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Abstract

Capacitive Micromachined Ultrasonic Transducers (CMUTS) are the potential al-
ternatives for the conventional piezoelectric ultrasonic transducers. CMUTs have been
under an extensive research and development since their first development in the mid-
1990s. Initially developed for air-coupled applications, CMUTs have shown far better
acceptability in immersion-based applications (i.e. medical ultrasonic imaging, medical
therapy, and underwater imaging) when compared to the piezoelectric ultrasonic trans-
ducers.

CMUTs are parallel-plate capacitors fabricated using the Micro Electro Mechanical Sys-
tems (MEMS) technology. Despite of the fact that various CMUT fabrication meth-
ods have been reported in the literature, there are still many challenges to address in
CMUTs design and fabrication. Standard fabrication techniques are further sub-divided
into the Sacrificial Layer Release Process and the Wafer Bonding methods. A number
of complications are associated with these techniques, such as optimization of the de-
sign parameters, process complexity, sacrificial layer material with the corresponding
etchant selection, wafer cost and selection. In particular, the sacrificial release meth-
ods consist of complex fabrication steps. Furthermore, structural parameters like gap
height and radius have optimization issues during the sacrificial release process. On the
other hand, the wafer bonding techniques for the CMUTs fabrication are simple and
have a great control over the structure parameters in contrast to the sacrificial release

methods. At the same time, the wafer-bonded CMUTs require very high quality wafer

vil



surface and have a very high contamination sensitivity. For this purpose, this disserta-
tion aims to develop a simple, low cost and lower constraint thermocompression-based
technique for the CMUT fabrication.

The proposed wafer bonding technique for the CMUT fabrication in the dissertation
uses Polymethyl methacrylate (PMMA) adhesive as an intermediate layer for the ther-
mocompression wafer bonding. The advantages associated with the PMMA adhesive-
based wafer bonding over the other wafer bonding methods include low process temper-
ature (usually 200 °C or less), high wafer surface defects and contamination tolerance,
high surface energy and low bonding stresses. These factors will add cost effectiveness
and simplicity to the CMUTs fabrication process. Furthermore, the achieved receive
sensitivity with the reported CMUT is found comparable to the commercially available

ultrasonic transducers.
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PMMA YAPISTIRICILI PUL BAGLAMA YONTEMIYLE KAPASITIF
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Ozet

Kapasitif Mikroiglenmig Ultrasonik Gii¢ Ceviriciler (CMUTlar) geleneksel piezoelektrik
ultrason doniigtiiriiciilerine bir alternatif tegkil etmektedir. CMUTlar, ilk 6ncelendikleri
1990’larin ortalarinda beri kapsaml olarak arastirilip gelistirilmektedir. Ilk basta hava
ortaminda kullanilmak i¢in gelistirilmis olsalar da, siviya daldirilmis sekildeki uygula-
malarda (tibbi ultrason goriintiileme, tibbi sagaltim ve sualt1 goriintiileme gibi) ¢ok
daha fazla kabul goriir olmuglardir.

CMUTlar mikroelektromekanik sistem (MEMS) teknolojisi kullanilarak iiretilen par-
alel levha kondansatorleridir. Literatiirde gesitli CMUT iiretim teknikleri mevcut olsa
da, bu cihazlarin tiretiminde hala asilmasi gereken birgok sorun bulunmaktadir. Stan-
dart iiretim teknikleri kurban tabaka birakimi ve pul baglama olarak iki alt kategoriye
ayrilmaktadir. Bu iiretim teknikleriyle ilgili zorluklar; tasarim parametrelerinin en iyi
hale getirilmesi, islem karmasgikligi, kurban tabaka ve karsilik gelen agindirici secimi,
pul masrafi ve se¢imi olarak siralanabilir. Ozellikle kurban tabaka birakimi yontemleri
karmasgik tiretim asamalar1 barindirmaktadir. Ayrica bosluk yiiksekligi ve yaricap: gibi
yapisal parametrelerin optimizasyonunda kurban tabaka birakimi sirasinda sorunlar
yaganmaktadir. Ote yandan, pul baglama teknikleri kurban tabaka birakimi yontem-
lerine kiyasla basitlikleri ve yapi parametreleri {izerinde daha fazla kontrol sahibi olma
bakimindan daha avantajlidirlar. Ama pul baglama teknikleri ile iiretilen CMUTlar
i¢in yiiksek kaliteli pul ylizeyi gerekmektedir ve bu teknikler pul yilizeyinin temizligine
¢ok hassastir. Bu sebeplerden dolayi, bu tezde basit, ucuz ve daha az kisith bir 1sil

sikigtirma tabanli CMUT iiretim teknigi gelistirilmesi amaglanmigtir.
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CMUT fiiretimi igin Onerilen pul baglama tekniginde polimetil metakrilat (PMMA)
yapigtiricisi 1s1 sikigtirmali pul baglama siirecinde bir ara tabaka olarak kullanilmak-
tadir. PMMA-bazlh pul baglama tekniginin diger tekniklere gore avantajlar: diisiik islem
sicakligr (genelde 200 °C ya da daha diigiik sicaklik), puldaki kusur ve yiizey kirliligine
yiiksek tolerans, yiliksek yiizey enerjisi ve diisiik baglama stresidir. Bu faktérler CMUT
{iretiminin verimliligine ve basitligine katki saglamaktadir. Uretilen CMUTlarmn als
hassasiyeti, ticari olarak mevcut ultrasonik donitistiiriiciilerle karsilastirilabilir seviyede

bulunmugtur.
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Chapter 1

Introduction

This dissertation presents a new wafer bonded CMUT fabrication method based on
PMMA adhesive thermocompression bonding. This chapter starts with an introduction
to the CMUT, followed by various applications and fabrication techniques. Then, the
motivation behind this research is described, and an overview of the contributions of

this dissertation is discussed. Finally, the structure of this dissertation is provided.

1.1 Problem Definition and Motivation

Capacitive Micro-machined Ultrasonic Transducers (CMUTs) was introduced in
1994, as an alternate to the conventional piezoelectric-based transducers |1, 2|. Ba-
sically, CMUTs are two parallel-plate capacitors used for ultrasonic transduction. The
basic structured single cell of CMUT is composed of a conducting bottom layer and
a membrane top layer suspended over a sealed vacuum cavity. The bottom layer is a
fixed silicon substrate while the top layer is a flexible plate. The two layers are isolated
by a middle insulation layer and a shallow sealed cavity is formed within the insula-
tion layer. The membrane have the ability to vibrate and hence forming a variable
capacitor. As a transmitter, the membrane vibrates to produce ultrasonic signal when
subject to alternating voltage pulses. In receiving mode, the membrane vibrates as a
result of the incoming ultrasonic waves, which changes the capacitance of the transducer

and, in turn, produces an electric signal. A typical CMUT and its working principle is
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Figure 1.1: Basic Working Principle of the CMUT

described in Figure 1.1.

Initially produced for air-coupled ultrasonic applications, CMUTs, late on, have been
adopted for immersion applications, such as medical ultrasonic imaging and underwater
imaging [3, 4, 5, 6]. CMUTs offer better axial resolution due to its broader fractional
bandwidth when compared to piezoelectric devices |7, 8]. Furthermore, unlike piezo-
electric devices, the use of micro-fabrication technology makes the CMUTs fabrication
process very simple and precise transducers can be fabricated in array form [9]. Also,
adopting a low temperature fabrication technique makes it possible for the CMUTs
to be integrated with Complementary Metal-Oxide—Semiconductor (CMOS) technol-
ogy [10, 11, 12]. CMOS compatibility is highly desirable as the circuitry integrated
with CMUTs would reduce the parasitics and, hence, enhance the performance of the
CMUT [13, 14, 15, 16]. Thus, CMUTSs have captured a lot of interest as an alternative
to piezoelectric devices and have been under development since its first introduction. In
addition to imaging, CMUTs have also been studied for other applications such as fluid
density measurement [17], fluid sensing [18, 19], catheter ablation [20], tumor treatment

[21], therapy [22, 23] , flow measurement |24, 25| and distance sensing [26].



Besides all the advantages, a number of complications and limitations have been
associated with the CMUT technology. For instance, compared to the piezoelectric
devices, CMUTs have low output power in transmit mode. Furthermore, CMUTs have
issues like acoustic cross-talk, and durability and reliability due to dielectric charging
which need to be addressed |27, 28|. Researchers have showed huge interest in the
development and optimization of the CMUTs to minimize the associated limitations
[29, 30, 31, 32, 33, 34]. All of the design optimization studies need fabrication of
CMUTs for experimental analysis and validation.

The first method adopted for fabrication of CMUTs was the sacrificial release pro-
cess. In this process, the cavity is created by etching the sacrificial layer between the
substrate and membrane layers [2|. There are some problems associated with the sac-
rificial release process, such as, the uniformity of the cavity during the under-etching
process and the lack of control over the membrane thickness. Moreover, the suspending
membrane may stick to the substrate during the sacrificial release process, specially
for applications where a relatively thin membrane or an extremely small gap height is
required. To overcome these problems, direct wafer bonding based CMUTs fabrication
technique was demonstrated by Huang et al. [35]. The direct wafer bonding technique
provided better uniformity and control at the cost of using the expensive Silicon-on-
Insulator, (SOI), wafers. There are some drawbacks associated with the direct wafer
bonding process, for example, the process has a very high sensitivity to surface rough-
ness and contamination. Also, temperatures in excess of 1000 °C are required to carry
out the bonding process. The high temperature problem was addressed by introduc-
ing the anodic wafer bonding technique [36]. Anodic bonding requires a high voltage
(around 500 V) during the bonding process which makes the bonding system com-
plicated. In short, the CMUTs fabrication techniques reported in the literature have
several limitations such as the process complexity, wafer cost, surface roughness, and
process control. In recent years, researchers have been developing the adhesives based
wafers bonding techniques for CMUTs fabrication [37, 38, 39, 40|. The adhesive, which
is spin coated on the surface of the wafer in fluid form, covers minor contamination

and surface roughness, and hence, obviates expensive SOI wafers and complex surface



treatment steps. Henceforth, the prime motivation of the dissertation is to develop a
low cost CMUT fabrication process having less fabrication constraints, from both the
material and the equipment standpoints. Moreover, the proposed CMUT fabrication
process would also provide a guideline for the other researchers working in the field of
acoustics engineering, to further modify and optimize the proposed CMUT design as

per the application needs.

1.2 Contributions of this Thesis

The major contribution of this dissertation is the process development and demon-
stration of CMUT fabrication using PMMA adhesive based thermocompression wafer
bonding. Thermally grown silicon-oxide wafers have been successfully bonded to an-
other silicon-oxide wafer using a lab-built thermocompression bonder. The presented
CMUT is an unconventional wafer bonded device where the entire thickness of the sil-
icon wafer has been used as a membrane and was developed to be used for underwater
applications. The characterizations were performed in immersion for output power,
receive sensitivity, resonance frequency and bandwidth calculations. The receive sen-
sitivity of the developed CMUT is comparable to commercially available hydrophones
[41]. Additionally, the proposed method minimizes the steps involved in the fabrication
of the CMUT. Hence, the reported method is among the simplest ones as compared
with the other formerly-reported methods, which results in much less fabrication time as
well as the lower cost. Furthermore, fabrication methods to achieve high frequency and
CMOS integrable CMUTs with PMMA adhesive based wafer bonding have also been
suggested. As a consequence, researchers as well as the prospective students working in
our laboratory could be guided on prospective works of polymers based wafer-bonded

CMUTs development and the allied applications.



1.3 Organization of the Dissertation

This dissertation is organized as follows:

Chapter 1, the introduction, starts with the problem definition, discuss the motiva-
tion of this dissertation and then discuss the contribution of this dissertation which is
presented in the rest of the dissertation.

Chapter 2 provides the necessary background for reviewing and discussing the con-
ventional CMUT fabrication processes. Then, the method for accomplishing the desired
research is proposed.

Chapter 3 presents the analytical methods to design CMUTs. Then, the fabrication
process adopted for the fabrication of the proposed CMUT are discussed, and pre-
liminary tests are demonstrated to examine the success of the process before further
processing.

Chapter 4 presents the characterization results of the fabricated CMUT that in-
clude the power efficiency, resonance frequency, bandwidth, fractional bandwidth and
sensitivity of the manufactured device.

Chapter 5 draws up the achievements and propose future directions.

This dissertation focuses on the the development of a CMUT fabrication process, the
FEA modeling and theoretical calculations were required for performance evaluation of
the developed CMUT. Those modeling and calculations are provided and discussed in
the Appendices.

Appendix A discusses the Finite Element Analysis (FEA) modeling the CMUT
pitch-catch analysis to calculate the pressure in the fluid column and the received
sensitivity of the receiving CMUT.

Appendix B presents the study analyzing the squeeze film damping effect in the
CMUT cavities with trapped air.



Chapter 2

Background

The advent of Capacitive Micromachined Ultrasonic Transducer (CMUT) provided
a better source of airborne ultrasound transducer particularly in the MHz operating
frequency range [1|. Later, CMUTs showed a huge bandwidth advantage over the
piezoelectric transducers under immersion, which has further motivated the develop-
ment of sealed cavity based CMUTs for immersion applications [42]. In comparison
to the piezoelectric devices the transduction in CMUT is attained electrostatically.
The main advantage of CMUT over piezoelectric transducers is that CMUTs have bet-
ter electro-mechanical coupling and much larger fractional bandwidth. Furthermore,
the availability of the micromachining technology makes it possible to be fabricate
miniaturized and precise CMUTs. Further, with the MEMS technology CMUTs can
be fabricated in arrays. Also, with the MEMS technology, the CMUTs can be inte-
grated directly with the driving circuitry which further enhances the performance of
the CMUTs. However, the fabrication process complexity, cost, yield and performance
of CMUTs still pose practical limitations and the researchers are still contributing to
optimize and utilize the micromachining fabrication, by leveraging the advantages.

In this chapter, we present background of the CMUT fabrication techniques. We
begin with an overview of the existing fabrication techniques with a brief comparison
among the techniques. Afterwards, we discuss the material selection for the reported

CMUT fabrication technique.



2.1 CMUTs Fabrication Technologies

CMUTs are fabricated on a high-conductivity silicon substrate to eliminate the
requirement of an additional bottom electrode. High conductivity is achieved by heavily
doping the silicon wafers. The membrane is then suspended over the substrate with the
help of insulating sidewalls, creating a shallow cavity gap. The top electrode is formed
by depositing a metal layer on the top of the membrane. In the case of non-conducting
or high resistivity substrates, an additional bottom electrode is deposited. Conventional
methods are further subdivided into sacrificial layer under-etching and wafer bonding,

which will be discussed in the following sections in detail.

2.1.1 Sacrificial Layer Release Process

Sacrificial release process is established as the first method for CMUT fabrication
and has been under extensive development since its first introduction |1, 43, 44, 45, 46,
47]. In the sacrificial release process, surface micromachining technology is utilized to
create the vacuum gap by under-etching a sacrificial layer between the diaphragm and
the substrate. The cavity is then sealed to make the CMUT suitable for immersion
applications [42]. A general sacrificial release process is illustrated in Figure 2.1. In
CMUTs, the aim is to achieve a vibrating membrane over a sealed cavity. In the sacri-
ficial release process, the process starts with depositing an insulation (such as SizNy)
layer over the silicon substrate. The insulation layer, which acts as an insulator dur-
ing device operation, is also used as an etch stop during the sacrificial release process.
In the following step, the CMUT sacrificial release pattern is grooved in the insulator
layer. Afterwards, a sacrificial layer (such as chromium or Si0,) is grown. The Sacrifi-
cial deposition is followed by the deposition of another Si3N, layer. Subsequently, top
electrode is patterned by depositing Cr/Au. A new layer of Si3/V, is then deposited
to bury the electrodes. Sacrificial release etch holes are lithographically patterned, and
subsequently etched by the use of RIE. Afterwards, the sacrificial under-etching and
release steps are performed and finally, the etch holes are sealed and desired membrane

thickness is achieved by coating another thick layer of Si3/Vy.
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Figure 2.1: Process steps of the sacrificial release fabrication technique. (a) Image
reversal lithography with sacrificial mask on insulating nitride; (b) DRIE defines the
sacrificial cavity; (c) Chromium deposition into the sacrificial layer; (d) Liftoff and
cleaning; (e) Membrane deposition; (f) Top electrode deposition; (g) Burying electrode
under thick nitride; (h) Etch holes patterning; (i) Sacrificial under-etch and release; (j)
Final cavity sealing. Reprinted from [48].

When fabricating CMUTs by adopting the sacrificial release process, a number of
optimization adjustments needs to made during design and fabrication steps, such as
structural design, selection of membrane material, release holes position, selection of
sacrificial material and relevant etchant type. Adjusting all of the design and fabrica-
tion steps is not practical. Moreover, obtaining a uniform gap height with the sacrificial
underetching is quite challenging. Also, sacrificial release based CMUTs cause degra-
dation in the device fill factor, due to the additional release holes for removing and
releasing of the sacrificial layer [9]. With the increase of frequency the fill factor will
decrease and, consequently, the output power and sensitivity decreases. Further, drying
the cavity after wet underetching is another existing problem as stiction and collapse

of membrane may occur during the process.

2.1.2 Wafer Bonding

At low operational frequencies, the radius of the CMUT increases and a uniform
cavity height becomes more important. However, in these low frequencies and large-
radius devices, sustaining the suspended membrane with the sacrificial release method is
very difficult. Another way to fabricate CMUTs is the wafer bonding technique where

two wafers are bonded together to fabricate CMUTs without the involvement of the



sacrificial layer underetching process. As a result, wafer bonding methods provide better
control over the cavity formation and membrane thickness. Wafer bonding techniques
do not involve the underetch process and combines surface micromachining and Silicon-
on-Insulator for CMUTs fabrications [49]. Therefore, the wafer-bonding technique can
also be adopted to address the membrane underetch stiction problems. Wafer bonding
requires a pair of wafers: a prime wafer on which the cavity is defined and an SOI wafer
carrying the device layer. After the cavity is patterned, the two wafers are brought
into contact and bonded together. A very controlled cavity and uniform membrane
thickness can be achieved with the wafer-bonding process [49, 50]. Wafer direct bonding,
anodic bonding and polymer adhesive wafer bonding are the techniques reported in the

literature and briefly discussed here.

Direct Wafer Bonding

Direct wafer bonding, in principle, relies on permanent covalent bonding [49, 51].
The bonding process is shown in Figure 2.2. An oxide layer under high temperature
is grown on the prime wafer, which defines the cavity height. In the second step, the
device structure is patterned on the oxide layer followed by a dry etch step to form the
cavities. A thin layer of high quality oxide is then grown as an insulting layer which
electrically isolates the substrate and top device layer. The prime wafer is then brought
in contact with the SOI layer and a permanent covalent bond is established under very
high temperature. In the subsequent steps, the handle and buried oxide (BOX) layers
are etched leaving the device layer behind, which defines the membrane thickness. The
device is formed at this stage, and the subsequent steps do not effect the cavity and
membrane thickness. In the succeeding steps, the metalization for electrical contact
and device isolation is carried out.

The main drawback of the SOI based direct wafer bonding is the high cost of SOI
wafers and the equipment complexity associated with the production of high quality
SOI. To overcome this complication a silicon nitride wafer can be bonded to the sub-
strate wafer to form a SOI-free CMUT with direct wafer bonding |7].

Another disadvantage of direct wafer bonding is the high quality surface require-
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Figure 2.2: Process flow for direct wafer bonding CMUT. (a) Prime wafer; (b) Oxi-
dation; (c) Cavity formation; (d) Thermal oxidation; (e) SOI wafer bonding; (f) SOI
handle; (g) Removing BOX; (h) Metallization; (i) Electrode pattern and device isola-

tion. Reprinted from [52].

ments, as it is high sensitive to cleanliness and roughness. The surface smoothness is
generally achieved by either using an SOI wafer or apply surface treatment to such as
chemical mechanical polishing (CMP) to non-SOI wafers [52, 7, 9]. The use of SOI
wafers or CMP treatment can increase the yield but its makes the direct wafer bonding
very expensive which is not desirable. Furthermore, the high temperature steps make

it impossible to integrate the CMUT with the CMOS driving electronics.

Thermo-Compression Metal Bonding

A low cost low temperature thermocompression bonded CMUT with gold (Au) as
intermediate layer was presented by Taklo et al. [53|. A silicon wafer and glass wafer
pair was used to achieve a high strength and high bond yield. The cavity is defined on
a silicon wafer with a KOH wet etch step. Then, a gold layer was sputtered into the
structured silicon wafer. The same metal layer was sputtered deposited into the glass

wafer. Next, the wafers were bonded manually with weak Van der Wall forces. After-
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wards, the wafers to be bonded were placed in a lab-built thermo-compression bonder.
A controlled pressure and a temperature of 450 °C was applied for 45 minutes. The
sample temperature was gradually decreased before release of pressure and collection
for further processing.

Recently, Li et al. [54], developed an SOI wafer based metal bonding process as
illustrated in figure 2.3. The bonding process was carried out at 350 °C under a constant
pressure of 80 kPa in an SB6 bonder.

Metal bonding is a low temperature process which is important for CMUT integra-
tion with the driving electronics. The major issue with the metallic bonded CMUTs is
the electrical stability as the metal electrons may drift into the insulation layer when
exposed to the bias voltage. Additionally, the use of SOI wafer rises the cost of the

fabrication process which needs to be addressed.

Anodic Bonding

Anodic bonding is a wafer bonding process used to produce permanent seal between
glass and silicon/metals wafers. Wafers are bonded in the presence of a high electric field
[55, 56]. The glass wafer containing alkali ions is connected to the negative terminal,
whereas silicon/metal gets connected to the positive terminal. The wafers to be bonded
are placed in a heating chuck and temperature is increased to several hundred degrees
after which an electrical potential of hundreds of volts is applied. The alkali ions which
carry positive charge are attracted by the negative electrode and forms an ion depletion
region at the interface. Oxygen ions move into the silicon surface when the electric field
is applied and as a result forming of silicon dioxide to permanently bond the wafers.

The anodic bonding process has been reported for CMUT fabrication by many re-
searchers [57, 58, 36]. The process illustrated in Figure 2.4 was reported by Yamaner
et al [57]. Anodic bonding still utilize the device layer of the SOI wafer as the mem-
brane, thus, the high cost problem still exists. Secondly, the bonding process requires
an additional electric field step and hence add more complexity into the process. Fur-
thermore, as the substrate is non-conducting, a bottom electrode needs to be patterned

and insulated, which makes the process more complicated.
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Figure 2.3: Metal-bonded CMUT process flow. (a) Oxidation; (b) Etching to form
insulation layer; (c¢) Central insulation block; (d) Metal layer; (e) Metal layer on silicon
wafer; (f) Wafer bonding; (g) Etching the handle silicon; (h) Etching the BOX; (i)
Aluminum deposition and etching for metal pads. (C) 2015 IEEE [54].

Polymer Based Wafer Bonding

In recent years, researchers have been developing adhesive based wafer bonding for
CMUT fabrication where the polymer adhesives are used as the bonding intermediate
layer [10, 59]. The polymer adhesive in fluid form is first coated onto the wafers. Af-

terwards, wafers are pre-backed to cure the film before bonding. The wafers are then
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Figure 2.4: Anodic bonding process flow. (a-d) Thermal oxidation and oxide etching

for cavity formation; (e-h) Etching glass, bottom electrode formation, and cleaning; (i)

Anodic bonding. (©) 2012 IEEE [57].

brought in contact under thermocompression. A constant uniform force is applied under
a constant temperature for some time and then the temperature is gradually decreased
before release of the compression. Polymer adhesive based bonding has a number of ad-
vantages over the conventional wafer bonding. The wafers are coated with the adhesive
in liquid form which, in turn, cover minor surface defects and surface contamination,
thus minimizing high quality surface requirements. Secondly, adhesives have a high sur-
face energy and low stress which results in low stress bonding. Thirdly, strong bonding
force is attained at the bonding surface due to the large bonding area. Finally, adhe-

sive based bonding techniques are low temperature processes which facilitates CMOS
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integration. So far, SU-8 and Benzocyclobutene (BCB) adhesive polymers have been re-
ported as adhesive intermediate layer for the CMUT fabrication [37, 38, 39, 60, 61, 62].
The processes reported for adhesive wafers bonding for CMUTs are still as complicated
as the other reported conventional wafer bonding, as they either have used the costly
SOI wafers [61] or glass wafers [60] which brings in the additional steps for electrode

formation.

2.2 Selection of CMUT Fabrication Method

From the discussion about the different fabrication processes, the polymer adhesive
based wafer-bonded technique appears to be a good choice for CMUT fabrication. It is
much simpler and cost effective, has low equipment requirements, and provides higher
yield. At the same time, adhesive bonding addresses some inherited problems discussed

in Section 2.2.2.

2.2.1 Selection of Polymer adhesive for CMUT Fabrication

The first step in adhesive based CMUT fabrication is the selection of the adhe-
sive material. Poly methyl methacrylate (PMMA) is a polymer which is commercially
available and has been used in wafers bonding for other applications [63]. The pro-
posed wafer bonding technique for the CMUT fabrication in this dissertation uses Poly
methyl methacrylate (PMMA) adhesive as an intermediate layer for the thermocom-
pression wafer bonding. The advantages associated with the PMMA adhesive based
wafer bonding over other methods include low process temperature (usually 200 °C or
less), high wafer surface defects and contamination tolerance, high surface energy and
low bonding stresses. These factors will add cost effectiveness and simplicity to the

CMUTs fabrication process.
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2.2.2 Advantages and Disadvantages of Polymer Bonding

The accuracy control of the adhesive layer depends on the properties of the adhesive
material. The properties of the adhesive materials are highly influenced by the thick-
ness of the coating and the applied temperature during the spin coating and curing
steps. The thickness of the coated adhesive polymers varies from hundreds of nm to
micrometers. The thickness of the final adhesive layer depends on the material thick-
ness and the spin speed [64, 65]. The desired thickness can be achieved by adjusting
the acceleration and final speed of the spinner.

One of the major concerns associated with the adhesive materials is the lack of re-
sistance to high temperatures and some chemicals during wet processing. For example,
the PMMA has a melting point of 160 °C and become liquid at this temperature which
may lead to the deformation of the pattern and/or un-bonding of the wafers. Besides
that, the PMMA doesn’t show any resistance to several chemicals such as acetone,
toluene, hydrochloric acid, sulfuric acid and acetic acid etc. and easily dissolves in
these chemicals [66].

Despite the limitation of the polymer adhesive, the advantages of the polymeric
materials should be taken into consideration as well. Polymers are highly flexible in
the coating, modification in the patterns and properties and so on. Materials such as
Fillers can be mixed in the polymer matrix to get the original properties in the polymer
matrix [67, 68]. Furthermore, the polymer can be optimally diluted to get some control
in the thickness. Besides, the limitations of polymers are not permanent and they do

promise a nice potential for optimization in specific applications.
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Chapter 3

Design and Fabrication

In this chapter, we describe the design, manufacturing and testing of a PMMA

adhesive based CMUT, intended for underwater acoustic applications.

3.1 Design of CMUTs

3.1.1 Design Methodology

The key parameters of the CMUT are determined based on the final application of
the transducer. The design parameters like the radius and thickness of the membrane
and the cavity height are defined based on the operational frequency and the collapse
voltage. Further, the bandwidth, output pressure and receive sensitivity depends on
these parameters. The radius, thickness and mechanical properties like, Young’s mod-
ulus and Poisson ratio of the membrane defines the operational frequency. The collapse
voltage of the CMUT depends on the cavity height and the membrane thickness, while
the generated output pressure depends on the cavity height. The higher the cavity, the
greater is the output pressure because of the greater membrane plate deflection, at the
cost of higher collapse voltage. The CMUTs have better receive sensitivity for lower
cavity gaps so the optimal cavity height needs to be chosen in order to operate the
CMUT in both receive and transmit mode. The design process, the approximate ge-
ometry and fabrication process is initially determined using analytical expressions and

an equivalent lumped circuit model for the CMUT. After the initial parameters calcu-
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lations, the geometry can be optimized and modified as per device targeted operation
using FEA methods. Subsequently, the finalized design is fabricated and characterized.
Finally, the design parameters are verified by comparing the analytical results with the

device experimental characterization results.

3.1.2 Analytical Modeling

Using the analytical expressions is a fast process to get the initial parametric values
of the design. These value provide a good starting point for the CMUT lumped circuit
model and the FEA model [69].

The resonance frequency of the CMUT is the primary objective of the design; all
other parameters are optimized according to the operating frequency to get the desired
input and output sensitivities. Equation 3.1 gives the center frequency of a CMUT

operated in vacuum

295 x t,, " FE
w ey
’ a? p(1—v?)

(3.1)

where t¢,,, a, E, p, and v are the thickness of the membrane, the radius, the Young’s
modulus, density and the Poisson’s ratio of the membrane material, respectively. Yet
another parameter of interest is the collapse voltage, which is defined as the voltage at
which the attraction force between the two plates overcomes the restoring force, and
the membrane collapses to the substrate. The collapse voltage depends on the radius

and thickness of the membrane, as well as the cavity height and can be expressed as

1.56 |E xt3, % g3
Y, = =2 [ X 3.2
a? eo(1 —v?) (32)

The cavity height in terms of collapse voltage can be obtained by re-arranging the

follows:

Equation 3.2.
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The cavity height plays a vital role in the performance of the CMUT and define
the maximum allowable deflection of the membrane. The deflection in turn determine
the output pressure and the input sensitivity of the CMUTs. The cavity height and
membrane deflections are generally small in comparison to the membrane thickness.
For calculating the deflection of a circular CMUT the spring-mass equivalent model
can be adopted [69]. The corresponding spring constant and mass of the membrane
plate can be obtained using Equation 3.4 and 3.5.

_192zD  167Et?

h = a2 a?(1 -2 (3:4)

m = 1.84ma’pt (3.5)

In the underwater acoustic applications the ultrasonic transducers have the oper-
ational frequency in the range of 100 kHz—2 MHz [70]. The proposed transducer, in
this dissertation, is intended to be used for underwater communication purpose in a
commercial high-data-rate acoustic-modem, thus 200 kHz is opted to be the operating
frequency. In receive mode, the transducer SNR improves with membrane weight [71].
As the intended use of the transducer is reception, the entire thickness of a 525 um
thick, heavily doped high-conductive silicon wafer was used as the suspended membrane.
This also simplified the process as no further thinning steps were required. Based on
the desired operating frequency and membrane thickness, the transducer radius was
calculated to be 2.5 mm using Equation 3.1.

In receive mode a small cavity height provide better input sensitivity [72]. The
cavity height is limited by the inherited waviness of the wafer surface and cannot be
reduced indefinitely. An arbitrary gap height of 800 nm is considered and the devices

are found to be functional at the considered height. The collapse voltage based on the
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considered gap height of 800 nm and the radius and thickness of the silicon membrane
was calculated to be 440 V using Equation 3.2.

Finally, the deflection of the plate along each point has been formulated as a func-
tion of the radial position as shown in Equation 3.6, where F, is the applied pressure
on membrane plate as a result of the electrostatic force and the external ambient pres-
sure. The membrane deflection under different pressure levels was calculated using
Equation 3.6 as shown in Figure 3.1.

o) =5 (1 %) 59

The plotted deflection data shows that the central deflection is around 325 nm against
the pressure of 9 atm. This deflection of 325 nm is well below the cavity gap height of
800 nm, therefore, the CMUT can easily be operated as deep as 100 meters under the

sea level.
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Figure 3.1: Effect on membrane deflection against membrane radial position for different

ambient pressure levels.

The final fabricated and tested proposed device is a single-element CMUT consist

of 16-cell as shown in Figure 3.2.

19



dry etched

: Silicon
5 mm cavity
Thermal Oxide
thermal PMMA )
6 mm N Thermal Oxide
Silicon

Figure 3.2: Top (left) and cross-sectional (right) views of the proposed Capacity Mi-
cromachined Ultrasonic Transducer (CMUT), showing device dimensions. Reprinted

from [73].

The top view of the the 16-cells element and cross-sectional view of the CMU'T single
cell of the final device are illustrated in Figure 3.2. As the device was constructed using
wafer bonding, extreme radius to cavity height ratios were feasible. A thermally grown
silicon dioxide (SiOs) layer was used as the cavity formation and insulating layer. The
device cavity was formed in one of the bonding wafers by etching the SiO, using dry
etching technique. Afterwards, the cavity carrying wafer is brought into contact with
a PMMA spin coated second wafer. The highly-conductive wafers forming the two
electrodes of the device were electrically isolated by the thermal oxide layer.

The summary of the parameters for the fabrication and the subsequent analysis is

provided in Table 3.1.

3.2 Fabrication of CMUTs

The proposed CMUTs were fabricated using thermo-compression wafer bonding
with PMMA adhesive as the bonding medium. A single mask was used to mark and
print the geometrical structure into the substrate wafer in the fabrication process. The
fabrication steps and operating conditions has been discussed in this section in details

and conceptual sketches have been provided for better visualization.
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Table 3.1: CMUT design Parameters

Parameter Description Value
a Membrane radius 2.5 mm
tm Membrane thickness 925 pm
tg Cavity height 800 nm
t; Insulating layer thickness 1 pum
tpmma Adhesive layer thickness 200 nm
d Distance between two cells 1 mm
fo Resonant frequency 200 kHz
V. Collapse voltage 440 V
Vi Bias voltage 136 V

3.2.1 Mask Preparation

The fabrication process of the proposed CMUT has been carried out by using a single
mask, single lithography step. A mask containing four elements where each element
consist of 16 cells was drawn using a generic graphics application. The large radius size
of the cells made it possible to use conventional lithography for mask preparation, thus
avoiding e-beam lithography.

The photomask fabrication incorporate the same photoresist steps as the standard
silicon substrate patterning processes. The mask is fabricated on a 150 mm x 150 mm
large and 2.3 mm thick bank quartz glass. A layer of pure chromium of 200 nm is
evaporated into the blank glass. The designed CMU'T pattern is printed into an acetate
sheet to use as a dummy mask.

Photoresist is coated into the chromium deposited photomask. The pattern is then
featured on the resist coated photomask by using the acetate mask while exposing the
photomask to UV radiation. Subsequently, the exposed photomask is developed in a
base developer. Lastly, the chromium layer is etched using chromium etchant leaving
behind the patterned features, thus the pattern is transferred from acetate sheet into

the chromium layer on the quartz glass. The dummy acetate mask and the final mask
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are shown in Figure 3.3.

Figure 3.3: Photo mask. (a) The acetate mask used in lithography process to produce
the final mask; (b) The final quartz mask.

3.2.2 Micro-Machining Steps

The micromachining process has been carried out in a class 1000 clean-room facility
of Sabanci University Nanotechnology Research and Application Center (SUNUM). The

process steps are thoroughly discussed in the subsequent sections.

Wafer Cleaning

Before any process, the cleaning of the wafer surface is necessary to remove and
clean any dust or other contamination on the surface. The silicon dioxide wafer has
been cleaned with acetone and isopropyl alcohol. First the wafer was kept in acetone
for 5 minutes under temperature of 70°C. The acetone treating step is followed by
an immediate isopropyl alcohol cleaning step as the acetone may leave a residue and
form streaks on the surface when it evaporates. Thus, the wafer has been kept in the
isopropyl alcohol for 10 minutes. After this step, the wafer is cleansed with DI water
and dried with Nitrogen gun. Finally, the wafer has been soft baked for 15 minutes at
135°C to remove any residual water vapours and then kept at room temperature for

half an hour to cool it down before further processing.
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Photolithography

The structure and shape of the CMUTs must be developed to etch the silicon or
the dielectric and develop the cavity grooves. Image reversal lithography process was
conducted for the structuring of the CMUTs. A thick layer of 2um AZ5214 E photo
resist (MicroChemicals GmbH (Ulm, Germany)) has been spin-coated on the top of
a thin HMDS primer layer. The photoresist was soft-baked for 120 seconds at 90°C.
Subsequently, the photolithography step is carried out by exposing the wafer to ultra-
violet (UV) light of 190 mJ-cm~?2 energy using Midas/MDA-60MS mask aligner. Post
exposure the sample was soft-baked for 120 seconds at 115°C and then flood-exposed
at 425 mJ-cm™2. The sample was kept for 5 min at room temperature, and the fi-
nal pattern was then developed in AZ 726 MIF (MicroChem) developer for 75 s. The

lithography process is illustrated in Figure: 3.4 (a-c).

Silicon Oxide Etch

The silicon oxide from the patterned region has been DRIE (Deep reactive ion etch)
etched using Oxford Plasma Lab 100 ICP300 RIE/ICP system. The oxide was etched
using RF excited SF6 gas for around 120 s to approximately etch 700-800 nm of oxide.
The etching parameters are given in Table. 3.2. The remaining photoresist on the
surface of the sample has been striped out by cleaning with acetone and isopropyl
alcohol. The wafer was then treated with oxygen plasma using Torr Plasma Asher to

remove any residual contamination. The oxide-layer etched wafer is shown in Figure:

3.4 (d).

PMMA Coating

Another silicon oxide wafer was thoroughly cleaned as discussed above in the wafer
cleaning section. Afterwards, A PMMA layer [950 PMMA A4, MicroChem] is spun-
coated to the silicon with a spin rate of 1000 rpm for 15 seconds and then 4000 rpm
for 45 s to achieve a 200 nm thick PMMA layer on the oxide wafer. The PMMA layer

needs to solidified to avoid fluid flow on the surface and also, to remove the nano bubbles
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Figure 3.4: Surface Micro-machining steps for CMUT fabrication. (a) Thermally grown
oxide wafer; (b) Spun coated photoresist; (¢) CMUTs shape development using pho-
tolithography; (d) DRIE etched oxide layer for cavity formation; (¢) PMMA spun coated

second oxide wafer.

that may have formed on the surface layer. Therefore, before bonding the PMMA was
annealed at 180°C for around 20 minutes to avoid bubble formation and remove any

existing organic residuals. The final PMMA coated wafer is shown in Figure: 3.4 (e).

3.2.3 Wafers Thermocompression Bonding

The PMMA coated and the cavity carrying wafers facing each other were then and
carefully aligned for the final bonding. Before placing the sample in the bonding cham-

ber the wafers to be bonded were wrapped in an aluminum (Al) sheet to avoid chances of
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Table 3.2: Silicon Dioxide Etching Parameters

Parameter Value

SFg Flow Rate 45 scem
Chamber Pressure 7.5x107° Torr
SF¢ Purging at  15x 1072 Torr

DC Power 50 W
RF Power 2000 W
Table Temperature 200 °C

Etch Rate 2.5 nm/sec

any contamination. Another advantage the Aluminum sheets offers is the assistance in
uniform distribution of the pressure along the surface during the thermo-compression
bonding process. The wafers were then deposited into the lab-built thermocompres-
sion bonding tool for bonding purpose. The Thermocompression bonder and the wafer

bonding setup is discussed in Section 3.3 in details. The whole fabrication process is

<— Silicon
<— Thermal Oxide

<— PMMA
<— Thermal Oxide

summarized and illustrated in Figure: 3.5

Figure 3.5: Process steps for CMUT fabrication. (a) Pattern lithography and devel-

<— Silicon

oping; (b) Oxide etching and cleaning; (c¢) Polymethyl methacrylate (PMMA) coating;
(d) Membrane and cavity alignment and bonding; (e) Final structure. Reprinted from

[73].



3.3 Thermocompression Bonder

The thermocompression bonding setup in question is engineered to simplicity, at
the laboratory of the Sabanci University Acoustics Group (SU-Acoustics), using the
available equipment in the laboratory. The parts of the entire setup is labeled and
illustrated in Figure 3.6. The main bonding chamber is constructed with an inverted
glass desiccator. The entire chamber rests on a steel pipe bent in the form of a circle
which is supported by 4 aluminum legs fixed on a wooden base. A heat insulating
ceramic plate supports an aluminum fixture. which forms the footing for the bonding
elements as displayed in Figure 3.7. On the top of the fixture are four springs for
back support during compression. The black screw (marked as "A" in Figure 3.7) acts
as the compression element and we call it the "Compression Screw". The electrical
configuration of the system are depicted in the schematic representation of Fig. 3.6.
The heaters are driven by a PID temperature controller. Vacuum is created with a

rotary pump and monitored by a pressure gauge connected to the main chamber.
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Figure 3.6: The developed thermocompression bonder. Schematic (left). Actual (right)
Thermocompression bonder setup. (A) Bonding chamber made of inverted desiccator;
(B) Bonding element and fixture inside; (C) Pump; (D) Vacuum Gauge; (E) Main
power; (F) Heater power; (G) Temperature controller; (H) Relay. Reprinted from [73].

The bonding elements are separately exhibited in Figure 3.8. The top aluminum
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Figure 3.7: Embodiments inside the chamber. (A) Compression screw; (B) Support
springs; (C) Supporting ceramic plate; (D) Aluminium fixture for bonding elements;

(E) Bonding elements (Thermal and compression).

slab (6 cm x 6 cm x 1 cm), metal ball (7 mm in diameter) along with the compression
screw forms the compression elements. The compression elements are insulated from
the heating elements by a ceramic slab (6 m x 6 cm x 0.6 cm) adhered to the aluminum
slab. The heating elements are manufactured with two blocks of aluminum. Each block
has the dimension of 6 cm x 6 cm 2.5 cm. Five heater elements (24V 50W A1322
soldering station replacement heating element ceramic heaters) are inserted into each
aluminum block and sealed with white cement as shown in Figure 3.8(C).The heat-
ing elements are insulated again from the aluminum fixture footing below by another
ceramic slab.

Temperature sensing is performed by a thermocouple connected to the heating el-

ements from the side of the bonding interface. The pressure gauge calve, pump pipe,
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Figure 3.8: Bonder elements. (A) Compression contact; (B) Compression element.
(1) Aluminium slab; (2) Thermally insulating ceramic slab; (3) Compression contact
ball; (4) Ceramic to aluminium adhesion composite; (C) Thermal elements. (1) Upper
Aluminium block; (2) Lower Aluminium block; (3) The heating elements (5 are inserted
into the upper Aluminium block and 5 into the lower); (4) Holes with the heater are
sealed with white cement; (5) Bond interface; (6) Thermally insulating ceramic slab

between thermal element and Aluminium fixture.

thermocouple connection and the electric wires are passed through the opening of the
desiccator lid and then sealed with two-part epoxy. Parts of the setup are displayed
and labeled in Figure 3.9.

Pressure calibration for bonding is done using a load cell (Figure 3.10). The device
is inserted to the aluminum fixture and the compression screw is turned to get an

electrical voltage measurement. Evaluation yields that one full turn of the compression
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Figure 3.9: Side-view displaying the (A) (1) Thermocouple; and (B)-(C) Epoxy sealed

duct for wire passage.

screw yields 40 kilogram weight. For he experiments we have used 20 kilogram weight

for compression which correspond to 0.5 turns of the compression screw.

3.3.1 Wafer Bonding Process

For bonding purposes, the Al-wrapped wafers (as discussed in section 3.2.3) are place
in the thermocompression bonding unit. Next, a pressure is applied by the compression
element with the help of the compression screws. To determine a feasible bonding

pressure, several experiments are performed by gradually increasing the pressure in
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Figure 3.10: Manufactured cantilever for compression force calibration.

each step. The main concerns during the pressure calculation for bonding are the
PMMA deformation under compression and wafer sample breakdown. Therefore the
aim is to apply a minimum possible pressure to get a strong enough bond between the
wafers. Consequently, A pressures of 435 kPa is found to be sufficient, pressure values
below were found to be insufficient for bonding and pressure levels above 435 kPa were
avoided to reduce the possibilities of PMMA deformation. After applying the pressure
the chamber was evacuated before turning the heating unit on.

In the next step, the temperature is gradually raised to 180°C. For 60 minutes of
a constant pressure and temperature, the wafers are kept compressed together for the
bonding. After the bonding process, the temperature is gradually decreased to 30°C

by turning the heat off, before the pressure and the vacuum has been released. Finally,
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the manufactured device is collected and prepared for packaging, characterization, and

testing.

3.4 Preliminary Testing and Packaging

Before the packaging of the bonded device, the CMUT bond was initially evaluated
by applying an alternate current (AC) signal in the audible range and the bonding
of the buzzing CMUTs are declared as successful. The CMUT was then fixed on an
aluminum slab which is used as the device handle and also as a backing layer. Silver
epoxy was used for the fixing purposes which provide electrical conductivity and make
it possible to provide the electrical connectivity to one of the electrodes from the back.
The second electrode is connected to the top wafer using silver epoxy. The CMUT
carrier slab is then mounted on an aluminum rod which operates as handling arm in
the experimental and characterization phase. The ready to bond CMUT cavity in the
fabrication stage, the final packaged device, and the schematic of the final device are

shown in figure 3.11

L. 31 mm o

<«— Al slab
(10 mm thick)

—CMUT

Electrical
connections

(C) L/EHandling

Aluminum rod

Figure 3.11: Device during fabrication stages. (a) Before bonding; (b) Final device;
(c) Schematic of the final device. Reprinted from [73].
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3.5 Bonding Quality

The bonding quality was evaluated by dicing the bonded wafers into small squares
of length 10mm each, where the stiction of the diced sample sustained. Additionally,
the device showed consistency in the results when been operated for several hours over

a period of few months, thus, the bonding is considered as successful.

3.6 Comparison of the Developed Fabrication Tech-
nique to the Existing Fabrication Techniques

The developed PMMA-based CMUTs are compared with the other published fabri-
cation processes to assess their complexity, cost, equipment requirements, and flexibility.

System complexity is one of the comparison parameters. Wafer-bonding techniques
are much simpler as compared to sacrificial-release fabrication methods, as the latter
need a number of adjustments and selections such as alignment steps, choosing the
proper etchant and materials for the sacrificial layer and membrane. Low-pressure
chemical-vapor deposition silicon nitride (LPCVD SiN)-based wafer direct bonding
needs CMP treatment. Anodic bonding needs an electric field during the bonding
process that adds complexity to the process. SOI-wafer-based wafer direct bonding
and adhesive bonding are considered simple, as they do not have additional bonding re-
quirements.

Wafer cost is another comparison parameter, even though wafer cost is a very small
fraction of the total when compared to clean-room equipment costs. However, the use
of expensive SOI wafers in wafer-boding techniques makes wafer cost an important pa-
rameter.

The number of fabrication steps reflects equipment requirements and its usage costs.
Furthermore, more fabrication steps also add to the chances of error, which depends
on the efficiency of the used steps. It is therefore preferable to have fewer fabrication
steps in order to avoid the mentioned problems.

Adhesive bonding techniques are flexible as compared to other methods. The other
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fabrication methods are very strict in the selection of wafers and their surface smooth-
ness.

The processes were evaluated based on material cost, temperature requirement,
deposition and etching steps, lithography steps, system simplicity, and special bonding
restrictions. The evaluation parameters are summarized in Table 3.3. According to the

data, PMMA-based fabrication is simple and highly cost-effective.

Table 3.3: Comparison of fabrication methods.

Fabrication Technique

Wafer Direct Bonding Adhesive Bonding
Comparison Criteria  gacrificial ~ SOI Non-SOI  Anodic  Other * PMMA
Layer-Based Wafer-Based Wafer-Based Bonding Methods -Based
[9] [61, 49] [7] [58] [38, 37] [73]
SOI LPCVD SiN  SOI LPCVD SiN Si0,q
Wafer pair N/A
Si LPCVD SiN  Si Si Si0,
Wafer cost low high low high low low
Special requirements N/A N/A CMP required  Electric field BCB as adhesive  PMMA as adhesive
Surface-quality restriction N/A Restrict Restrict Restrict low low
Max Temp 785°C 1100°C 1000°C 350°C 240°C 180°C
Deposition required yes yes yes yes yes no *
# of lithography steps 5 4 3 3 3 1*
# of wet etching steps 3 3 1 3 2 0*
# of dry etching steps 4 2 2 1 2 1*
Simplicity low high high low high highest

* The presented CMUT was specifically used for low frequencies. Higher frequencies
can also be achieved at the cost of additional etching and metal-deposition steps as

discussed earlier in Section 1.
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Chapter 4

Characterization

In this chapter the detailed static and dynamic characterization of the fabricated
CMUT are presented. The characterization involve the measurements of key static
and dynamic parameters like, cavity depth, power efficiency, transient and steady state
responses, electrostatic spring softening, sensitivity, output power, and bandwidth of the
CMUT. The parametric values have been verified by comparing the measured results
with the Finite Element Analysis (FEA) results. A very good agreement has been

observed among the measured and simulated values.

4.1 Static Characterization

Static characterization have been carried out using impedance analyzer and optical

profilometer. The static parameter measurements are briefly discussed in this section.

4.1.1 Impedance Analyzer Analysis

The impedance and its corresponding phase angle (¢) was measured using an impedance
analyzer. The impedance analyzer measurements were performed without and with a
40 V DC bias. The biased and unbiased |Z| and ¢ plots are shown in Figure 4.1. The
plots show that the value of ¢ gets better upon applying a bias voltage which shows that
the capacitive device have more radiation losses when biased and in turn improves the

power efficiency of the CMUT. The power efficiency has a direct proportional relation
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with the Cosine of ¢ as described in [74].
(a). |Z] and ¢ without DC bias
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(b). |Z| and ¢ with 40 V DC bias

A: |Z| SCALE 5 ko/sdiv REF 18 ko 1.62638 ko
B! SCALE 5 osdiv REF ZE@ e SE2 9%z e
' ' ' ' 199, 94945 kHz]

199, 94845 kHz
: : Cpl

'DC_BIAS ON
WAIDC

WA
START 1 kHz 05C 5SE@ miolt 5TOP 2 MHz

Figure 4.1: Impedance analyzer measurements
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4.1.2 Optical Profilometer Analysis

The cavity depth of the oxide etched wafer and the spin coated PMMA thickness
are measured before bonding using optical profilometer (STYLUS PROFILOMETER
P-17, KLA - TENCOR). The pre-bonding cavity depth of the measured sample is found
to be 580 nm, while the PMMA coating is 155 nm as shown in Figure 4.2.

(a). Cavity depth measurements
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Figure 4.2: Pre-bonding optical profilometer measurements

To investigate the conduct of thermo-compression bonding on the PMMA deforma-
tion and in turn its effect on the cavity height, one of the bonded sample is un-bonded
by applying a mechanical force. Upon inspection, it is found that some of the PMMA

has stuck to the cavity carrying wafer while some of it remained it contact with the
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PMMA coated wafer.The stiction to either one wafer or the other is due to the strong
cohesive force among PMMA molecules. In an microscopic assessment it is found that
the film PMMA has not flown into the cavity regions. The CMUT cells having PMMA
around the cavity were again examined with the profilometer. Results shows that the
cavity depth and the PMMA thickness are almost the same as before the bonding pro-
cess as illustrated in Figure 4.3. Hence, it can be deduced that there has been no change
in the cavity depth due to the adhesive bonding neither the thickness of the PMMA

layer has significantly changed due to the thermocompression.

(a). Cavity depth measurements
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Figure 4.3: Post-bonding and un-bonding optical profilometer measurements
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4.2 Dynamic Acoustic Characterization

The dynamic acoustic characterization of the fabricated CMUTs was carried out
to determine the transmitting and receiving capabilities in immersion. As shown in
Figure 4.4, a pitch-catch experiment was carried out in sunflower oil immersion to test
the fabricated CMUTs. Sunflower oil was used as the medium to avoid electrical short
circuit between the exposed electrodes while preserving acoustic properties closer to
that of water |75, 76]. A pair of CMUTs fabricated under same condition on identical
wafers were used for the acoustic characterization. Both CMUTs were immersed in
the sunflower oil where one was used for generating the ultrasonic signal and called the
transmit-CMUT (Tx-CMUT), while the other one, the receive-CMUT (Rx-CMUT), was
receiving the ultrasound signal. The attenuation coefficient of sound in the sunflower
oil is given by a = A.f*, where A = 7.83 x 107'? and n = 1.84 while the speed of sound
in the sunflower oil is calculated to be 1480 m/s |75, 76].

Both of the CMUTs were biased with 136 V, and a signal generator [Keysight 33250A
(Santa Clara, CA, USA)] is used to drive the transmitting-CMUT (TX-CMUT) with
a two-cycles 20 V,, sine burst. The driving circuit consists of a bias resistor (Rpjas)
and a decoupling capacitor (C) having values of 100 k2 and 100 nF, respectively.
The receiving circuit was identical to the driving circuit, and the signal was captured
using an oscilloscope [Keysight DSO-X 2014A (Santa Clara, CA, USA)| without any

intermediate amplification.

LR Keysight
DSO-X 2014A
. Rpias
Keysight BIAS J\/—
33250A . [oXeXeXeXe)
oil

T~ 0
||I
|||
@

Figure 4.4: Setup for pitch—catch experiment. Reprinted from [73]
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4.2.1 Bandwidth

To calculate the bandwidth (BW) of the fabricated CMUT, the frequency of the
input AC signal was swept from 100 kHz to 300 kHz with an increment of 10 kHz.
The peak amplitude of the acquired signal was recorded at every sweep point. In order
to measure the output voltage at steady-state, a burst of 15 cycles was applied to the
input of the transmitting-CMUT for every measurement. The signal received against
an input sine burst at 200 kHz in time domain is shown in Figure 4.5 (left), while
the plot on the right the normalized magnitude for the frequency sweep. The center
frequency, f.enter, 18 Observed to be in the span of 190 kHz—200 kHz. The full-width at
half-maximum bandwidth (FWHM-BW) of the device is found to be 66.4 kHz, which
corresponds to a fractional bandwidth of 33.6%.

25 ! . . . . 0 T .
2r ] 166.9 kHz 233.3 kHz
15¢ ] 5y T “

‘ i
| ﬂl\_\/\,_,
<— 66.4kHz —>

‘ i

I
3

o
o

-

output voltage (mV)
o
normalized magnitude (dB)

0 50 100 150 200 250 300 100 150 200 250 300
time ( ps) frequency (kHz)

Figure 4.5: Output signal of RX-CMUT for a tone burst of 15 cycles at 200 kHz (left),
normalized magnitude for a frequency sweep from 100 to 300 kHz (right). Reprinted
from [73].

4.2.2 Sensitivity

The sensitivity of an ultrasonic device is the measure of output voltage against per
unit applied input pressure and is often specified in [V/Pa|. In order to calculate the
sensitivity of a CMUT, the applied input pressure must be known. The output pressure
of the TX-CMUT was obtained analytically with the help of Finite-Element-Analysis
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(FEA) model by matching the electrical measurements of the experimental results to
the FEA model of the experimental set up. The FEA model was designed in ANSYS
Multiphysics (V18.1, ANSYS, Inc., Canonsburg, PA, USA) and is described in details
in Appendix A.

The designed electromechanical FEA model was completely mimicking the experi-
mental conditions, the TX-CMUT is driven from the electrical port which electrome-
chanically generates pressure in the fluid medium. The produced pressure was then
sensed by the receiving-CMUT (RX-CMUT) and the output voltage is calculated in
electrical conditions identical to that of the experiment. The device parameters were
the then tuned up to match the experimental results. The adjustable parameters were
stiffness of the membrane material and the effective cavity gap as the gap height may
change due to the waviness of the wafer surface. The simulation results showed the pres-
ence of a significant amount of damping in the experimental data. This was accounted
to squeeze film damping, which can occur in CMUTSs for large radius to cavity-height
ratios and that ratio for the fabricated devices is 2.5 mm to 800 nm. To include the
effect of the damping, viscous dampers were included to the FEA model Damping pa-
rameters were determined empirically to match the FEA results to the experimental
data. The presence of the squeeze film damping was analyzed for the the manufactured
device and the analysis is provided in Appendix B. Diffraction losses and absorption
in the coupling fluid medium were not taken into the account due to the very small
separation distance between the TX-CMUT and RX-CMUT.

The FEA result for output voltage of the RX-CMUT and the experimental output
voltage are plotted in Figure 4.6. The corresponding acoustic pressure on the input of
the RX-CMUT and in the fluid column was then obtained from the simulation results.
A pressure of approximately 4 kPa,, was found to be produced in the coupling fluid
by the TX-CMUT when a two-cycles burst of 20 V,,, sine wave at 200 kHz is applied
under 136 V DC bias.
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Figure 4.6: Comparison of experimental and analytical unamplified output signal (left),

corresponding acoustic pressure (right). Reprinted from [73].

In response to an input pressure of 4 kPa,,, the RX-CMUT (biased at 136 V)
generates an output voltage of 3.30 mV,, without any amplification. The produced
voltage corresponds to a sensitivity of —241.7 dB (re 1 V/1 pPa). The observed sen-
sitivity is comparable to some commercially available piezoelectric based hydrophones
and other adhesive-based wafer-bonded CMUT reported in the literature [41, 37|. The
previously reported adhesive bonded CMUT has a transimpedance amplified sensitiv-
ity of —232.5 dB (re 1 V/1 pPa) when operated at 3 MHz, whereas, the commercial
hydrophone "BII-7181 Benthowave Instrument Inc." (Collingwood, Ontario, Canada)
has a sensitivity of —240 dB (re 1 V/1 pPa) without pre-amplification.

The applied biased voltage i.e 136 V DC is around 30% of the collapse voltage
of the fabricated device, that is found to be around 450 V using the FEA analytical
model. To incorporate the effect of the bias voltage on the sensitivity of the CMUT, the
sensitivities has been calculated for higher bias voltages using the same analytical model.
The output voltages against different bias voltages and their corresponding calculated
sensitivities are illustrated in Figure 4.7. Comparative table for the sensitivity vs. bias

voltage is demonstrated in Table 4.1.

41



-230

n
W
o

output voltage (mV)

sensitivity (dB V/ pPa)
o .
S
o

N
=
9

-8 L L L I -245 L I L
50 60 70 80 90 100 100 136 200 300 400

time ( us) bias voltage (V)

Figure 4.7: Simulated RX-CMUT output with varying bias voltage (left); associated
sensitivity (right). Reprinted from [73].

Table 4.1: DC Bias Vs Output Sensitivity Comparison

DC Bias (V) 136 200 300 365 400

Sensitivity (dB re 1 V/1 yPa) —241.7 —-238 —234 -231.5 —230.1

As can be observed in the figure the sensitivity of the CMUT increases with in-
creasing the bias voltage. Consequently, by applying a bias voltage of 364 V, which is
80% of the collapse voltage (455 V), sensitivity can be increased up to —231.5 dB (re
1 V/1 pPa).

In Figure 4.7 a drop in the resonance frequency of the CMUT is realized against
an increase in the DC bias level. The drop in the resonance frequency with increase
in the bias voltage is due to spring softening effect, a function of the applied DC bias.
The applied DC voltage brings the membrane closer to the substrate, which results an
increase in the electrical field. Hence, the membrane displaces more under an applied
AC voltage as if the spring constant of the membrane has decreased. The spring-mass

behaviour of the CMUT devices is briefly discussed by Brenner et al. in [52].
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

This thesis has focused on the development of an adhesive-based wafer-bonded
CMUT fabrication process. PMMA is chosen to be the intermediate bonding layer
in-between the bonded wafers. The use of expensive SOI wafers and complicated bond-
ing equipment has been avoided to fabricate a low cost and simple CMUT device.
A lab-built thermocompression bonding equipment is used in the fabrication process.
Low cost, thermally oxidised silicon dioxide wafers have successfully been bonded to
fabricate the CMUTs. The developed CMUTs have been designed for low frequency
underwater applications and the entire thickness of the wafer have been utilized as the
membrane. Other design parameters have subsequently been calculated analytically.
The fabricated CMUTs have been experimentally characterized using static and dy-
namic methods. The static characterization has been carried out with the profilometer
and the impedance analyzer. The impedance analyzer characterization shows that the
fabricated CMUT is a power efficient device and the efficiency could be improved further
with the application of the bias voltage. The dynamic characterization for measuring
the bandwidth and the sensitivity has been carried out by performing a pitch-catch ex-
periment. The sensitivity is found by matching the results of the experimental electrical
measurements to the FEA model of the experimental setup. The transient analysis has

been performed to calculate the sensitivity, whereas the bandwidth has been calculated
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using the steady-state analysis. Conclusively, the obtained results are found to be com-
parable with the other adhesive-based wafer-bonded CMUTSs reported in the literature
and the commercially available piezoelectric devices.

In a nut shell, the process of characterization has provided an insight into an ap-

propriate method of designing, fabricating and testing of the CMUTs.

5.2 Discussion and Future Work

The presented CMUT is specifically designed for low frequency underwater appli-
cations. This is an unconventional CMUT which uses the entire thickness of the wafer
as the membrane. However, higher frequencies can also be achieved with PMMA based
wafer bonding by reducing the membrane thickness, as the collapse voltage will dras-
tically increase at the same membrane thickness if the radius is reduced for achieving
higher operational frequencies. Membrane thickness can be reduced either by using a
thin wafer or adopting the technique presented by [37, 38] with the cost of additional
silicon etching and electrode deposition steps.

The fabricated CMUT element consist of 4x4 CMUT cells, the membrane support-
ing S;O, layer occupy 66 % of the the total CMUT element’s area. The total insulating
layer area must be optimized for better yield.

Another issue associated with the PMMA based bonding techniques is its inability
to resist high temperatures and chemicals attack (acetone etc.), which adds a degree of
care to the fabrication process.

For future development and fabrication of the CMUTs, three possible fabrication

techniques are proposed.

5.2.1 Patterning Cavities in the Adhesive PMMA Layer

In the presented CMUT silicon dioxide SiO, has been used as an insulating and
cavities patterning layer. To reduce the thickness of the insulation layer between the
top and bottom electrodes, the PMMA adhesive bonding layer itself can be used to

accommodate the cavity pattering as well as provide the electrical insulation between
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the two electrodes. The cavities can be formed in one of the wafers using Electron
Beam Lithography (EBL), while the second wafer can be coated with a thin PMMA

layer to provide the insulation.

5.2.2 Membrane Silicon Layer Etching

The presented CMUT uses the entire thickness of the wafer as the membrane on
purpose but the thick membrane results in a high collapse voltage. The collapse voltage
drastically increase when the radius is reduced to achieve higher frequency keeping
the membrane thickness constant. Therefore, for higher frequency of operation, the
membrane thickness needs to be reduced to an optimal value to achieve a reasonable
collapse voltage. In this regard, the silicon layer of the wafer can be etched with wet
etching technique using silicon etchants such as, potassium hydroxide (KOH), leaving
behind the oxide or nitride layer as the device layer. In the wet etch process the
oxide/nitride layer will act as an etch stop layer as well. Since the heavily doped silicon
wafer was used as one of the electrode, so a metal electrode layer would be deposited

to form the top electrode.

5.2.3 Explore new Adhesive Materials

The major concern with PMMA as an adhesive material is its inability to resist
chemical attacks are higher temperatures. In order to achieve better stability, adhesive
materials with better chemical resistivity and temperature stability can be explored

and investigated.
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Appendix A

Finite Element Analysis

The pitch—catch experiment was modeled in ANSYS Multiphysics (ANSYS, Inc.,
Canonsburg, PA, USA) using the mesh structure depicted in Figure A.1. Only a quarter
of a single transducer with symmetric boundary conditions were used in the model to
reduce mesh size and simulation time. A column of oil was placed between two Si layers
that acted as the plates of the transmitting and receiving transducers. FLUID30 and

SOLID45 elements were used for modeling the oil and silicon layers, respectively.

Oil

~25mm——=

X

=<——3.0mm

O Transducer + Damper
® Spring + Mass
P Displacement Constraint

Figure A.1: Side view (with reduced element count) and top view of FEA model.

Reprinted from [73].

The active area of the transducer is defined by placing TRANS126 Electromechan-
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ical Transducer elements to nodes that are within a circle defining the radius of the
transducer, while the remaining nodes are brought to contact with the bonding PMMA
layer. Owing to the extremely unmatched relative thickness of the plate and PMMA
layer (while the Si layer was 525 m, the PMMA layer was only 200 nm thick) which
would make meshing impractical, the PMMA layer was modeled using a pair of springs
with a central mass. The transmitter was driven from the electrical port by 136 V
DC bias and a two-cycle RF-burst of amplitude 10 V,,, at 200 kHz. The squeeze-film
damping effect was modeled using COMBIN14 elements, whose damping coefficients
were empirically found based on experiment data. The model had 10 x 10 elements in
the xy plane, while the fluid column of 10 cm height was meshed using 10 elements per
acoustic wavelength at 200 kHz, totaling 14,428 elements, and 17,058 nodes. Table A.1

lists the simulation parameters.

Table A.1: Simulation parameters.

Parameter Value Units
Young’s modulus of Si 130 GPa
Poisson’s ratio of Si 0.27 -

Mass density of Si 2280  kg/m?
Speed of sound in oil 1500  m/s
Mass density of oil 1000  kg/m?
Young’s modulus of PMMA 3 GPa
Mass density of PMMA 1185  kg/m?
Damping coefficient 0.06 N-s/m
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Appendix B

Squeeze Film Damping

The bonding equipment used in the manufacturing of the devices was operated at
low-vacuum levels, due to which the squeeze-film damping effect was observed. Lin-
earized compressible Reynolds equation could be used to study the conduct of trapped
air between two parallel vibrating plates [77]|. In a solution for parallel-moving vented
circular plates, Blech [78] showed that dimensionless viscous and elastic damping be-

havior is dependent on squeeze number (o), given in Equation (B.1).

a:rmﬁﬁ(3>2 (B.1)

where p, the ambient pressure, a/g, is the radius to cavity height ratio, w is the angular

oscillation frequency and g is the rarefaction effect and expressed as follows.

i
Hett = 110,638 kL159 (B:2)

where 4 is is the dynamic viscosity of air, and K, = A\/g, is the Knudsen number.
The mean free path of air (A) depends on air-pressure level (P) and air density (p)
within the cavity, and is given by the following expression [79]:
™
A= ‘—: 5,7 (B.3)
where u is a numerical factor equal to 0.4987445.
The parameters used in the above expressions for squeeze-number calculation and

their corresponding values are summarized in Table B.1.
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Table B.1: Squeeze-number computation parameters.

Parameter Value Units
Dynamic viscosity of air g 1.825 x 10° Kg/m-s
Angular frequency w 1.26 x 108 rad/s
Membrane radius a 2.5 mm
Cavity height gg 800 nm
Ambient pressure P, 101,325 Pa
Cavity pressure P from Table B.2 Pa
Density of air p from Table B.2 kg/m3

Mean free path of air A from Table B.2 nm

The squeeze number at different cavity pressure levels is calculated by inserting

Expressions (B.2) and (B.3) into Equation (B.1), as presented in Table B.2.

Table B.2: Squeeze number at different pressure levels.

Pressure (Pa) Density (kg/m3) Mean Free Path, A (nm) Squeeze Number

100,000 1.16864 67.99 17,300
10,000 0.116864 679.9 2990
1000 0.0116864 6799 231
500 0.00584 13,599 104
300 0.00351 22,665 o8

Since the CMUT acts like a flexible plate instead of a rigid piston, the nonuniform
deflection of the membrane results in nonuniform distribution of pressure within the
cavity. Due to the pressure difference, air flows from higher-pressure regions to lower-
pressure regions in the sealed cavity, which consequently results in viscous loss [80, 81].
Galisultanov et al. investigated the damping effect in CMUTs and revealed that, for a
squeeze number higher than 50, CMUTs possess a damping effect as, at a high squeeze

number, the viscous damping force is similar for both sealed and open cavities [80, 81].
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The data in Table B.2 show that the proposed CMUT carries a damping effect for the

cavity pressure of as low as 300 Pa as per the findings of References [80, 81].
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