh‘cll

where Cf,flf are elements in the effective stiffness matrix. Notice
that the stiffness of the plate is no longer expressed through
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[010]

[100]

Fig. 1. The two coordinate systems, solid lines are the crystallographic system
aligned to the (100) direction and the dashed lines the plate system aligned
to the (110) direction.

TABLE I SELECTED VALUES FOR THE PLATE COEFFICIENTS AND
ANISOTROPIC FLEXURAL RIGIDITY FOR PLATES ON A SILICON (001)
SUBSTRATE [9].

Orientation y 3 ky ky kg  12D,/W’[GPa]
T100] 0 0 28133 0 I 140.96
[110] n/4 0 13241 0 1 169.62

Young’s modulus and Poisson’s ratio but directly through the
stiffness values.

Using the compliance values for silicon in Table I and
inserting the stiffness elements in (7) into (9) it follows that
k1 =k3 =0 and k4 = 1. Thus, aligning the plate to the primary
flat simplifies the anisotropic plate equation (8) to

o*w tw  *w  p

F +k28x28y2 + W Dy (10)
The same is the case for aligning the plate along the [100]
direction where the inverse of (6) is used instead of (7), giving
the same values for k;, k3 and k4. For these two special
cases the coefficients in the plate equation are summarized
in Table II.

IV. SOLVING THE PLATE EQUATION

Having a rectangular or square plate makes analytical
deflection calculations complicated and approximate methods
must be used to solve the generalized plate equation. With
the anisotropic approach the Galerkin method [6] can be used
to find approximate expressions for the deflection of a thin
anisotropic square plate. In the most common case for CMUTs
the plate is fabricated on a silicon (001) substrate and aligned
to the [110] direction. For this orthotropic square plate with
sidelengths 2L the relative deflection is found to [9], [11]

e [ -0

1+B(z) +8(7) | i

|18 (3) 48 (3 an
where the plate parameter is defined as
182+ 143k,

=—=. 12

P 1432491k 12
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The center deflection can be written
77(1432491ky) L*p
W0.Si = —_—.
0Si(001) ™ 956(16220 + 11k2(329 + 13k3)) D,
Eqn. (11)-(13) are also valid when the plate is aligned to the
[100] direction on a silicon (001) substrate. Note that the center
deflection depends only on the &, coefficient. For primary flat
alignment it is found by inserting k; into (12) that § = 0.23920.
This results in a normalized deflection surface for the plate
aligned to the (110) direction given by

w(x,y) - -] a4

x [1+40.239207 [(x/L)* + (v/L)*]]

W0 [8i(001),(110)
and the center deflection becomes

13)

L*p
D,
Comparing (3) and (15) it is seen that they are very similar
containing the same parameters but different coefficients and
the anisotropic instead of the isotropic flexural rigidity.

Fig. 2 shows the deflection cross section through y = 0 of
a square plate of silicon (001)

wy—o = wo [1— (x/L)?]’ [1 +B(x/L)2] . (16)

The deflection calculated with the anisotropic approach uses
ko = 1.3241 in (12) and center deflection (15). This is com-
pared to the isotropic approach using k> =2 in (12) and center
deflection (3), with Young’s modulus and Poisson’s ratio in
the [100] and [110] directions, and to a finite element (FEM)
simulation made using the full anisotropic compliance matrix
(compliance coefficients from Table I) in COMSOL. The
calculated deflections are normalized to the FEM center de-
flection. Excellent agreement is shown between the anisotropic
curve and FEM with a deviation of less than 0.1 % whereas the
isotropic approach leads to deviations in the center deflection
of around 10 % for both [100] and [110] directions.

wolsi(on),(110y = 0-02196 (15)

V. CMUT APPLICATION

Many important design parameters for CMUTs depend
on the deflection of the plate. By using static analysis it is
possible to find the stable position of the plate when applying
a certain bias voltage. The stable position is easiest expressed
through the center deflection and is the position where the
strain force balance the electrostatic and pressure forces. The
center deflection is found from energy considerations. The total
potential energy of the system consists of three terms:

1) Strain energy. Calculated by integrating the strain energy
density using (5), (7) and (11) and the result is

1 rh/2 L L
Us:*/ / / (0181 + 0282 +0g86) dxdydz  (17)
2Jnp2)L/)-L

nhwg
US,Si(OOl),[llO] =3.91172x 10 7 (18)

2) Energy due to applied pressure. This is found from the
pressure load on the plate

L L

U, = 7/ / pw(x,y) dxdy (19)
L)L

Upsi(oot),110] = —1.216pwoL. (20
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Fig. 2. Normalized deflection cross section (y = 0) of a square plate of silicon
(001) calculated using both the isotropic approach with Young’s modulus and
Poisson’s ratio in the [100] and [110] directions and the anisotropic approach.
The circles represent the deflection calculated by FEM.

3) Electrostatic energy. Expressed through the charge Q or
applied voltage V, the vacuum permittivity €y, gap height g
and the total capacitance C; of the device which for a square
plate is found using a Taylor expansion of the integrant with
the deflection in (11)

U. = 0%/ (2¢) = %qu. 1)
B l 2 L L €0
= 2V [L[L gi— W(x,y)dXdy (22)

The total force on the system is then found by differ-
entiating the total potential energy with respect to the center
deflection. From this the stable center position of the plate can
be found for a given applied voltage as the point where the
total force is zero.

VI. COMPARISON TO MEASUREMENTS

CMUTs with square silicon plates have been fabricated
using fusion bonding. The fabricated devices have a 65x65
um wide and 2.37 um thick silicon plate with a gap height of
405 nm and a 198 nm thick insulating oxide at the bottom of
the cavity. The deflection was measured with a Sensofar PLu
Neox 3D Optical Profiler using white light interferometry.

Fig. 3 shows a measured cross section of the normalized
deflection for the fabricated device. It is normalized in both
center deflection and distance across the plate to compare the
shape of the measured deflection with the calculated deflection.
The red curve is a fit made to the measurements using the
anisotropic model (16). Both the center deflection and the plate
parameter B is fitted. As it is seen in the figure the fitted value
for B is 0.243 which matches very well, with a deviation of
1.5%, compared to the calculated value of 0.23920 for this type
of plate (silicon (001) substrate aligned to [110] direction). The
center deflection found from the fit has a deviation of 0.5%
compared to the measurement.
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Fig. 3. Normalized deflection cross section from measurement on a fabricated
CMUT. The red curve is a fit made with (16).
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Fig. 4. Measured center deflection for increasing bias voltage together with
theoretical curves using anisotropic and isotropic approaches.

Measurements with a DC voltage applied were also
performed and the results are shown in Fig. 4. Here it is seen
how the center deflection varies with the applied voltage and
how it deflects more when approaching the pull-in voltage
as expected. The center deflection for the measurements is
found as the average of 10 cells. The errorbars corresponds to
plus/minus two standard deviations. A theoretical curve made
from the stable position analysis described in section V is
plotted as well for both anisotropic and isotropic [100] and
[110] approaches. The thickness of the plate is adjusted to
2.48, 2.49 and 2.47 um respectively with the correction found
by FEM to take the 200 nm Al layer on top of the Si into
account. It is seen that the anisotropic theory matches well
with the measurement as it is within the error margin and the
isotropic curves show similar behavior as in Fig. 2. Also the
pull-in voltage is in good agreement as it was measured to
be 206 V, compared to an expected value of 202 V from the
anisotropic model.

2190

VII. CONCLUSION

Using isotropic plate theory to calculate the deflection of
anisotropic silicon plates results in deviations from FEM or
measurements of up to 10%. The full anisotropic plate equation
was solved using the Galerkin method. It is seen that the
deflection simplifies by utilizing the symmetry of the silicon
crystal and a compact solution is obtained for square CMUT
plates on a (001) silicon substrate aligned to the [110] direc-
tion. The maximum deviation is less than 0.1% compared to
FEM. Furthermore, the deflection was measured on fabricated
devices and fitting the anisotropic calculated deflection to the
measurement a deviation of 0.5-1.5% is observed in the fitted
parameters. The stable position for varying bias voltage was
also found using the anisotropic theory and comparing this to
measurements it is seen that the theory is within the uncertainty
interval of the measurements.
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Abstract—Traditionally, CMUTs are modeled using the
isotropic plate equation and this leads to deviations between
analytical calculations and FEM simulations. In this paper, the
deflection is calculated for both circular and square plates using
the full anisotropic plate equation. It is shown that the anisotropic
calculations match perfectly with FEM while an isotropic ap-
proach causes up to 10% deviations in deflection. For circular
plates an exact solution can be found and for square plates using
the Galerkin method and utilizing the symmetry of the silicon
crystal, a compact and accurate expression for the deflection
can be obtained. The deviation from FEM in center deflection
is < 0.1%. The theory of multilayer plates is also applied to
the CMUT. The deflection of a square plate was measured on
fabricated CMUTSs using a white light interferometer. Fitting
the plate parameter for the anisotropic calculated deflection to
the measurement a deviation of 0.07 % is seen. Furthermore,
electrostatic analysis is performed using energy considerations
and the calculated deflections to include the anisotropy. The
stable position, effective spring constant, pull-in distance and
pull-in voltage are found for both circular and square anisotropic
plates and the pressure dependence is also included by comparing
to the corresponding analysis for a parallel plate. Finally, it was
also measured how fabricated devices with both circular and
square plates behaved under increasing bias voltage and it is
observed that the models including anisotropic effects are within
the uncertainty interval of the measurements.

I. INTRODUCTION

Precise modeling of capacitive micromachined ultrasonic
transducers (CMUT) is important for an efficient design pro-
cess. A CMUT consists of two plates where one of them is
fixed and the other can deflect. The deflection w(z,y) of the
movable plate is an important parameter that influences several
basic CMUT parameters such as pull-in voltage and capac-
itance. Most existing analytical approaches use the isotropic
plate equation to calculate the deflection i.e. [1], [2]. However,
when using fusion bonding fabrication technology [3], the
plate usually consists of crystalline silicon. Having a silicon
(001) substrate, which are most often used, Young’s modulus
and Poisson’s ratio are strongly anisotropic. The isotropic
approach is then invalid, and this results in deviations in the
deflection compared to finite element modeling (FEM) and
measurements. Therefore, to get precise modeling of these
CMUTs, the anisotropy of silicon needs to be taken into
account.

The first decade after CMUTSs were invented, various analyt-
ical models were presented for circular cells, which included
more and more features of the device behaviour [4], [5], [6].

However, all of them were based on parallel plate approxima-
tions for the deflection leading only to estimates of the critical
CMUT parameters. Later, the actual deflection of the movable
plate clamped at the edges was taken into account [2], [7], [8],
where it was used for calculating pull-in voltage and derivation
of an equivalent circuit model. The effect from having a non-
uniform load on the plate was included in solving the plate
equation by [7] who used superposition and a concentrically
loaded plate, and by [9] who used the Galerkin method. The
non-uniform load occurs when the bias voltage is increased, as
the electrostatic force will be greater where the gap is smaller,
an effect getting more distinct when the deflection is larger.
However, it is not necessary to include for the typical CMUT
case, where the plate never deflect more than half the gap due
to pull-in.

All of these models assumes a circular plate geometry of the
CMUT cells. For circular plates, a simple and exact solution
for the deflection exists [10], but this is not the case for square
plates. Existing solutions for the deflection of square plates is
based on series expansions with either trigonometric [11] or
polynomial basis functions [12]. None of these, however, take
the anisotropy of the plate into account.

For the first fabricated CMUTSs there was no need for
using anisotropic plate theory, as the plate usually consisted
of silicon nitride or polysilicon when fabricated with the
sacrificial release method. After the fusion bonding fabrication
method was applied to CMUTs, the anisotropy of the plate,
which now consisted of crystalline silicon, was considered
[13]. However, instead of solving the problem analytically,
finite element modeling (FEM) was used to estimate a set of
material parameters (Young’s modulus and Poisson’s ratio) to
use in the models to get an approximation as close as possible
to the correct anisotropic solution.

This paper presents solutions to the full anisotropic plate
equation for both circular and square plates used in fusion
bonded CMUTSs. The models were initially presented in [14]
for an anisotropic plate with circular geometry, and this was
then modified and expanded to include square plates as well
in [15]. For the circular cells the symmetry reduces the plate
equation and an exact solution for the anisotropic case can
be obtained similarly to the isotropic solution. The approach
used to solve the equation for the square plate is the Galerkin
method [16]. Utilizing the symmetry of the silicon crystal,
a compact and precise approximation of the deflection of a
square plate can be obtained for the anisotropic case.



The plate usually also consists of more than one material.
The theory of laminar plates is described in [17], [18] and
in this paper, the multilayer plate theory including anisotropy
is applied to calculate important parameters for a two layer
silicon/metal plate typically used for CMUTs.

Having found the deflection of the CMUT plate, a model
for the electrostatic behavior of the transducer can be set up.
Circular cells have been investigated thoroughly during the
years and a full model for this plate geometry has recently been
presented [8], whereas the full electrostatic analysis for the
square plate has not been investigated previously. Furthermore,
none of the existing models include the anisotropy.

The isotropic plate equation and solutions for circular and
square plates can be found in Section II. It is followed
by the anisotropic plate equation and how to utilize the
symmetry of the silicon crystal to reduce and solve the
problem in Section III for both circular and square plates.
The calculated deflection is compared to the solution for cor-
responding isotropic cases, a finite element model (FEM) and
measurements performed on fabricated devices. Furthermore,
in Section VI the calculated deflection is used to find the stable
position, effective spring constant, pull-in distance and pull-in
voltage of the CMUT plates. The pressure dependence is also
included. Measurements of the stable position are performed
on devices with both circular and square plates and the theory
is compared to these in Section VII.

II. THE ISOTROPIC PLATE EQUATION

Conventionally, the deflection w(x,y) of a CMUT with a
thin plate is modeled using the isotropic plate equation [11]
0w N 0*w N B W
ozt 0x20y2 oyt Dy’
where p is the applied pressure difference across the plate and
the flexural rigidity is given by

0*w P

b 3

Di=mama"

(@)
with F being Young’s modulus, v being Poisson’s ratio, and
h being the thickness of the plate.

For thin clamped circular plates, an exact solution exists.
For such a plate with radius a, the center deflection is given
by [10]

1 a'p
64 D;

For clamped rectangular and square plates, no simple exact
solution exists and approximate methods have to be used. The
conventional isotropic approach is based on a series expansion
of the deflection, and the center deflection for a thin clamped
square plate having side length 2L is [11]

3)

Wo,iso,circ —

L4
W0 iso,sq = 0.020245 D” : )

1

Fig. 1 shows a cross sectional view of a CMUT cell with
an applied voltage. The device parameters are illustrated for
both circular and square plates.

Fig. 1. Cross sectional view of CMUT cell with applied voltage.

TABLE 1
ROOM TEMPERATURE (300K) COMPLIANCE COEFFICIENTS FOR N-TYPE
CRYSTALLINE SILICON MEASURED BY [21] FOR A SUBSTRATE WITH LOW
DOPING LEVEL (150 Q-CM, ~ 2.8 x 1013 cM~3) AND HIGH DOPING
LEVEL (3.26 MQ2-CM, ~ 2.1 x 1019 cM—3).

Low doping
s§,  T.691 x 10712 pa~!
8§y —2.1420 x 10712 pa~!
s§y 12577 x 10712 pa~!

High doping
7.858 x 10712 pa—!
—2.2254 x 1012 pa—!
12.628 x 1012 pa—!

III. THE ANISOTROPIC PLATE EQUATION

To take the anisotropy of the plate into account and avoid
the inaccuracy from isotropic modeling, the stiffness of the
plate needs to be described through the stiffness matrix of the
material instead of Young’s modulus and Poisson’s ratio. The
starting point is the relation between stress, o, and strain, e,
[19]

0 =c%"°, ore® =s°"°. 5)
Here superscript ¢ denotes the crystallographic coordinate
system, so cC is the stiffness matrix and s¢ = (c®)~! the
compliance matrix in this coordinate system. Having a thin
plate, the stresses in the z direction can be ignored and plane
stress assumed. Using the voigt notation, the relation between
strain and stress then becomes [20]

€1 S11 S12 S16 g1 g1
g2 | = | s12 s22 s2 oy | =Ses | oo |
€6 S16  S26  S66 g6 (o)

(©6)

and we can define an effective stiffness matrix from the

effective compliance matrix

Cert = (Ser) - @
For silicon the effective compliance matrix is
511 812 0
s$9 8§91 O . (3)
0 0 sy

[C—
Seff -

The elements in this matrix are known from measurements and
shown in Table I [21]. It is noted that the elements in (8) are
known in the crystallographic coordinate system, which is not
necessarily the same as the coordinate system of the plate.
To illustrate this further, the crystallographic and the plate
coordinate systems can be seen in Fig. 2. The solid coordinate



system aligned to the (100) directions is where the compliance
values for silicon are known and the dashed system shows the
rotated coordinate system for the plate where the compliance
values needs to be calculated. Having silicon as plate material
and performing standard cleanroom fabrication, the plate will
usually be on a (001) substrate and aligned to the primary
wafer flat. Flat alignment is to the [110] direction, so the plate
coordinate system will be rotated v = 45° with respect to
the crystallographic coordinate system. A transformation of
the compliance matrix between the two coordinate systems is
therefore needed. As it is the stiffness matrix elements that
are to be used in the plate equation, the resulting effective
stiffness matrix for the present case can be expressed through
(7 [20]

eff _
CSi(OOl),[llO] -
1 1 1 _ 1 0
S44 2(5({1+5T2) 2(S§1+s({2) S44
1 11 0 (9
PICTE T B P TR oy ©)
0 0 L

It is seen that the stiffness matrix has an orthotropic symmetry.

Having the effective stiffness matrix, the generalized plate
equation can be used. This is a differential equation for the
deflection, w(x,y), of a thin anisotropic plate exposed to a
uniform load p given by [20], [22]

O g T8 gy T g O T
Ox? Yooy T o202 T P oxoyd Tt oyt (DI%))

The plate coefficients k;-k4 and the anisotropic flexural rigid-
ity, D,, depend on the elastic constants of the plate material

by = Ados o 2ACTH2055) . 4cs]
1 = “geif 2 = Coff 3 = TCeff
11 11 11

an
Ccff o
ka=GH# Da= 13h°CH,

where C;gf are elements in the effective stiffness matrix (9).
Note that the stiffness of the plate is no longer expressed
through Young’s modulus and Poisson’s ratio but directly

through the stiffness values.
Using the compliance values for silicon (Table I) and
inserting the stiffness elements in (9) into (11), it follows that

k1 = k3 = 0 and k4 = 1. Thus, aligning the plate to the
primary flat simplifies the anisotropic plate equation (10) to
0w 0w 0*w P
— t kst == 12
Ozt + % 9220y? + oyt D, (12)

The same is the case for aligning the plate along the [100]
direction where the inverse of (8) is used instead of (9),
resulting in the same values for ki, ks and k4. For these
two special cases, the coefficients in the plate equation are
summarized in Table II for both high and low doping levels
of the substrate.

A. Deflection of Circular plates

The solution to (10) for a circular plate of radius a fixed at
the boundary is easily obtained using polar coordinates. The
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Fig. 2. The two coordinate systems, solid lines are the crystallographic system
aligned to the (100) direction and the dashed lines the plate system aligned
to the (110) direction.

TABLE III
YOUNG’S MODULUS AND POISSON’S RATIO FOR SILICON (001).

Young’s modulus  Poisson’s ratio

[100] direction 130 GPa 0.278
[110] direction 169 GPa 0.062
Mean value 148 GPa 0.177

deflection at a point a distance r from the center is given by

[10] 2
(-2

This expression is similar to the deflection for the isotropic
case, however, the center deflection is different

13)

1 a'p

8(3+ ke +3ky) Dy

By combining (3) and (14) it is possible to find an effective
flexural rigidity

Wo,circ = ( 14)

3+ ko + 3k4
8

This can be used to easily change from the isotropic plate
equation to the anisotropic plate equation in already existing
analytical models of CMUTs. An example of this will be
shown in section VI. Using the plate coefficient values from
Table II for a highly doped (001) silicon plate aligned to
the (110) direction, the effective flexural rigidity becomes
Deg = 0.91551D,.

To compare the anisotropic model with the isotropic ap-
proach and FEM simulations, the normalized deflection of a
CMUT exposed to a pressure difference is shown in Fig. 3.
The FEM simulations were performed in COMSOL Multi-
physics version 4.2a using the full anisotropic stiffness tensor
and the curves are normalized to the center deflection of
this. The isotropic curves are made using (13) and (3) and
Young’s modulus and Poisson’s ratio along the [100] and
[110] directions (see Table III) to give the dash and dashdot
lines, respectively. The anisotropic solution is made using (13)

Deg = D,. (15)



TABLE II
SELECTED VALUES FOR THE PLATE COEFFICIENTS AND ANISOTROPIC FLEXURAL RIGIDITY FOR PLATES ON A SILICON (001) SUBSTRATE [20]. UPPER
VALUES IN BRACKETS ARE FOR LOW DOPING LEVEL AND LOWER VALUES FOR HIGH DOPING LEVEL.

Orientation P k1 ko

[100] 0 0 {

2.8133 £ 0.0006
2.8559 £ 0.0006

ks kg 12D, /h3[GPa]
0 1 140.96 + 0.03
138.35 £ 0.03

and aligned to the [110] direction. For this orthotropic square
plate with sidelengths 2L, the relative deflection is found to

1.3241 + 0.0004 169.62 £ 0.03
[110] w/4 0 0
1.2949 + 0.0004 167.96 £ 0.03
1.2 ‘
O FEM _
—— Anisotropic 7 TN be [20], [23]
— — - Isotropic, [100] N
10— - - Isotropic, [110] A0, \

o
©
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Fig. 3. Normalized deflection cross section (y = 0) of a thin circular plate of
silicon (001) calculated with (13) using both the isotropic approach (3) with
Young’s modulus and Poisson’s ratio in the [100] and [110] directions and
the anisotropic approach (14). The circles represent the deflection calculated
by FEM.

and (14) and is shown as a solid curve. This is on top of
the FEM simulation (circles). Due to the symmetry of the
circular plate, any set of parameters from Table II can be used.
Excellent agreement between the anisotropic solution and the
finite element calculation is seen with an error of less than
0.3%. The figure also shows that using Young’s modulus and
Poisson’s ratio corresponding to [100] or [110] directions leads
to errors in the center deflection of around 10%. To reduce this
error, it is common practice to use mean values of Young’s
modulus and Poission’s ratio (see Table III) which decreases
the error to around 1.5%.

As it is seen, using the anisotropic approach for a thin
circular CMUT plate on a (001) silicon substrate is simple
and the result is exact.

B. Deflection of Square Plates

Having a square plate makes analytical deflection calcu-
lations complicated and approximate methods must be used
to solve the anisotropic plate equation. With the anisotropic
approach, the Galerkin method [16] can be used to find
approximate expressions for the deflection of a thin anisotropic
square plate. As previously stated, in the most common case
for CMUTs, the plate is fabricated on a silicon (001) substrate

w(z,y)

P O

N2 Y\ 2
tea(z) +o(z) | ae
x [ w8(5) 4 (Y (16)
where the plate parameter (3 is defined as
182 + 143k
=——=. 17
g 1432 + 91k, 17
The center deflection can be written
77(1432 + 91k L
7(1432 4 91k,) P (18)

10,5,81(00) = 95616920 + 11k (320 + 13ks)) D~

Equations (16)-(18) are also valid when the plate is aligned
to the [100] direction on a silicon (001) substrate. Note that
the center deflection depends only on the k, coefficient. For
primary flat alignment, it is found by inserting ko into (17)
and using the low doping values S = 0.23920 and using the
high doping values Bpnigh = 0.23691. For the low doping case,
this results in a normalized deflection for the plate aligned to
the (110) direction given by

= [1= @/27)" 1= /)’
19
x [1+0.23920 [(z/L) + (y/L)?]]

w(z,y)

Wo  |sq,8i(001),(110)

and the center deflection becomes

L*p

D,
For the high doping case, the factor in front becomes 0.02204
for the center deflection. Comparing (4) and (20), it is seen
that they are very similar containing the same parameters
but different coefficients and the anisotropic instead of the
isotropic flexural rigidity.

Fig. 4 shows the deflection cross section through y = 0 of
a square plate of silicon (001) given by the reduced version
of (16)

Wy=o.sq = wo [1 = (/L)) [14 B (w/L)?].

The deflection calculated with the anisotropic approach uses
ko = 1.3241 in (17) and center deflection (20) (solid curve).
This is compared to the isotropic approach using ky = 2

Wo,sq,5i(001),(110) = 0.02196 (20)

21
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Fig. 4. Normalized deflection cross section (y = 0) of a square plate of
silicon (001) calculated with (21) using both the isotropic approach (4) with
Young’s modulus and Poisson’s ratio in the [100] and [110] directions and
the anisotropic approach (20). The circles represent the deflection calculated
by FEM.

in (17) and center deflection (4), with Young’s modulus and
Poisson’s ratio in the [100] and [110] directions (dash and
dashdot curves), and to a finite element (FEM) simulation
made using the full anisotropic compliance matrix (compliance
coefficients from Table I) in COMSOL (circles). The calcu-
lated deflections are normalized to the FEM center deflection.
Excellent agreement is shown between the anisotropic curve
and FEM with a deviation of less than 0.1 % whereas the
isotropic approach leads to deviations in the center deflection
of around 10 % for both [100] and [110] directions.

IV. MULTILAYER PLATES

Following the method by [17], [18] the anisotropic plate
theory can be expanded to also include plates consisting of
more than one layer. Starting from equations for the moment
and stress resultants, it can be found that the general plate
equation including anisotropic effects has the same form as
for the single layer plate (10), however, the plate coefficients
k1 — k4 and the plate stiftness D, will be different to capture
effects from having a multilayer plate.

For the CMUT application, the multilayer plate will often
consist of two layers with silicon as the main part and a
thin aluminum layer on top for contacts. The aluminum is
an isotropic material and the silicon is, as seen on (8), an
orthotropic material (when aligned to [110] direction on a
(001) substrate). For this two-layer plate, the total thickness is
called h and the ratio & = h1/h is defined from the thickness
of the aluminum, h ;. When the plate is all silicon o = 0 and
when the plate is only aluminum o = 1. Again utilizing the
symmetry of the materials, it can be found that k1 = k3 =0
and k4 = 1 so again only ko and D, need to be taken into
account for the usual CMUT plates.

The expressions for k5 and the plate stiffness becomes quite
long even for the simplified case. Using the compliance values

TABLE IV
EXAMPLES ON k2, STIFFNESS AND CENTER DEFLECTION WHEN USING
SINGLE OR MULTILAYER PLATE THEORY.

a ko 12D, /h3 wo
Circ.,, multi  0.10 1.3954  141.50 GPa  29.4 nm
Circ., Si - 1.2949  167.96 GPa  25.7 nm
Sq., multi 0.08 13753 146.79 GPa  12.5 nm
Sq., Si - 1.2949  167.96 GPa  11.2 nm

for highly doped silicon in Table I and Young’s modulus of
E =70 GPa and Poisson’s ratio of v = 0.35 for aluminum in
the expressions, they become

Dasi = (13.9963 GPa — 22.0458 GPa - o) h?
ko arsi = 1.29493 + 1.00464c.

(22)
(23)

Furthermore, it can also be found that when having a
sufficiently thin aluminum layer, o < 0.2, a series expansion
can be used and simple correction formulas can be found.
This way, the flexural rigidity of the combined aluminum and
silicon plate compared to the flexural rigidity for a plate of
only silicon with the same thickness as the total thickness can
be expressed as

Dsi
DL;S =1-1575a. 24)
Similarly, for the plate parameter k5 it is found that
k2, a1si
DZZABU 1 0.7758220n. (25)
ko si

Equations (24) and (25) both use the stiffness values for highly
doped silicon from Table 1.

For a circular plate, the relative center deflection using the
same method as above can be found to be

Wo,AlSi,circ

=1+ 1.437c. (26)
Wo,Si,circ
Doing the same for square plates the relation becomes
ZOAISS _ 4 4450, @7)
Wo,si,Sq

The error between the series expansion and the full result for
the center deflection is less than 2 % for a = 0.2 for both
plate geometries. An example of a typical thicknesses of the
layers of the CMUT multilayer plate is ~2 pm silicon and
~0.2 pm aluminum. This gives o = 0.1 and the error when
using the series expansion is less than 0.5%.

As examples on how the aluminum layer influences the plate
parameter, stiffness and center deflection of the circular and
square plates, calculations using single and multilayer plate
theory can be seen in Table IV. Here, calculations are made
with dimensions as the fabricated devices found in Table V. It
is seen that including the aluminum layer in the calculations
affects ko with around 7 %, the stiffness of the plate with
around 18 % and the center deflection with around 12 % in
this case.



TABLE V
DIMENSIONS OF DEVICES FABRICATED WITH CIRCULAR AND SQUARE
PLATES USING WAFER BONDING.

Circular Square
Size (a, L) 36 pum 32.5 pm
Plate thickness, Si hg;j 1.8 pum 2.3 pm
Al thickness ha] 200 nm 200 nm
Gap height (vacuum) g  (uncertain) 405 nm
Insulation layer tox 195 nm 198 nm
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Fig. 5. Normalized deflection cross section (y = 0) from measurement on
a fabricated CMUT with square plate of silicon (001) aligned to [110]. The
red curve is a fit made from (21).

V. DEFLECTION MEASUREMENT

To further validate the deflection of the square plate,
CMUTSs with square silicon plates have been fabricated using
fusion bonding [24]. The dimensions of the fabricated device
can be seen in Table V. The deflection was measured with
a Sensofar PLu Neox 3D Optical Profiler using white light
interferometry. Fig. 5 shows a measured cross section of the
normalized deflection for a fabricated device. It is normalized
in both center deflection and distance across the plate to com-
pare the shape of the measured deflection with the calculated
deflection. The red curve is a fit made to the measurements
using the anisotropic model (21). The plate parameter (3 is
fitted to the measurements. As it is seen in the figure, the
fitted value for g is 0.243. Using (23) for calculating /3 for
this multilayer plate (2 m highly doped silicon (001) substrate
aligned to [110] direction with 200 nm Al) a deviation of only
0.07 % is obtained.

VI. ELECTROSTATIC ANALYSIS

Many important design parameters for CMUTs depend on
the deflection of the plate. By using the solutions found in the
previous sections and performing electrostatic analysis, it is
possible to find the stable position of the plate, when applying
a certain bias voltage. The stable position is the position where

the spring force balances the electrostatic and pressure forces.
From this the pull-in distance and pull-in voltage can be found.

The analysis in the following is based on energy considera-
tions. The total potential energy U; consists of three terms, the
strain energy Us, the electrostatic energy U,, and the energy
from applying a pressure U,

Ut = []s + Up + Ue~ (28)

The method is valid for all systems where the total potential
energy is of the form

k‘()wg
where ko is the generalized spring constant that comes from
the calculation of the strain energy, A.g is the effective area
of the plates i.e. the area that goes into calculation of the work
performed by deflecting the plate due to applied pressure, V'
is the applied voltage, p the atmospheric pressure, C; the total
capacitance of the device and wy the center deflection of the
plate. For the parallel plate kg = k and A.g = A.

The total force on the system, Fy, is found by differentiating
the total potential energy with respect to the center deflection,
which is used as a reference in this work (any deflection could
be used as a reference)

_0U;
N 8w0
where C{(wg) denotes the capacitance differentiated with
respect to wg. The stable position of the plate can be found

for a given applied voltage as the point where the total force
is zero, so solving

1
— pAegwo — §V20t(w0)7 (29)

1
F = kowg — pAegr — §V2Cé(wo)’ (30)

1
kowg = pAecg + §V2C€(wo)~ 3D

The effective spring constant, k.g, can be found as the second
derivative of the total potential energy or by differentiating the
total force

O
© Owyg
Pull-in occurs when the effective spring constant is zero and
the pull-in voltage Vpr can be expressed as

2ko
Vpr = ———.
T Ol (wo)
Inserting the pull-in voltage (33) into the equation for the
stable position (31) the pull-in distance can be found by
solving the equation

1
kot =k — 5V?c;’(wo). (32)

(33)

koC{ (w

kowo = pAerr + %

This can then be inserted into (33) to obtain the pull-in voltage.

Finding pull-in distance and voltage is therefore a question of

solving the two equations (31) and (34) for the two variables.

In the following, this analysis is shown for both circular and

square plates including the anisotropic effects and for a parallel

plate capacitor as well for comparison. Similar analysis has

previously been shown by others for circular plates i.e. [2],

[8] and is therefore shown here in compact form with focus
on the anisotropy of the plate.

(34)



A. Capacitance

An important variable in the electrostatic analysis for
CMUTs is the capacitance. The capacitance at zero deflection,
Cy, of the plate can for both the circular and square plates
be divided into two contributions: The capacitance from the
vacuum gap Cy = e9A/g and the capacitance from the
insulation oxide between in electrodes Coyx = €p€oxA/tox. A
is the area of the plates, g the vacuum gap, €y the vacuum
permittivity, tox the thickness of the insulation oxide layer,
and €, the relative permittivity of the oxide. The effect from
having both contributions can be collected in an effective gap
height

tox
Jeft = g + . (35)

oxX

The total capacitance at zero deflection can then be written

-1

1 1 EoA

Cio=|—= = .

v <CO " COX> Geft

Taking the deflection of the plate into account, the total
capacitance of the device is

1 €0
C, = — ——dxd
¢ geff//l_nf(‘ray) v

where 1 = wp/gesr is the normalized center deflection and
f(z,y) is a function describing the shape of the deflection.
For circular plates, this function will be (13), for square plates
it is (19), and for the parallel plate f = 1.

The total capacitance of a parallel plate capacitor is given
by

(36)

(37

1
Ct,parallel = Ct()ﬂ-
For the circular plate, the integral can be solved analytically
and the total capacitance becomes

1
Ct circ = Cto\/% arctanh,/7.

For the square plate, there is no analytical solution. The
integration in (37) is performed numerically and is stored
using the interpolation function in Wolfram Mathematica 9.
The relative error between the interpolation function and the
numerical integration is less than 4 x 1076 and this function
can be used like a normal expression for further calculations.
The total capacitance can be written

Ct,sq = Ct0f1(77)

where f;(n) is the interpolation function. Alternatively, a
Taylor expansion can be used, however, at least 8 terms is
needed to get sufficient accuracy.

Fig. 6 shows the total capacitance normalized to the total
capacitance with no deflection, C;/Clo, versus the relative
deflection, 7, for all three cases. It is seen that when normal-
ized, the circular and square plates have similar capacitance
responses. For example, at a relative deflection of 0.4 the
deviation is 1.4% between the square and circular capacitance,
whereas using the parallel plate approximation results in a
much larger difference as seen in the figure.

(38)

(39)

(40)
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Fig. 6. Normalized total capacitance versus normalized deflection for a

circular (39) and a square plate (40). The parallel plate solution (38) shown
for comparison.

B. Energy calculations

The total strain energy is calculated by integrating the strain
energy density using (6) and (9). Having a thin plate, we can
assume plane stress and the expression becomes

1
Us = 3 /// (0181 + 0262 + 0ge6) dxdydz, 41
where the strains are given by
Puly) _ Pwly) Py
€6 =— L€ = — ;€6 = — .
! Ox? 2 Oy? 6 Oz dy
(42)

The energy due to the externally applied pressure is calcu-
lated as minus the work performed (i.e. force times length,
here pressure times area times length) when deflecting the

plate
Up = *//pw(ﬂfvy) dz dy.

The electrostatic energy is expressed through the charge )
or applied voltage V, the vacuum permittivity €g, gap height
gest and the total capacitance C} of the device

43)

1
Us = —=V3C,
2 t

1 €0
= —y2 //7dxd
2 et —w(w,y) Y

The capacitance inserted during the second equalization in
(44) is valid for all plate geometries, if the right expression
for the deflection is used in each case. It can be seen how
the deflection of the plate appears, and therefore, the plate
geometry and the anisotropy of the plate is included through
the deflection.

(44)



For a circular plate (41), (43) and (44) become

h/2 21 ra

/ / / r (o161 + 0262 + 0¢eg) drdfdz
h/2

r3rwg (3CET + 2058 + 30K + 4C5H)

5 ,circ =

= 45
9q? @3
@ 1
Up cire = —/ 2prwdr = —§7Tpa2w0 (46)
0
1., ) I
Ue cire = *ictv ffV Cto " arctanh,/7. 47)

Using (11) it can be seen that the strain energy can be written
in terms of the effective flexural rigidity

h3mwg 12D,  32nDegwj
9a? 3 3a?

By changing the flexural rigidity, it is possible to easily switch

between isotropic and anisotropic calculations in (48).
Comparing (48), (45), and (46) with (29) it can be seen

that for the circular plate the general spring constant and the

effective area are given by

Us,circ =

(3 + ko 4 3ky)

(43)

2:32Dgm 64D g1
k circ = = 4
0 3a? 3a? “49)
1
Acﬁ',circ = §7TQ2- (50)

For the square plate, only the most common case with a
highly doped plate on silicon (001) substrate aligned to the
(110) direction is considered. Using the deflection from (19),
the strain energy for the square plate becomes

h/2 L L
/ / / (0161 + 0262 + 06e6) dzdy dz
n/2J-rJ-L

~4096h3w?
T 472972512

ssq

(NCTT + 292 C58 + N C5T + 49 C58)
(5D

71 = (1001 + 4683 + 4765%), 72 = 26 (11 +24?).

Using the value for Buign, 71 = 1138.5 and v, = 288.9.
Inserting the plate coefficients from (11) into (51), it can be
seen that the strain energy can be written in terms of the plate
coefficients and the anisotropic flexural rigidity

49152 D, wk
—_ k k 0
1729795 (71 + y2k2 + y1ka) 72

Using the values from Table II the strain energy for the square
plate of silicon (001) aligned to the (110) direction becomes

(52)

s,sq =

371}(2)

h
Us sq,81(001),[110] = &5 72 (53)

where the constant is & = 385.637 GPa.
The energy contribution from applied pressure (43) is for

this case given by
/ / pw(z,y) dedy

Up,sq,Si(om),[uo] = —fppL wo.

where &, = 1.215.

(54)

psq

(55)

The electrostatic energy can in this square plate case not be
found exact as an approximation is needed for the total ca-
pacitance. Using the result from (40) this energy contribution
can be expressed as

Ue,sq =

1
—§V20t0f(77)~ (56)

Comparing (53) and (55) with (29) it is seen that for the
square plate the general spring constant and the effective area
are given by

2. &h3 2R3,
kO,sq = 12 = 12 (57)
Aeff,sq = 6pL2~ (58)

C. Stable position

Using the expressions (48)-(47) for the energies and the
equation for the stable position (31), the stable position for
the circular plate becomes

‘/stable,circ =

—256gean’/(—a*pr/64 + Deamngen)(—1 + 1)
3a2C4 (—arctanh [\/77] + 1 arctanh [\/ﬁ] + \/ﬁ) '

A comparison of the stable position found using the
anisotropic approach, (59), and measurements on a fabricated
device can be found in Section VII.

For the square plate, combining the expressions in (53), (55)
and (56), the stable position for the highly doped square plate
on silicon (001) substrate aligned to the (110) direction can
be found by (31)

v [ 2genr (= L'pEp + 20 € gert)
stable,sq — CtOLQf(n)

Devices with square plates were also fabricated and a
comparison of the stable position found using the anisotropic
approaches compared to the measured center deflection can be
found in Section VII.

Originally, the CMUT was modelled by use of a parallel
plate approximation [4], [5]. The parallel plate case is also
included here for comparison and in this case, the stable
position is

(59

(60)

(61)

v _[2(=1 4 1)?gerr (—Ap + knges)
stable,parallel Cto .

From the static analysis, it is possible to present a set of
general design plots for CMUTs by using adequate normal-
izations. Hereby, the results for circular, square and parallel
plates can be compared. For specific device behavior, the
equations for zero applied pressure or voltage can be used
to eliminate the normalizations. These expressions are derived
in section VI-E.

Fig. 7 shows the stable position of the plate for varying bias
voltages. The bias voltage is normalized to the pull-in voltage
at zero applied pressure V/Vprp,0 and the deflection to the
pull-in distance at zero applied pressure 7/7p1po. It is seen
that the circular and square plate give almost identical results,
whereas the parallel plate has a slight deviation. At 80 %
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Fig. 7. Stable voltage normalized to pull-in voltage at zero applied pressure
versus relative center deflection normalized to the pull-in distance at zero
applied pressure for circular (59), square (60) and parallel plates (61).

of pull-in, which is where the CMUT is usually designed to
operate, the deviation of the square plate result compared to
the circular plate result is only 0.01 %. For the parallel plate
the deviation is 0.3 % compared to the circular plate result.

D. Spring constant

As mentioned earlier, the effective spring constant can be
found by performing the double differentiation of the total
potential energy with respect to center deflection, see (32). The
generalized spring constant can be identified from the strain
energy for both circular and square plates, (49) and (57), and
for the parallel plate the spring constant is simply just k. All
these expressions can be inserted into the generalized effective
spring constant (32) to obtain the effective spring constant for
each plate type. The effect of spring softening is easily seen
in (32) as the second term and it is seen to depend on the
capacitance. Furthermore, it is seen that the spring constant at
zero applied voltage is the generalized spring constant.

In Fig. 8, the effective spring constant relative to the spring
constant at zero applied voltage kes/ko is shown versus
the normalized relative deflection 7/np1 0 (lower axis) or
normalized voltage (upper axis). The spring softening effect is
clearly seen as the effective spring constant becomes smaller
when the deflection and bias voltage increases. Again the
circular and square plate behave almost identical and the
parallel plate approximation differs from the two. Operating
at 80% of pull-in the deviation between square and circular
plate results is 0.47% and for the parallel plate it is 12.5%.

In general, it is seen from Figs. 7 and 8 that the overall
behaviour of the CMUT is well captured by both the more
accurate results for the circular and square plates but also
by the parallel plate approximation. The difference lies in
the normalizations i.e. the pull-in point calculation which is
different for each case when using the actual shape of the
deflection. The anisotropic effects are included through these
as well. This means that practically the simple expressions can
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Fig. 8. Normalized effective spring constant versus relative center deflection
normalized to the pull-in distance for circular, square and parallel plates.

be used to model the CMUTs with good approximations, if
using the specific de-normalizations for each plate type.

E. Pull-in

For the parallel plate, the pull-in distance at zero applied
pressure is given by 7p1 o, parallel = 1/3. The corresponding

pull-in voltage is
[8kg?
% arallel = eff.
PI,p0,parallel 27Ct0

The pressure dependence on the pull-in distance can be found
analytically for this plate type and is given by

(62)

TIP1,parallel = 1/3 + 2/3pr7 (63)

where the relative pressure is given by p, = pA/(gesrk). The
relative pressure is the applied pressure normalized to the
pressure it takes to deflect the plate the size of the effective
gap, p. Fig. 9 shows the linear dependence of the pressure
on the pull-in distance, (63), as the black dotted curve. The
pressure dependent pull-in voltage can for the parallel plate
also be calculated analytically and is given by

(=Ap + kger)®
27C0k?gest

It is seen that the influence of the pressure on the pull-in
distance, and thus also the pull-in voltage, is dependent on the
geometry of the device. Defining the relative pull-in voltage as
Viel = Vp1/Vpr po and using (64) and (62), the relative pull-in
voltage for the parallel plate yields

VPLparallel = (64)

V;eLparallel = (1 - pr)(3/2)- (65)

Fig. 10 shows a comparison of the relative voltage versus the
relative pressure with a black dotted curve for the parallel
plate.
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Looking at the circular plate and the special case where the
applied pressure is zero, the relative pull-in distance becomes
NPLpo,circ = 0.463 from (34). With this pull-in distance
inserted into (59), the pull in voltage at zero applied pressure
for the circular plate becomes

89.4459 Degr g2
VPI,pO,Circ = W

To find the influence of the pressure on the pull-in distance,
(34) is evaluated for varying values of the pressure. The result
can be seen as red points in Fig. 9. As also observed by [2], [8],
the influence of the pressure on the pull-in distance is found

(66)

to be linear as for the parallel plate. The expression can be
found by considering the boundary conditions 1p1(0) = 7p1,p0
and np1(1) = 1. Using these conditions the expression for the
pressure dependent relative pull-in distance becomes

np1 = 1p1,po + (1 — 7P1.p0)Pr, (67)

where the relative pressure is given by p, p/ps =
pat/(64ges Degr) for the circular plate. Inserting 1p1 po cire =
0.463 for the circular plate yields

TP1,circ = 0.463 + O537pr (68)

Eqn. (68) is plotted as the red solid curve in Fig. 9. The
maximum deviation between the expression and the data points
is 0.6 %. Compared to the parallel plate solution the difference
in pull-in distance at zero applied pressure is clearly observed.
Furthermore, note that (67) also applies for the parallel plate
as seen in (63).

To see how the pressure affects the pull-in voltage for the
circular plate the relative pull-in voltage is again considered.
For simplicity, the equation for the pressure dependent pull-in
voltage is not shown, but it is found from the pull-in distance,
(68), inserted into the stable position, (59). The resulting
equation is evaluated for varying values of pressure and this is
shown as red dots in Fig. 10. It is seen that the pull-in voltage
decreases for increasing external pressure as expected, since
the plate is deflected due to the applied pressure. To follow the
analytical expression obtained for the parallel plate, a fit was
made to an expression having the same form as this analytical
result Vie; = (1 — p,)E3/2), where K is the fitted parameter.
The result from fitting is

Viel,cire = (1 — py)(07103/2) (69)

Using this fit a maximum deviation of only 3.9 % is obtained.
Also for the pull-in voltage, a difference is observed between
the the parallel and circular plate.

To expand this pull-in investigation to square plates as well,
the same procedure as for the circular plates is followed. For
the square case, the pull-in distance in the special case of zero
applied pressure becomes 7prpo,sq = 0.466 which is very
close to the circular plate pull-in distance. The corresponding
pull-in voltage is

2.951189821;1JL:“§s
VPLp0,sq = W

To find the influence of the pressure on the pull-in distance
for the square plate it was calculated for different pressures
and plotted as triangular points in Fig. 9. A linear fit to the
data points are shown as a dashed blue line. As for the two
other plate geometries, the influence of the pressure on the
pull-in distance is found to be linear and using (67) it can be
described as

(70)

NPIl,sq = 0.466 + 0534pr7 (71)

where the relative pressure for the square plate is given by p, =
0.021961pL*/(get D,). The maximum deviation between the
fit and the data points for the square plate is 0.7%.
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In Fig. 10 it is seen how the pressure affects the pull-in
voltage for the square plate shown as triangular points and
a fit with a dashed blue line. The calculation method is the
same as for the circular plate, and the same behavior is also
observed. A fit of the data points to an expression of the same
form as for the parallel plate case yields

Vielsq = (1 —py)(07123/2) (72)

resulting in a maximum deviation of 1.7%.

As it can be difficult for others to use the interpolation
function in (40), and since the results for a circular and square
plate are close to each other, the expression for the total
capacitance of the circular plate (37) can be used for the
square plate instead of the interpolation function due to the
similarity of the results. If the same pull-in analysis is carried
out, the same pull-in distance is obtained and the result for the
relative pull-in voltage versus relative pressure can be seen in
Fig. 11. The data points show the result using the interpolation
function. The fit to the expression in (65) when using the
circular capacitance is shown together with the previous fit
for the square plate using the interpolating function. The fit of
the data points in this approximation case case yields

Vielsq = (1 — py)(07193/2) (73)

The two curves look the same and the maximum deviation
from the data points is only 1.6 %. The deviation is highest for
higher relative pressure and realistic values for CMUTs would
be in the lower end. The relative pressure for the fabricated
square device, see Table V, is 0.02 which gives a deviation of
only 0.01 % when using the circular plate capacitance.

VII. MEASUREMENTS

To compare the anisotropic approach for modeling CMUTs
to measurements for further validation of the theory for both
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Fig. 12. Measured center deflection for increasing bias voltage together with
theoretical curves for a circular plate (59).

circular and square plates, devices with both plate types
were fabricated using a fusion bonding method [24]. The
dimensions of the devices can be seen in Table V.

Measurements of the stable position (presented as the de-
flection in the center of the plate) for increasing bias voltage
were performed on the fabricated devices. The deflections
were measured as area scans with a Sensofar PLu Neox 3D
Optical Profiler using white light interferometry.

Fig. 12 shows the measurements of the circular plate device.
It is seen how the center deflection varies with the applied
voltage and how it deflects more when approaching the pull-
in voltage as expected. The center deflection for the measure-
ments is found as the average of 10 cells and gray shaded
areas corresponds to plus/minus two standard deviations. For
the circular device there was some uncertainty in the final gap
height due to the fabrication method. Because of this it was
not possible to plot the theoretical stable position for a circular
plate, (59), together with the measurements. Instead a fit was
made which is shown as the theoretical curve in Fig. 12. From
the fit a gap height of 457 nm was found and it is seen that
the expression captures the behavior of the device very well.
With this gap, the theoretical curve is within the uncertainty
interval of the measurements. Also, the pull-in voltage is in
good agreement with the experimentally found value, as it was
measured to be 140 V, compared to an expected value of 138 V
from the anisotropic model (69).

Measurements with a DC voltage applied were also per-
formed for the square plate and the results are shown in
Fig. 13. The center deflection for the measurements is found as
the average of 10 cells and the gray shaded areas correspond
to plus/minus two standard deviations. The theoretical curve
is made from the stable position analysis and is for this
case plotted directly as the gap height was known from this
fabrication run. It is seen that the anisotropic theory matches
well with the measurement as it is within the error margin.
Also, the pull-in voltages are in good agreement as it was
measured to be 206 V, compared to an expected value of 201 V
from the anisotropic model (72).
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VIII. CONCLUSION

In this paper it was demonstrated how wafer bonded
CMUTs with both circular and square plates can be analyti-
cally modelled using the full anisotropic properties of single
crystalline silicon. For the circular plate an exact solution to
the plate equation was obtained and for the square plate, the
full anisotropic plate equation was solved using the Galerkin
method. In this case, it is seen that the deflection simplifies
by utilizing the symmetry of the silicon crystal and a compact
solution is obtained for square CMUT plates on a (001) silicon
substrate aligned to the [110] direction. Using this approach,
the analytic plate deflections show excellent correspondence
with FEM calculations and measurements. Using isotropic
plate theory to calculate the deflection of anisotropic silicon
plates results in deviations from FEM or measurements of up
to 10 %. Using the anisotropic theory reduces the deviation
from FEM to less than 0.3 % for the circular plate and
0.1 % for the square plate. Fitting the anisotropic calculated
deflection for the square plate to the measurement, a deviation
of only 0.07 % is observed for the fitted plate parameter. The
theory of multilayer plates is also applied to CMUTs, however,
only a small difference will be obtained in the deflection for
the typical CMUT case.

A full electrostatic analysis including the anisotropic effects
was carried out for both circular, square, and parallel plate
devices. The analysis is based on energy considerations and
capacitance, effective spring constant, stable position, pull-in
distance, and pull-in voltage are all calculated. In the pull-in
analysis the pressure dependence is also included. The circular
and square plate devices are seen to behave very similar with a
difference of 0.01% for stable position and 0.47% for effective
spring constant at 80% of pull-in. Using the parallel plate
approximation will results in deviations of 0.3% and 12.5%,
respectively, at 80% of pull-in. The pressure dependence is
expressed through linear fits for the pull-in distance with a
maximum deviation of only 0.6% for the circular plate and
0.7% for the square plate. The pressure dependent pull-in
voltage was seen to follow an exponentiation expression with

maximum deviations of 3.9% and 1.7% for the circular and
square plate, respectively. Using the capacitance function of
the circular plate for the square plate the maximum deviation
is 1.6%.

Devices with both circular and square plates were fabricated
and the stable position and pull-in voltage measured. Compar-
ing this to to the anisotropic theory, it is seen that the theory
is within the uncertainty interval of the measurements in both
cases.
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Abstract—A protective layer is necessary for Capacitive Mi-
cromachined Ultrasonic Transducers (CMUTSs) 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. INTRODUCTION

Coating of Capacitive Micromachined Ultrasonic Transduc-
ers (CMUTs) is important for insulation between the surface of
the elements and the patient, when applying the high voltages
required for operating CMUTSs. 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

a) Oxidation of SOI wafer
e) Opening bottom contacts

b) Oxide etching

1 ) Metallization for contact pads
I I I ——
1
1 e —
) Fusion bonding to substrate wafer g) Metallization of top plates
1 1
I —

d) Etching handle and BOX layer h) Separating elements

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. TRANSDUCER 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 pm) is deposited for bonding pads



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.

- A

Fig. 3.
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 um) 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 A pitch i.e. 300 pm.

Each element consists of 460 square shaped cells with a side
length of 49 um and is 5 mm long.

III. DEVICE 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

Photo of finished 1D array mounted on and wirebonded to a PCB.

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

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

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

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

e 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 um. 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.  MEASUREMENTS 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



wirebonds

Transducer
| |PCB1
Connector between the 2 PCBs
| |PCB2
Electronic components IBK cable

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.

(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.

(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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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.

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]

afbu
Lo = ofPw or @—1& T) (1)
0

where [y is the original intensity, & the attenuation loss factor
(given in dB/MHz/mm), f the frequency, B an empirically
found parameter and w the thickness of the coating. For the
Sylgard 170 PDMS, o = 0.37 dB/MHz/mm and 8 = 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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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

To measure receive sensitivity a plane reflector of 40 mm
PVC (Polyvinylchloride) was placed at a distance of 10 mm
from the transducer surface as seen in Fig. 7b. Again ten
different white, Gaussian random signals are used for the
excitation and the RMS of the sampled signal is calculated.
Averaging is done over the 10 random signals.

The results from the receive analysis showed a decrease
of 35 % for the coated elements compared to the uncoated
which matches well with the expected value found from (1).
The receive sensitivity is found by dividing the measured pulse-
echo signal with the measured transmit pressure for the same
element to take into account that the coated elements also
transmit less pressure than the elements without coating.

A pulse-echo analysis to find the transfer function using
a plane reflector was also carried out. The same method as
for the transmit analysis was used and a narrowband, 8 period
excitation applied. Again, a frequency sweep was made from
1.5 MHz to 7 MHz in steps of 250 kHz, and the average result
for 10 elements of each kind can be seen in Fig. 9. This shows
the pulse-echo frequency characteristic. It is seen that the loss
in signal is around 3.4 dB. The -6 dB center frequency and
fractional bandwidth were found again from the normalized
pulse-echo signal. This resulted in the center frequency being
4.4 MHz and 3.9 MHz for the elements without and with
coating, respectively. This means a decrease of 11 %. The
measured fractional bandwidths were found to be 108 % and
92 %, respectively, resulting in a decrease of 15 %. Again, the
coating decreases the center frequency due to the added mass
and the fractional bandwidth is decreased as well, which can
also be ascribed to the added mass.

The results from the frequency sweep measurements for
both transmit and receive are summarized in Table I.

Table 1. RESULTS 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 4.5 MHz 4.1 MHz -9 %
Fractional bandwidth, transmit 77 % 84 % +9 %
Center frequency, receive 4.4 MHz 3.9 MHz -11 %
Fractional bandwidth, receive 108 % 92 % -15 %

V. CONCLUSION

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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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.

[. INTRODUCTION

The potential benefits of utilizing capacitive microma-
chined ultrasonic transducer (CMUT) arrays in ultrasonic
transducers are well discussed in the literature: large band-
width, 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.

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.

Numerous lumped element models of CMUTs are pre-
sented 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 pa-
rameters and direct evaluation of a specific design. To achieve

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 (A-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 inves-
tigate 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 char-
acteristics 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.

II. FINITE ELEMENT ANALYSIS

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 mod-
els 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 vari-
ables are used for coupling between the two interfaces.

The CMUT cell consists of a 2 um thick mechanical silicon
support representing the fixed bottom plate of the CMUT
structure. The suspended top silicon plate of the CMUT with
thickness ¢ 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



2.5 um outside the vacuum gap representing half the spacing
(2.5um) 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.

The square geometry requires a 3D model, but only % 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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peak frequencies for single and infinite array of cells as function of plate
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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 5MHz, 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 (Z, = 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 (A ~ 480 um), 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 (Zp) of the medium. Water is used
as medium in the simulation with Zy ~ 1.5 MRayl. With a
resistive part close to Zy 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 Z, mainly affects the overall damping of the CMUT.
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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 1um. 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 um 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 (= 0.3MHz) in center frequency
for SC with £ = 1pm 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 TAC 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 pm where it begins
to increase. The turning point corresponds to the thickness

TABLE 1. SUMMARIZED SCALING TRENDS FROM FIG. 4.
Single cell Infinite array of cells
X RX TX RX
Scaling plate thickness (dB) 08 40 53 1.9
1pm — 2um
Scaling gap height (dB) 62 28 63 38

200 nm — 400 nm
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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. EXPERIMENTAL RESULTS

Two different square cell CMUT arrays with plate thick-
nesses of 1um and 2um and plate side lengths of 35um
and 49 um, 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 sur-
face. 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. SUMMARIZED RESULTS FROM HYDROPHONE AND
PULSE-ECHO SPECTRUM IN FIG. 5.
t =1pm t = 2pum
TX TX—RX TX TX—RX
Peak values (dB) -25.7 -21.8 -24.4 -17.4
Center frequency (MHz) 4.43 3.57 451 441
Fractional bandwidth (%) 70 140 77 108

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 ~ 0.9MHz for the 1um thick plate. This follows
the FEA simulations in Fig. 3(b) and Fig. 4(b) where plates
with thicknesses less than ~ 5 pm becomes increasingly over-
damped due to a lower mechanical impedance. The peak pulse-
echo 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 L.

IV. CONCLUSION

A dimensional scaling study using numerical simulations
of square CMUT cells with a constant transmit immersion
frequency of 5MHz has been presented. Two cell configu-
rations 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 1um and
2 um, respectively.
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