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ABSTRACT

2D CMUT ARRAY BASED ULTRASONIC
MICROMANIPULATION OF PARTICLES

Arooba Zeshan
M.S. in Electrical, Electronics Engineering and Cyber Systems
Advisor: Assist. Prof. Feysel Yalcin Yamaner
August, 2017

Capacitive micromachined ultrasonic transducers (CMUTs) have gained in-
creased attention in recent decades because of the advantages they hold over
the conventional technology. The thesis introduces a concept of integrating row
column addressed CMUT arrays with microfluidic channel to enable trapping and
two dimensional manipulation of micro-particles.

Acoustic tweezers have several applications in different fields of science as they
enable non-invasive and non-contact manipulation of microparticles. The current
strategies of designing and implementing acoustic tweezing involve piezoelectric
(PZT) materials for transduction mechanism. However, PZTs impose certain
limitations on particle handling, such as long operating time could heat up the
microfluidic channel that could disturb the specimen’s viability. They also require
a matching layer for proper coupling of acoustic energy into the channel, which
adds to the complexity and over all cost of the devices.

The CMUT technology has several advantages over the conventional technology,
for-example, flexibility while optimizing the design parameters, easy fabrication
techniques and low self-heating during continuous operations. CMUT overcomes
the difficulties in miniaturization, providing smaller transducer arrays and these
arrays can conveniently be fabricated on chip without requiring matching layer.
Finite element analysis (FEA) was used to optimize the transducer’s character-
istics. Based on the parameters of one CMUT cell, an array was modeled that
was integrated with a microfluidic channel. The design strategy was to model a
half wavelength resonator, where the thickness of the channel was kept as half
wavelength corresponding to the resonance frequency. A glass reflector was fi-
nally modeled on top of the fluid channel. On resonance, a standing wave was
generated that dragged the particles towards the pressure field minima. The
results of FEM simulations depicted the acoustic potential minimum and hence
the trapping site of the particles. Acoustic radiation forces were then calculated
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based on the results of the analysis. A row column (RC) addressed CMUT arrays
were also drawn to depict the effect of non-active elements on the pressure field.
After optimizing the design parameters of the device, RC CMUT arrays were then
fabricated by employing anodic bonding. This method has many benefits over
the fabrication techniques found in the literature, for-example, easy and simple
fabrication processes, high fill factor and effective membrane uniformity. In this
approach brosilicate glass is used as a substrate which effectively reduced the

parasitic capacitance and thus improved the sensitivity of the devices.

Keywords: CMUTSs, acoustic tweezers, half wave resonators, finite element mod-

elling, row column addressing.



OZET

2D CMUT DIZISI KULLANILARAK PARQACIK
MIKROMANIPULASYONU

Arooba Zeshan
Elektrik-Elektronik Miihendisligi ve Siber Sistemler, Yiiksek Lisans
Tez Danigmani: Yrd. Doc. Feysel Yalcin Yamaner
Agustos, 2017

Mikro parcaciklarin yakalanmasini ve iki boyutlu manipiilasyonunu saglamak
icin sira sttunlarina adreslenmis CMUT dizilerinin mikroakigkan kanal ile
birlegtirilermesi tezin temel konusunu olugturmaktadir. Bu calismada hedef
frekanst 2.5 MHz olan ¢ok katmanli diizlemsel bir rezonator tasarlanmig ve
simiilasyonlar1 yapilmistir. Sonlu elemanlar modellemesi ve simiilasyonlari ile bir
parcacigin CMUT"i aktive ederek sivi kanali i¢gindeki hem yanal hem de eksensel
yonlerde sikigtirabilecegi ve manipiile edilebilecegi gosterilmigtir. Onerilen plat-
form ile 10um yaricapinda bir polistiren parcacigina etki eden akustik radyasyon
kuvveti, FEM sonuclar1 kullanilarak hesaplanmigtir. Optimize edilmis parame-
trelere dayanarak, anodik yapistirma teknolojisini kullanarak bir cam taban
tizerinde 32x32 elemanl sira / siitun adresli 2 boyutlu CMUT dizisinin tiretimi
gerceklegtirilmistir. Bu yaklagim, mikro parcacik tutma ve isleme icin kolayca
uygulanabilir diigiik maliyetli ve etkin ve bir ¢iiziim saglamaktadr.

Anahtar sézcikler: CMUTS, RC, FEM.
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Chapter 1

Introduction

Ultrasonic transducers deploy various physical mechanisms that transform electri-
cal energy to acoustic energy and conversely acoustic energy to electrical energy.
Among them some of the commonly used mechanisms are piezoelectricity and
electrostatics. For decades piezoelectric ceramics and crystals have been used for
transduction mechanism and are commercially very easily available. The basic
concept of capacitive micromachined ultrasonic transducers (CMUT) is almost as
old as the idea of piezoelectric transducers, however, they could not gain much at-
tention because of the high electric field that is needed to be maintained in order
to achieve adequate efficiency. The recent growth in micro-fabrication technol-
ogy has allowed sustaining electric fields of over 10® V/m. The research on these
devices have rapidly developed ever since, leading to innovative and better ap-

proaches for designing, modeling and fabricating the transducers.

Figure 1.1: Planar acoustic resonator system incorporated with row column ad-
dressed CMUT arrays that allowed 2D manipulation of particles in the fluid
channel.



The motivation behind this dissertation is to design and develop a 2D row
column addressed CMUT array, that has been incorporated in a planar res-
onator system for particle trapping and manipulation using ultrasound waves,
shown in Fig. (1). This design would allow microparticles handling in two di-
mensions. The existing techniques of handling and manipulating particles using
acoustic waves (acoustic tweezers) is done by mechanically translated focused
single-element transducers or generating standing wave patterns. However, it is
not possible to generate complex patterns and arbitrary manipulate more than
one particle in parallel using these devices. Also, almost all of the techniques
deploy PZTs to generate the required sound waves. In this thesis it was shown
that the use of CMUTSs as transducers overcome several limitations imposed by
the PZTs transducers and are also a cost-effective and simple approach that can
easily be implemented in a lab environment.

In this work a finite element analysis of the design was performed using ANSYS
Mechanical APDL. The transducers parameters were optimized in a way that
they would create enough acoustic radiation force required for trapping and ma-
nipulating a micro-particle. The FEM results show the trapping position of the
particles and the forces on the particles are also calculated using the same model.
The row-column (RC) addressed CMUT arrays were then fabricated, using the
parameters found during finite element modeling. The fabrication is done by an-
odically bonding borosilicate glass with SOI wafer. The fabrication technique is
simple, cost-effective and takes care of parasitic capacitance issue that was found
in previous implementations.

The thesis is organized as follows: an introduction on capacitive micromachined
ultrasonic transducers is given in Chapter 2 along with an evolution of this tech-
nology with time. In Chapter 3, comprehensive details on micro-particle manip-
ulation are presented. Chapter 4 consists of the finite element modeling of the
suggested design and the fabrication of the CMUT devices is presented in Chap-
ter 5. Finally, the thesis is concluded with Chapter 6, that includes discussion
based on findings.



Chapter 2

Background Theory

This chapter serves to give a brief introduction on piezoelectric transducers and
their limitations and how CMUTs overcome those shortcomings and emerge as a
powerful tool for generating acoustic waves. The design details are given in this
chapter along with the a comprehensive literature review on the evolution of the

devices.

2.1 Piezoelectric Transducers

Piezoelectric transducers operate on the principle of piezoelectric effect, which
is the ability of a material to generate electric charge when mechanical stress is
applied to it, and conversely results in mechanical vibrations when placed in an
electric field. The most commonly used material for medical transducers is the
ceramic poly crystalline lead-zirconate-titanate (PZT) [1]-]2].

Despite being commercially popular for decades, piezoelectric transducers have
some limitations. One of them is the acoustic impedance miss-match between
the piezoelectric layer (impedance (Z) is greater than 30 MRayl for conventional
PZT) and the medium, such as air (Z ~ 400 Rayl), water (Z ~ 1.5 MRayl), or
soft tissues (Z ~ 1.6 MRayl). A matching layer is therefore required for proper



coupling of acoustic energy into the medium [3]-[4]. The matching layer, also
called acoustic transformer, does not ensure 100% transmission and the reflected
waves echo inside the PZTs, which gives rise to the need of having a backing
layer. These layers add to the complexity and hence the overall cost of the de-
vices. These layers play a critical role in the design of acoustic resonators, as
studies suggest that zero matching layer is optimum for the design of acoustic
tweezers [5].

Another limiting factor of PZTs lies in the fact that the thickness of the devices
determines their operating frequencies and, therefore, fabrication complexity in-
creases and efficiency degrades for high frequency designs. Also, heat is generated
within the PZTs due to the electrical and mechanical losses which invoke the risks
of unstable performance, a rise in temperature and even degradation of the de-
vices. Use of PZTs could, therefore, damage the specimen if operated for a longer
period of time.

These shortcomings encouraged researchers to move their focus to capacitive mi-
cro machined ultrasonic transducers, that do not only overcome these shortcom-

ings but have also brought revolutionary changes in the field of ultrasound [6].

2.2 CMUTs

CMUTs are based on the principle of electrostatic transducers, where the trans-
duction mechanism is the vibration of thin plates under electrostatic force. Many
examples of such transducers exist in macro-scale such as electret condenser mi-
crophone. The advancement in semiconductor fabrication technologies has made
possible the fabrication of CMUTSs, which are essentially MEMS based electro-
static transducers working in ultrasonic frequencies.

The thin plate of the CMUT results in low mechanical impedance and hence pro-
vides better acoustic impedance matching to the medium and does not require
matching layers. The fabrication techniques make CMUTSs a promising option
for the generation of acoustic waves as they make use of the well known and
well developed techniques of integrated circuit (IC) processing to fabricate dif-

ferent transducer arrays, with various shapes, sizes and resonant frequencies, on
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one wafer which can easily be incorporated with electronic circuit either mono-
lithically or by flip-chip bonding. Because CMUTs are fabricated from highly
thermally conductive silicon, therefore, they can be operated for a longer period
of time without suffering from self-heating. These benefits make CMUT well

suited for imaging, therapy and sensing applications.

2.2.1 Design and Structure

Fig. 2.1 shows the fundamental structure of a CMUT cell. Basically, the design
of a CMUT cell consists of a parallel plate capacitor, with the bottom electrode
rigidly placed and the top electrode residing on a flexible membrane. The main
purpose of the membrane is to transmit and receive an acoustic wave in the
adjacent medium. For operating CMUTs, the membrane is deflected by applying
a bias voltage between the two electrodes, which deflects the top plate towards
the bottom plate due to an electrostatic force, making it more sensitive to any

additional forces, be it electrostatic force or external force due to pressure.

B Plate Bottom electrode
Il nsulating layer Il substrate

Figure 2.1: Schematics of a CMUT cell

The generated electrostatic force is proportional to the area of the capacitor,
the square of the applied voltage, and the permittivity of the material between
the plates, and inversely proportional to the square of the gap between the two

electrodes:



cAV?
F = Y7 (2.1)

where A is the area of capacitor plates, V is the applied bias voltage, € is
the permittivity of free space between capacitor plates, and d is the gap between
them.
If an alternating voltage is superimposed on the bias voltage, such that
V = V,. + Vg, the electrostatic force results in the vibration of the membrane

which results in the generation of ultrasound waves.

A

F=
2d?

(Vie + 2VacVae + Vi) (2:2)
Conversely an incoming ultrasonic wave causes the plate to vibrate, changing

the capacitance of the cell which results in current that can be detected by an

electronic circuit. The capacitance, C, is related to the charge ¢, and voltage V,

through the equation:

q

C=1 (2.3)

And hence the amplitude of the detected current depends on the bias voltage and
capacitance of the device.

If the bias voltage on the CMUT is increased the gap between the two electrodes
decreases which in return increases the electrostatic forces. When the electro-
static force gradient becomes larger than the mechanical force gradient the top
electrode collapses on to the bottom electrode. The bias voltage at which the

membrane collapses is called the collapse voltage or pull-in voltage of the device.

2.2.2 Modes of Operation

CMUTSs can be operated in two regimes: conventional and collapse. In conven-
tional mode of operation, the transducer is biased at a voltage that is close to the

collapse voltage, 80% of it. The bias voltage and alternating voltage are adjusted
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so that the two electrodes do not come in contact with each other.

Another operating regime, proposed by [7|, where the membrane is first biased
at a voltage higher than the collapse voltage, that collapses the membrane onto
the substrate. The bias voltage is then reduced to a voltage between the collapse
and snap back voltages. At this operating voltage, the center of the membrane
still contacts the substrate. By adding an AC voltage, harmonic membrane mo-
tion is obtained at a circular ring concentric to the center. The operation enables
high volumetric displacement thus increasing the output pressure. Collapse mode
operation is not suitable for particle manipulation due to nonlinearity and uncer-

tainty of snapback motion.

2.2.3 Literature Review

The CMUT technology has evolved to a large extent ever since the first devices
developed by the research group of Stanford, E.L. Ginzton Laboratory (Stanford,
CA, USA). The initial papers, authored by Haller and Khuri-Yakub, describe
basic principles of micromachined transducers and how the devices can be fabri-
cated by the use of sacrificial oxide etch to form the cavities [8] [9].

In 2002, Omer Oralkan et. al demonstrated that CMUTs can be effectively in-
corporated as 1D and 2D linear arrays [6], and have also shown the operation of
devices in high frequencies, 60MHz in air and 45MHz in immersion [10].

The CMUT technology particularly holds many applications in medical ultra-
sound imaging. It was shown through experiments in [11] [12] that the imaging
results by using CMUTSs are not just comparable to the conventional technology
but render better image quality.

Apart from imaging CMUTs have also been deployed in many different appli-
cations. In [13] a therapeutic ultrasound chip was developed which was mono-
lithically integrated with a silicon substrate along with an imaging CMUT. This
configuration allowed real time imaging of the targeted object.

Wong et al. designed and developed an eight element concentric ring CMUT



array to treat upper abdominal cancer cells, in another high intensity focused ul-
trasound (HIFU) example [14]. In [15] a 2D CMUT array that was calibrated and
packaged as a hydrophone was developed with integrated front-end electronics.
The technology has also been deployed in applications where they were used as
mixers for lab-on-a-chip experiment [16] and as acoustic receiver for photo acous-
tic imaging [17] and more recently CMUT array were used as tunable acoustic
metamaterials by [18].

Researchers have also been investigating air coupled transducers where authors of
[19] used CMUTS for defect imaging in aluminum and composite plates. Wang et
al reported a CMUT based air coupled transducer for non-destructive evaluation
with higher transduction efficiency than the conventional methods [20].

The CMUT technology also holds applications as chemical sensors [21] [22], where
they create a low noise oscillators by electrically connecting multiple CMU'T cells

that aimed to improve the sensitivity of a chemical sensor.

2.2.4 Finite Element Analysis

As the CMUT technology has improved over time and has been deployed in sev-
eral different applications, the techniques to optimize the devices with improved
efficiency has advanced as well. Finite element analysis has been an integral
part in designing CMUTSs and to understand the transducer characteristics and
optimize the transducer response [23]. To avoid the costs and complexities of fab-
ricating the devices, the simulations are necessary that can predict the behavior
of the sensors beforehand.

Bozkurt et al. used finite element analysis and normal mode theory to investigate
the structural loss mechanism of CMUTs. They reported that the losses are due
to the radiation of energy which is coupled to the silicon wafer at their intersec-
tion. This analysis was used to adjust the membrane parameters to tackle these
losses and reduce cross-coupling [24].

Bozkurt et al. later used electrode patterning in finite element analysis to opti-
mize the performance of a circular immersion CMUT membrane. They showed

the bandwidth increases by a considerable amount by using an electrode which



is 40% to 50% the size of the membrane.

Baris Bayram et al. used finite element analysis to model a circular membrane
and investigated the effect of electrode parameters on the collapse voltage, with
constant metal plate thickness, and reported that the collapse voltage for half
metallized structures and full metallized structures are almost equal [25].

Baris Bayram et al. later reported the collapse based operating regime of the
CMUTs, which was mentioned earlier in this chapter. The finite element analysis
results showed that the devices operating in this new regime possess a coupling
coefficient (k%) higher than a CMUT operating in the conventional regime [7].
Roh et al. analyzed the cross-talk within the CMUT cells element and between
array elements, which could not be previously predicted by the Mason type equiv-
alent circuit model as it ignored the effect of coupling to the substrate and also
lacked the ability to predict cross talk. They also investigated how the effect
of cross talk can be minimized by changing the thickness of the devices or by
varying the structure of the silicon wafer [26].

CMUTs for air coupled applications were characterized by creating an axis sym-
metric finite element model (FEM) of a CMUT cell that accounted for the non-
linear effects of the device when the membrane deflects more as compared to its
thickness. They fabricated two designs based on those FEM results [27].

In this work, finite element methods were used to characterize the devices and
optimize the response of a half wavelength acoustic resonator. The devices were
fabricated based on FEM results.

2.2.5 Fabrication Techniques

A very rapidly advancing topic in the research of CMUTs is how these devices are
fabricated. The earlier devices were fabricated using a sacrificial release surface
micro-machining technique and this process has been used for over a decade to
fabricate CMUT devices. Another fairly popular technique of fabrication is the
wafer bonding technique proposed by Huang et al [28]. Mostly all devices are
fabricated by modifying the aforementioned techniques. Both of them have their

pros and cons, which are discussed in detail below:



2.2.5.1 Surface micro-machining methods

The basic principle of surface micro-machining is to use a sacrificial layer on the
carrier substrate to form cavities underneath the membrane. The sacrificial layer
is selectively removed by using an etchant, which is chosen such that it only re-
moves the sacrificial layer and not the membrane layer. The popular materials
that have been used as a sacrificial layer are poly-silicon and the membrane layer
is silicon nitride while properly doped silicon is usually chosen as a substrate.
The fabrication method is basically the same as describe by [29], and is illustrated
in Fig. 2.2

The process begins with an electrically conductive silicon wafer, which acts as
a bottom electrode for the entire transducer. The insulating layer is deposited,
which also acts as an etch stop layer during sacrificial release, using LPCVD. The
thickness of the layer is adjusted so as it is thick enough to protect the silicon
wafer from the etchant but not too thick that could cause the active capacitance
of the device to decrease.

The sacrificial material, such as chrome and polysilicon, is then deposited. To
achieve lower height of the etch channels as compared to the height of the cell
cavities, the material is often deposited in two steps. Hence an extra photolithog-
raphy, etch and second sacrificial layer deposition steps are required. This is done
because lower heights of etch channels are easier to seal in the final steps of the
fabrication.

The cell cavities and membrane shape are then patterned on the sacrificial layer
using another photolithography step. The membrane can be of any shape but the
most commonly used shapes are circular and hexagonal. The membrane layer is
then deposited in two steps because the membrane material is also used to seal the
etch channels. Etch channels allow the flow of etchants during membrane release,
which are patterned using lithography. If the channels are designed properly, the
size of the cavity does not change in the final sealing process. The sacrificial layer
is then removed using wet etching. The channels available for etchant to get into
the cavity are small therefore this process can take days to complete. After this
step, the etch cavities are sealed with the same material as the membrane. The

cavities are sealed with low pressure chemical vapor deposition (LPCVD), so that
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B
b,

(8) (h)

Figure 2.2: Fabrication steps of sacrificial release method: (a) deposition of in-
sulation layer (b) deposition of the sacrificial layer (c) etch channels definition
(d) formation of cavities and membrane (e) deposition of membrane materials (f)
releasing membrane (g) sealing etch channels (h) exposing bottom electrode and
metal deposition for contact pads.

there is no air left in the cavities. In the next step, the bond pads for the bottom
electrodes are established using photolithography and are dry etched to access
them. In the final step, the electrical connections are provided for the top and
bottom electrodes using a lift off metal process.

Despite being popular for years, this method has some drawbacks. This process
results in a poor control over thickness of the deposited layers, because the insu-
lation layer, sacrificial layer and the plates are mostly created by using chemical
vapor deposition (CVD). As the plate thickness is limited by the CVD process,
hence CMUTs with thick plates can not be easily achieved. Another draw back
of this process is the overlap of top and bottom electrodes at the posts. This

overlap increases the parasitic capacitance. Also the etch holes take a large area
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between the adjacent membranes which impose limitations on the active cells per
unit area. This in turn limits the fill factor and results in a large amount of
inactive region. Another drawback of sacrificial release method is a commonly
occurring phenomenon called stiction. Stiction is caused by the large capillary
forces that arise while drying the cavities after the removal of sacrificial material
[30].

2.2.5.2 Wafer Bonding

Another popular technique for fabricating the CMUT devices is the wafer bond-
ing processes. The three basic techniques of wafer bonding are anodic bonding,
fusion bonding and adhesive bonding. Wafer bonding holds many advantages
over the sacrificial release process, among which the main advantage is the sim-
plicity of the process. The number of masks used are just four and there are only
two deposition steps in the entire fabrication method. The fabrication flow is
given in Fig. 2.3

Wafer bonding gives a very precise control over the thickness of the devices, as
thermal oxide growth is very uniform. Also, without the need for sacrificial re-
lease channels the cells can be packed closer together which results in an increased
fill factor and lower inactive region. The fill factor is critical at high frequencies,
where elements are small and space is important in that case [10].

The fabrication process of fusion bonding, as given by [28] starts with two wafers,
one is the silicon wafer and the other one a silicon on insulator (SOI) wafer. The
two wafers are bonded in a vacuum environment to create the final device. Before
the bonding, however, both wafers are separately treated. A thin silicon dioxide
layer is grown on the top wafer and by using LPCVD an additional layer of silicon
nitride is deposited on top.

Meanwhile, on the bottom wafer the cavities are etched by using reactive ion
etching (RIE). The two wafers are thoroughly cleaned and are brought together
in vacuum and annealed at 1100° to form a permanent bond. The box and handle
layers of the SOI are then removed to release the membrane. In order to form the

top electrode, a patterned metal layer is deposited using sputtering of aluminum.
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Finally, the pads are opened for wire bonding.

The drawback of wafer bonding is that it results in an increased parasitic ca-
pacitance in the devices and hence degrades their performance. The parasitic
capacitance is caused by the overlap of the substrate and the post regions. A way
to tackle this is to use anodic bonding, where a bottom electrode, with defined
cavities, is anodically bonded with SOI wafer. This process holds the benefits of
wafer bonding, e.g. it is simpler, gives good control over thickness of the devices
and high fill factor. The temperatures are also lower in anodic bonding as com-
pared to fusion bonding and also gives relaxed surface roughness requirements
[31].

In this dissertation, the devices are fabricated using anodic bonding, due to its

I s
(a) (b)
(c) (d)
(e) (f)

Figure 2.3: Fabrication steps of fusion bonding: (a) growth of thermal oxide for
insulation and cell side walls (b) etching the cell cavities (c) fusion bonding the
SOI wafer to the bottom wafer (d) release the membrane (e) expose the bottom
electrode contact pad. (f) metalize the contact pads and top electrodes

advantages and simplicity. The three mask fabrication process that was deployed

is given in detail in the following chapters.
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Chapter 3

Particle handling and

manipulation

Studies and research related to cells are carried out with an immensely large
population of cells, the result, therefore, is an average value which is taken by
calculating the response of more than one cells. This approach leads to misinter-
pretation as it fails to take into account the statistical behavior of several cellular
level events. Hence, to obtain a statistically meaningful data it is important to
conduct studies on one or on a sufficient number of cells.

Optical tweezing or laser trapping has been used for decades where a highly cali-
brated laser beam is utilized for particle trapping and handling. However, there is
a certain criterion that needs to be fulfilled for laser trapping such as: the targeted
specimen should be transparent, it should be non-absorbing at the wavelength
of the trapping laser, also the refractive index of the particle should be different
from that of the surrounding medium. When a laser beam interacts with the
particle, it transfers its momentum to that particle and applies two forces on it:
the scattering force, and gradient force. Where the former drives the particle
in the direction of the light propagation and the latter pulls the particle in the
direction of the field gradient. To obtain a stable trap the gradient force should
be higher than the scattering force. The trapped particles can be handled in

three dimensions by manipulating the laser beam and by changing the focus of
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the beam. Dimensions of the particle that can be manipulated with laser ranges
from a few Angstrom up to 10-um [32] and the maximum trapping forces of up
to hundred pico Newton can be acquired.

Laser trapping has been employed by many researchers to successfully trap and
manipulate particles. In [33] the benefits of laser trapping were combined with
hydrogel, that was sensitive to the change in temperature, and isolated a single
yeast cell in a microfluidic channel. Arai et al. also presented another example
of particle manipulation with high precision by using laser trapping, where they
successfully attempted to tie knots on different biofilaments [34]. The filaments
were attached with a polystyrene bead on each end and were trapped using two
optical tweezers. Where one kept the biofilament in place and the other optical
tweezer was manipulated in a way so as to tie a knot. The use of optical tweez-
ers, however, has been restricted particularly in applications that require longer
holding time as the intense trapping light could damage the biological structure
and could also damage the trapped specimen through a process known as photo-
damage [35].

Micro-electro-mechanical systems (MEMS) technology has facilitated this study
and provided means to perform biological and chemical experiments on single
molecules and single cells by creating tools that match the dimensions of cells

and enables cell-handling.

3.1 Microfluidics

The advancement of MEMS technology brought revolutionary changes in various
fields of science. The applications of MEMS devices surround us in our daily lives
e.g inkjet printers, airbag deployment system in automobiles etc. The fabrication
techniques have also evolved over time which laid the foundation of microfluidics.
The field of analytical chemistry, first demonstrated the advantages of scaling
down liquids into micro-channels for separation processes [36]. Since then, novel
tools have been developed for studying molecules on a cellular level. Some of the
main applications of microfluidics systems are: biological and chemical sensing,

molecular separation such as DNA analysis, drug delivery etc. Microfluidics has
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particularly benefited the cell based studies by translating it to lab on a chip
domain which led to a cost-effective, simple and portable solution for particle
handling and manipulation.

The concept of micromanipulation involves suspending the targeted particles in
the microfluidic channel and non-inertial force fields, magnetic force [37], dielec-
trophoretic [38] and acoustophoretic forces [39], are applied to trap the targeted

particle.

3.1.1 Magnetic Forces

Magnetic separation and sorting of cells have been increasingly applied in mi-
crofluidics to handle particles based on their magnetic susceptibility, which was
first reported by [40]. In this technique, the microfluidic channels are actuated
with permanent magnets [41] or with electromagnetic coils [42] which are either
fabricated with the microchip or placed outside it. The suspended particles are
then subjected to a non-uniform magnetic field because of which they experience
a gradient force depending on various parameters such as: particle’s volume, the
magnetic susceptibility of the particle as compared to the medium as well as the
gradient and strength of the magnetic field. Particles are attracted towards field
maxima or minima based on their permeability.

The advantage of using magnetic manipulation is that factors such as surface
charges, medium conductivity, temperature, does not influence particle manip-
ulation. This technique gives good control over cell sorting and has been used
in many different applications such as: CTC isolation [43], CTC capture [44],
single cell isolation and analysis [45], isolating peripheral lymphocytes [46] and
removal of malaria infected red blood cells [47]. However, magnetic fields are
often improved by modifying properties of the medium [48] [49] or label [50] [51]
objects of interest with magnetic particles to generate enough forces required for

their handling.
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3.1.2 Dielectrophoresis

In the vicinity of an inhomogeneous electric field, different polarizable particles,
such as, cells, viruses, proteins, or DNA molecules, experience a dielectrophoretic
(DEP) force. Dielectrophoresis technique uses this principle to trap and manip-
ulate particles in the microfluidic channel. The non-uniform field is generated
by fabricating arrays of insulating posts in the microchip. The particle or cell is
either attracted towards regions of strong electric fields or is repelled from these
regions which is determined by the polarizability of the suspended particle as
compared to the medium.

Many research groups have used this technology for different applications such
as trapping, focusing, fractionation of particles [42] [52] [53] [54] [55]. Hu et al.
used this technique to sort cell by labeling them with polymeric beads and showed
that cells that are bounded have higher DEP response amplitude unbounded cells
[56]. Despite its popularity and simplicity, there are some drawbacks that limit
its applications. For example the presence of strong AC fields causes Joule heat-
ing which leads to the setup of a transmembrane voltage and could also disturb

the particles viability.

3.2 Acoustophoresis

Acoustophoresis, also known as acoustic tweezing, is the the manipulation of
particles using acoustic waves, typically in the frequency range of 1IMHz-10MHz.
Kundt and Lehmann reported the effects of traveling acoustic waves which led
to the earlier investigations of acoustic tweezing [39]. A sound wave traveling in
one direction is defined by the acoustic pressure amplitude p,, the frequency f
corresponding to the angular frequency w= 27f and the wavelength A. A plane

traveling sound wave, in the positive z direction is then defined as:
p(z,t) = pasin(wt — kz) (3.1)

where £ is the wave number given as 27 /\. When two traveling waves with same

frequencies and magnitudes but opposite in direction interact with each other
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then that results in the generation of an ultrasonic standing wave (USW). USWs
are, therefore, produced by the continuous superimposition of traveling waves

with their reflection waves.
p(z,t) = pasin(wt — kz) + pasin(wt + kz) = 2p,sin(wt)cos(kz) (3.2)

In Equation 3.2 the positions where the value of z = nA/2, (n =0, 1, 2. .)
amplitude is zero and these positions are called nodes and the positions where z
=nA/4, (n=1,3,5. .) are referred to as antinodes, which are the maximum
amplitude positions.

Acoustic tweezing is typically performed by utilizing the USWs and many such
applications can be found in the literature, such as: Jeremy Hawkes et al. de-
ployed USW for continuous cell washing and medium exchange [57]. In [58] a
technique is given to efficiently separate plasma from human whole blood which
enhanced agglutination assays. Petersson et al. utilized acoustic forces in a stand-
ing wave field to discriminate lipid particles from erythrocytes in whole blood [59].
Another research group reported the retention of mammalian cells in cell culture
fermentations using acoustic resonators [60]. Although the utilization of stand-
ing wave is very popular for particle handling, however, there are also examples
in literature where traveling waves are deployed for micro-manipulation [61] [62]
[63].

All the aforementioned examples of acoustic tweezers only allow one dimensional
manipulation of the particle. Also they all deploy PZT as the transducers that
have their limitations in terms of fabrication, cost, heating etc. In this thesis
acoustic tweezer is designed that gives full control over particle handling by al-
lowing 2D motion. Also CMUTs are deployed for transduction mechanism that
increases the overall efficiency of the device, allows longer holding time, are easier

to fabricate and are very conveniently incorporated with the microfluidic channel.

3.2.1 Primary Acoustic Radiation Forces

When an acoustic standing wave is generated in a microfluidic channel, then

the particles suspended in the medium will experience a gradient force along
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or against the acoustic pressure gradient which will depend on the mechanical
properties of the particles. This gradient force is called the primary acoustic
radiation force (PAR). This force is basically the result of the interaction between
the particle and the waves and it depends on the mismatch between acoustic
properties of the particles and the medium.

Acoustic radiation force was initially calculated by King [64] on an incompressible
sphere in a plane standing wave in 1934. This was later extended by Yosioka
and Kawasima by calculating the forces on compressible spheres in 1955 [65].
The expression was later generalized by Gorkov in 1965, who expressed the time

averaged PAR force F, as a gradient of potential [66].

< F>=-VU (3.3)

where U is the acoustic force potential and is given by the following equation:

3f2pm
fi <p2>_fzﬂ

U= V[mec%n 4

< |v|* > (3.4)

p is the pressure field and v is the velocity field that surrounds the immersed
particle. V is its volume and p,, and ¢,, are the density and sonic velocity of the
medium. f; and fy are the compressibility factor and density factor. They are

given as [67]:

]'71:1—7;2 (3.5)
2y — 2
=5 (3.6)

Where ~ is the ratio of sonic velocity of the particle to sonic velocity of the

medium. And [ is the ratio of density of the particle to density of the medium.

C
T= i (3.7)
_ e
g=2 (38)
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At the resonant frequency, a strong one dimensional coupling is observed. There-
fore assuming that at resonant frequency a standing wave is generated at the axial
direction and that the wavelength at that frequency is much larger as compared
to the particle radius, then the axial component of the primary radiation force is
given as follows [67]:

Fopia = 47 Ekgsin(2kz).R? (3.9)

¢ is the acoustic contrast factor which is given as [67]:

oy — 2 1
=— — — 3.10
v 2v+1 B2 ( )
E is the acoustic energy density which is given by the following equation:
Pa
E= 3.11
IpncZ. (3.11)

According to the Equation (3.9), the force increases with the radius of the parti-
cle, and therefore this imposes limit on the size of particles that can be trapped
using this method. However, the force is also dependent on the resonant fre-
quency, and working with microfluidics the small chambers lead to resonance at
high frequencies. Therefore the smaller particles can be trapped by adjusting the
resonant frequencies and the fluid channel lengths.

Acoustic contrast factor is another major factor that influences PAR. It deter-
mines whether the particle will be driven towards the pressure node or antinode.
A solid particle, that has higher density as compared to the fluid medium, results
in a positive contrast factor and that particle moves towards the pressure node.
On the other hand, particles having high density and compressibility lead to a
negative contrast factor and such particles are driven towards the antinode. In
most of the applications, the pressure minimum is mostly at the center whereas
the pressure maximum is created at the boundaries. Hence the contrast factor
determines whether the particle will be trapped towards the center or at the edges

of the boundary. Acoustic contrast factors of some particles is given in Table 3.1.

It has been shown by [68] that large velocity gradients give rise to a significant

lateral component of the radiation force. Lateral component of the radiation force

20



N2

Antinode

‘T/ / /Iwode

Figure 3.1: Primary axial force draws the particles towards the node or antinode
depending on the acoustic contrast factor ¢.

Particle Type Density | Compressibility | Acoustophoretic
Contrast Factor
kg/m? 1071Pa™! ¢
Polystyrene Particle | 1050 2.49 +0.165
Silica Particle 2200 0.27 +0.536
RBCs 1099 3.31 +0.12
WBCs 1019 3.995 +0.044
Colon Cancer Cell 1077 4.04 +0.06
Polyvinly air filled 429.6 819.67 -60.7
Microbubbles

Table 3.1: Properties of different materials

will trap particles above the center of active elements. Although it is much smaller
than the axial force, yet it is required to agglomerate particles in the trapping site
and to counteract the fluid drag force. An estimate of lateral trapping force on
the particles is obtained from the Stokes law which is valid because the Reynolds

number of the flow is 2 x 1074,

Fp, = 6mpc, R (3.12)

Where g is the viscosity of water.
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3.2.2 Secondary Acoustic Radiation Forces

When the particles agglomerate and interact with each other then this gives rise
to the secondary acoustic radiation force. Secondary forces influence the motion
of the particles when the separation between them decreases and they come very

close to each other. It is given by [69] as:

— pm)*(3c0s%0 — 1
Fs — 47TCL6( (pp pm6)p(3;js )U2(Z)

2 i
Bl RLLE)

(3.13)

Where d is the distance between the particles from the centers and @ is the angle
between the particles and the propagation direction of the incident sound wave.
0 determines whether the force will be attractive or repulsive. The influence of
the SAR force, however, is very weak and becomes only important at very short

distances between particles.

3.3 Microfluidic Acoustic Resonators

The typical structure of an acoustic resonator for particle handling comprises of a
microfluidic channel coupled with a transducer array and a reflector on top. This
is also commonly known as layered resonators. Active transducer elements gen-
erate a sound wave that reflects off the glass and creates an ultrasound standing
wave within the fluid chamber, where the particles under observation are sus-
pended.

A half wavelength resonator was developed as it brings the system fluidics into
a mode of low Reynolds numbers and hence a laminar fow domain which can be
easily integrated with the microfluidic channels [70] [71]. Half-wave devices are
those resonators in which the fluid channel is approximately half wavelength in
thickness. As described above, the acoustic radiation force is directly proportional
to the resonant frequency, therefore in half wavelength resonators, the reduced
dimensions lead to higher frequencies. The high frequency therefore results in

higher forces causing efficient particle handling.
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In order to develop a system with high Q-value, the material selection is criti-

Reflector

Microfluidic
Channel

L}

Transducer

Figure 3.2: Layered acoustic resonator schematics

cal in layered resonators. In the previous designs, the selection of matching and
backing layer was very critical to efficiently couple the acoustic energy into fluid
medium. In this case CMUTs are used for transduction mechanism which, there-
fore, simplify the design.

The purpose of reflector layer is to reflect energy back into the device, and thus
maintain strong resonant operation. Glass was chosen as the reflector as it is
chemically inert and hence is advantageous during the processes of microfabrica-
tion. It has higher acoustic impedance as compared to water and for such systems
resonance occurs across the thickness of the channel, with a pressure minimum
close to the channel center. This is also useful to focus particles away from the
glass walls. The transparency of the material allows observing the particle be-
havior under a microscope. The materials used for the design and FEM modeling

are given in Table 3.2.

Layer Material | Density | Thickness | Sonic Velocity
kg/m? u m/s
Fluid Water 1000 300 1500
Reflector Glass 2500 300 5640
Particle | Polystyrene | 1055 | Diameter 10 1958

Table 3.2: Model Dimensions and Layer Properties
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Chapter 4

Finite Element Modeling and
Analysis

Finite element methods (FEM) are used to analyze the operation of a half wave-
length planar resonator. FEM is one of the most common methods used for
numerical predictions and for solving several complex engineering problems. As
compared to the equivalent circuit models of CMUTs, FEM gives more accurate
results, as the former is based on some basic assumptions.

In all the simulations, the commercially available finite element software (AN-
SYS16.1) was used. The software enables a comprehensive analysis of acoustic
waves in fluid medium and provides a platform to optimize the device parameters.
The software also provide a fluid structure interaction, where the fluid elements
are coupled to the structural elements.

In this chapter, a detailed description of the finite element modeling is given along

with the simulation analysis and results.
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4.1 Modeling

In order to get accurate results, the basic step is to correctly model the design.
We have drawn a 3D model of the layered resonator. The first step, is to model
the transducer array.

SOLID45 elements are used to model the vibrating structure. Each SOLID45 el-
ement is defined by eight nodes with each node having three degrees of freedom,
i-e translations in the nodal x, y, and z directions. The elements have sufficient
characteristics required to model the CMUT membrane, such as plasticity, creep,
swelling, stress stiffening, large deflection, and large strain capabilities.

Four types of acoustic elements are available in ANSYS that are based on pres-
sure formulation, which are FLUID29, FLUID30, FLUID220, and FLUID221.
Where the former two are for 2D and 3D linear elements respectively and the
latter two for 2D and 3D quadratic elements, respectively. We used Fluid30 to
model the immersion medium which is defined by 8 nodes with each node having
one pressure degree of freedom, and three translational DOF's along the x, y, and
z axes. The reflector surface is also modeled with the same fluid elements.
It is mandatory to explicitly define the surface of the structure which is in con-
tact with the fluid by using fluid structure interface flags. Fluid130 is used for
simulating a 3D infinite boundary which absorbs outgoing pressure waves with
little reflection into the fluid. Fluid130 are defined by four nodes, each having
only pressure degree of freedom and they connect to Fluid30 elements.

For a mesh dependent study, a mesh of A\/30 was generated, where \ is the wave-
length of sound wave in each material. Material properties of silicon, borosilicate
glass and water as the fluid medium were assigned to the model. The assigned

material properties and layer dimensions are given in the following table.

Layer Material | Density | Thickness | Sonic Velocity
kg/m3 i m/s
Fluid Water 1000 300 1500
Reflector Glass 2500 300 5640
Particle | Polystyrene | 1055 | Diameter 10 1958

Table 4.1: Model Dimensions and Layer Properties
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Figure 4.1: 3D model drawn in ANSYS. The figure shows a layered resonator
with transducer elements.

The electrodes were modeled using TRANS126 elements which represent a
transducer element while also allowing energy storage. The element has up to
two degrees of freedom i-e translation in the nodal x, y, or z direction and electric
potential. The top electrode is created by taking the surface nodes of the mem-
brane and the lower nodes are created with the TRANS126 elements which are
joined to the upper nodes through a gap d. Two transducer elements compris-
ing of 4x4 square CMUT cells with 2-gym thick membranes, 50-pum side lengths
were modeled to generate pressure gradient in the fluid column. The separation
between the cells was kept as 5-pum. The advantage of using square membranes
is that they allow greater fill factor and hence results in an increased pressure

generated in the fluid medium.

4.1.1 Boundary Conditions

The accuracy of the model depends highly on the applied boundary conditions.
To save computational cost and time, we drew a 3D model and applied symmetric
boundary conditions along the horizontal and vertical axis.

The boundaries of the vibrating cells are fixed, and therefore zero displacement
constraints were applied to them. The bottom electrodes were also rigidly placed

and therefore their movements were also restricted in the x, y and z directions.
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The boundary conditions applied are also given in the following figure:

Figure 4.2: Applied boundary conditions. The red symbol depicts the voltage
loads applied to the transducer elements. The white symbols represent the dis-
placement constraints. The model is symmetric along the horizontal and vertical
directions.

4.2 Static Structural Analysis

A static structural analysis is performed on the model that determines the dis-
placements, stresses, strains, and forces in structures caused by the applied loads.
Voltage loads were applied to the TRANS126 elements. Collapse voltage was
found in this step by increasing the applied voltage in a loop until the devices
started to collapse. The collapse voltage was found to be 86-V the devices were
then later biased with 64-V DC in rest of the simulations. The applied voltages
are high enough to generate enough pressure field required for trapping the par-
ticles while still less than the collapse voltage.

This step laid the foundation of the harmonic analysis, which is described in the

next section.
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4.3 Harmonic Analysis

Harmonic analyses are used to determine the steady-state response of a linear
structure to harmonically varying loads. The sinusoidally varying voltage loads
therefore act like the AC load. Pre-stress effects are turned on to include residual
stress of the membrane. This step is critical in finding the resonant frequencies
of the devices and also to understand the fields generated due to the applied

frequency. At resonance the membrane exhibits maximum center deflection. The
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Figure 4.3: Center deflection of a single membrane.

resonant frequency of a single cell with the same design parameters was found to
be 2.34Mhz. The devices were driven with 24V, ,.

Pressure field distribution and velocity of the particles in fluid medium were
also found during the harmonic analysis. By activating adjacent 4 (2x2) trans-
ducer elements, a pressure node was created at the center of the fluid channel

which shows trapping site of the particle.
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Figure 4.4: Pressure field in the resonator. The dashed line shows the boundary
between the glass and the fluid column.

4.4 Row column Addressed CMUT Arrays

To understand the response of the devices in row column addressed CMUT arrays
were modeled as well. In the RC approach, the column electrodes are biased with
DC voltage whereas voltage pulses are applied to the rows. The general idea of

RC array is illustrated in the Figure 4.4.

This scheme, therefore, does not give an electronic control over one single
element. To understand the effect of inactive elements, we simulated a 6x6 CMUT
array with each element containing 3x3 CMUT cells and performed a transient

analysis illustrated in Figure 4.4.

4.4.1 Transient Analysis

Transient analysis is used to determine the dynamic response of a structure under
time-dependent loads. This analysis gives a better insight to operation of the

devices. A transient analysis was performed for a time period of 400-ns to observe
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Figure 4.5: Hlustration of RC array idea.

pressure field extending in the lateral and axial directions. The pressure field
generated by the inactive elements is very low and therefore does not contribute

in particle handling Figure 4.5.

4.5 Results and Discussion

Finite element analysis gives a good approximation of the device behavior and the
trapping site. The force on a 10-pum polystyrene was calculated using Equation 3.9
which was found to be 132 pN. The lateral force was found to be 3.31 pN from
Equation 3.12. Plotting the acoustic force potential, U, is another convenient
way of visualizing the acoustic forces. Particles will tend to move towards regions
where U is minimum. This also corresponds to the pressure minimum formed at

the center of the channel due to half wavelength design.
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Figure 4.6: Hlustration of the simulated design.

The finite element analysis results clearly demonstrate that the acoustic po-
tential minimum is generated at the center of the microfluidic channel. Using
the same parameters, masks were created using KLayout for fabricating the RC

arrays. The fabrication process is discussed in the following chapter.
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Figure 4.7: Deflection of membranes when the membranes in the column are
biased with DC and AC voltage is applied to the rows.
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Figure 4.9: Plot of acoustic potential along the thickness of the microfluidic
channel
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Figure 4.10: Normalized pressure distribution corresponding to the pressure min-
ima
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Chapter 5

Fabrication of RC Arrays

In order to allow two dimensional manipulation of particles in the microfluidic
channel a row column-addressed CMUT arrays were developed that serve as a
basis of the microfluidic platform.

The fabrication of 2D CMUT array holds some challenges; as they not only dif-
ficult to fabricate but also the integration with the front end circuit is a serious
issue. If there are N number of elements then the 2D array leads to NxN number
of channels making the fabrication of large 2D array cost prohibitive. In some of
the earlier attempts, the contacts are brought to the backside of the wafer by de-
ploying through-silicon via (TSV) interconnects [72]. In this approach polysilicon
is used as bottom electrode and the via material causes roughness in the cavities
that degrades the performance of the devices. Many techniques have been de-
veloped that use through-wafer electrical interconnect which is compatible with
both the surface micromachined and the SOI wafer-bonded CMUTSs fabrication
methods [73] [74] [72]. All these techniques have resulted in an increased process
complexity.

An attractive alternative is the row column addressed arrays, where the electrodes
are connected such that each row and each column of the array is individually

addressable.
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In early RC CMUT arrays, rows and columns of the array acted like one large
element and hence lacked single element actuation, which leads to edge effects
in imaging applications [75] [76]. This issue has been addressed by using top
orthogonal to bottom electrode (TOBE) arrays [77] [78], where a single element
has been addressed by biasing column and exciting the corresponding row with
pulse. The fabrication of TOBE arrays is done on SOI wafers that incur parasitic
effects due to silicon substrate. The issue has also been addressed by integrat-
ing apodization in the transducer array [79]. They fabricated CMUT devices by
bonding two SOI wafers. This technique is comparatively simpler but the rows
of these devices get coupled with the bottom SOI wafer and hence degrades the
performance of the devices.

In this work, a fabrication technique proposed by [31] was adapted. This approach
offers many advantages such as simpler fabrication, increased fill factor and ef-
fective membrane uniformity. Also, the use of borosilicate glass as the substrate

prevents electrical coupling between the bottom electrodes and the substrate [80].

5.1 Cavities and Bottom Electrode

The fabrication process is started by thoroughly cleaning the borosilicate wafer
in Piranha solution, which is the mixture of 70% sulfuric acid (H2SO,4) and 30%
hydrogen peroxide (H2Os). This is important as the impurities could lead to
issues during the bonding step.

Photolithography techniques were employed for producing high precision pattern-
ing on substrates and are one of the most important steps in micro-fabrication.
The general procedure of photolithography begins with a substrate, which is then
coated with photoresist. Photoresist is a material that changes solubility when
exposed to light, the solubility of positive photoresist increases in light on the
contrary the solubility of negative photoresists increases in the shadow. This
substrate is then exposed to light through a transparent mask with desired pat-
terns. The exposed substrate is then developed using different solvents to leave
a permanent pattern on the substrate.

In our fabrication technique the first photolithography step was used to pattern
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the shape of the cavities on the substrate using a negative photoresists. The
patterned wafer was hard baked at 125°C to improve adhesion between the wafer
and the photoresist and makes it a better mask for etching.

Etching is also one of the main processes in micro-fabrication as it involves re-
moving materials in the desired areas by physical or chemical means. After a
pattern is established on the substrate using photolithography then to shape the
geometry of microcomponents etching techniques are used. The two main types
of etching are dry etching and wet etching. Where in the former case the desired
materials are removed using gaseous etchants by employing either plasma, ion
milling or reactive ion etching (R—E). Where as the latter technique involves
removing materials with diluted chemicals to dissolve substrate.

In order to create cavities we used wet etching in 10:1 buffered oxide etch (BOE)
solution. The wet etching was preferred as it results in less surface roughness
in the cavities and more uniform etching. 350-nm deep cavities were created
through this process and 130-nm gold and 20-nm chromium adhesion layers were

deposited to obtain 150-nm bottom electrode Figure 5.1 (c).

5.2 Wafer Bonding

As already mentioned previously an insulation layer of silicon nitride is incorpo-
rated between the top and bottom electrode to avoid any electrical shorting if
the two electrodes come in contact with each other in case the CMUT cell col-
lapses. To form the insulation layer a silicon nitride layer of 200-nm thickness was
deposited on top of the device layer of the SOI wafer by plasma enhanced chemi-
cal vapor deposition (PECVD). Chemical vapor deposition (CVD) is a technique
used in microfabrication processes that require the deposition of thin films. In
this technique gases with diffused reactants are flowed over a hot substrate surface
and this interaction results in the deposition of the desired film over the substrate
surface. PECVD is a type of chemical vapor deposition that uses radio frequency
(RF) plasma to transfer energy into the reactant gases and hence allowing the

substrate to remain at a lower temperature as compared to the other techniques
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of CVD.

Now that the two wafers were ready, the glass wafer and the SOI wafers were
again cleaned using solvents and Pirhana solution, respectively. Borosilicate glass
and the silicon nitride surfaces were anodically bonded together at 350°C under
2.5-kN down force and 700-V bias voltage in vacuum, Figure 5.1 (e). The han-
dle layer was then ground to 100-pum and the rest was removed by using heated
tetramethyammonium hydroxide (TMAH) solution at 85°C. The membrane was

released after removing the BOX layer by using 10:1 BOE solution.

5.3 Accessing Pads

In order to access the metal pads, silicon/silicon nitride layer on the location of
pads was etched by reactive ion etching (RIE) with SF6 Figure 5.1 (f). During
anodic bonding, the borosilicate substrate is exposed to high electrostatic field
and it results in outgassing [81]. This restricts the application of these devices
that require vacuum-sealed cavities. Hence when the silicon /silicon nitride layers
are etched on the locations of metal pads, the trapped gas also evacuates which
solves the outgassing problem in the devices.

This step also separates rows and creates dicing lines that separate different
arrays. The photoresist was removed by oxygen plasma. To seal the cavities a
conformal PECVD silicon nitride layer was deposited, the thickness of which was
chosen to be three times the cavity height for a proper sealing [8]. This layer also

serves as an insulation between the transducers and the microfluidic channel.

5.4 Electrical Connections

In the previous step, the devices were completely covered by silicon nitride.
Therefore to create electrical connections the silicon nitride layer on the pads’
locations required to be removed. This was done by using the final mask, which re-

moved silicon nitride by reactive ion etching at locations where contact pads would
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be made. After removing the nitride layer, 180-nm gold and 20-nm chromium
was deposited to ensure a good electrical contact and to improve the conductivity
of the row electrodes, Figure 5.1 (h). Figure 5.2 shows the fabricated RC array

and the close-up view shows the array elements in Figure 5.3.
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I:l Borosilicate glass

Cr\Au

. Silicon Dioxide

Figure 5.1: Fabrication flow: (a) Photoresist coated on top of the borosilicate
(b) Cavities through BOE etch. (c) Metal deposition and lift-off. (d) Anodic
bonding. (e) Handle and Box Removal. (f) Silicon etching for addressing rows.

(g) Silicon nitride deposition. (h) Reaching pads through silicon nitride etching
followed by metal deposition and lift-off.
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Figure 5.2: Fabricated RC CMUT arrays

Figure 5.3: Zoomed view to show the array elements
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Chapter 6

Discussion and Future Work

In this work, a micromanipulation platform was designed that allowed two dimen-
sional manipulation of particles without requiring any invasive contact, tagging,
or biochemical labeling. A 2D row column addressed CMUT array has been in-
tegrated into a multilayer planar ultrasonic resonator to agglomerate particles
along the center of the channel and then move them in horizontal or vertical
directions by activating the elements of the array.

In half wavelength resonators the suspended micro-particles are driven towards
the center of the channel due to the potential energy density minimum. The
simulation results were in accordance with the theory and showed the trapping
positions. The device presented in the thesis consists of a 300-pm thick microflu-
idic channel, which corresponds to 2.5MHz operating frequency, incorporated
with the transducer array on one side and 300-um thick glass as a reflector. The
two active elements generated an acoustic force that could be used for micro
manipulation of particles. Simulations confirm that forces on particles, such as
10-pum polystyrene beads, are dominated by the pressure gradient in the field, the
gradient in the acoustic particle velocity field is sufficient for lateral manipulation.
A row column addressed CMUT arrays were fabricated using wafer bonding tech-
niques. This novel fabrication method can be easily integrated with an electronic
circuit and also incorporates microfluidic channel very conveniently. The use of

an insulator as a substrate considerably reduces the parasitic capacitance and
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thus improves sensitivity of the devices.

The RC arrays can be employed in a number of ways. For example The decrease
in the cable count makes them a strong candidate for 3D imaging applications.
The current RC arrays suffer from parasitic capacitance issue and hence degrade
the quality of imaging. Therefore, we believe that these arrays could also be

extended for imaging applications.
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Appendix A

Appendix

/PREP7 RAD=60
CELLSP=5
SThick=2
RAuid=750
SLength = 300
SWidth = 300
VDC = 50
TI1=0.2

EPS=5.7
FG=TI/EPS
COR=50
GAP=0.24FG
HX = SLength/5
HY = SWidth/5
FLength = 300
GLength = 600
H=5
ET,1,SOLID45
ET,2,FLUID30,,0
ET,3,FLUID30,,1
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ET,4,FLUID130,0

R,4,Rfluid,0,0

MP,DENS,1,2328e-18

MP,EX,1,148E3

MP,NUXY,1,0.17

MP,DENS,2,1000e-18
MP,SONC,2,1500e6
MP,DENS,3,2500e-18
MP,SONC,3,1962¢6
MP,DENS,4,1055E-18
MP,SONC,4,1965e6

CYL4, 0,0,0,0, Rfluid, 90, -SThick
BLOCK, 0,SLength,0,SWidth, 0, -SThick
VPLOT

VOVLAP,1,2

NUMCMP,VOLU
SPHERE,0,Rfluid,0,90

VSBW,3

VDELEA4,,,1

VDELE,2,,,1
BLOCK,0,Rfluid,0,Rfluid,FLength,GLength,
VOVLAP2.5

VDELE,7,,,1

VDELE,3,,,1

VGLUE,1,4,6

NUMCMP,VOLU
BLOCK,0,SLength,0,SWidth,0,GLength,
VOVLAP,24

VOVLAP5,3
BLOCK,SLength,RFluid,0,SWidth,0,GLength,
VOVLAP,3,7

VOVLAP,9.,4

VDELE,10,,,1
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BLOCK,0,SLength,SWidth,RFluid,0,GLength,
VOVLAP5.4
VOVLAP7,11
VDELE,12,,,1
VGLUE,ALL
LSEL,S,LENGTH,,SLength
LESIZE,ALL,, HX 1,
LSEL,ALL
LSEL,S,LENGTH,,SWidth
LESIZE,ALL,, HY,1,
LSEL,ALL
LSEL,S,LENGTH,,SThick
LESIZE,ALL,,,1,1,
LSEL,ALL
VSEL,S,VOLU,,1
VATT,1,,1

VMESH,1

ALLSEL
VSEL,S,LOC,Z,0,FLength
VATT,2,,2

VSEL,ALL
VSEL,S,LOC,Z,FLength,GLength
VATT,3,,3

ALLSEL

VSEL,S,MAT,.3
ESIZE,30,0, 'H =10
MSHAPE,0,3D
MSHKEY,1

VMESH,ALL

ALLSEL

VSEL,S,MAT,,2
ESIZE,15,0,
MSHAPE,0,3D
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MSHKEY,1

VMESH,ALL

ALLSEL

ESEL,S,TYPE,,1

NSEL,EXT

ESEL,S,TYPE,,3

ESLN,R

EMODIF,ALL, TYPE,2
SEF,ALL,FSI,1

NSEL,ALL

ESEL,ALL

CSYS,2
NSEL,S,LOC,X,Rfluid,Rfluid+1
CSYS,0
NSEL,R,LOC,Z,0e-6,FLength
TYPE 4

REALA4

MAT,2

ESURF

ALLSEL

CSYS,2

NSEL,S,LOC,X,Rfluid, Rfluid+1
CSYS,0
NSEL,R,LOC,Z,FLength,GLength+1
TYPE4

REAL4

MAT,3

ESURF

EPLOT

ALLSEL
NSEL,S,LOC,Z,0,-SThick
NSEL,R,LOC,X,-SLength,SLength
NSEL,R,LOC,Y -SLength,SLength
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D,all,uy,0

D,all,ux,0

D,all,uz,0

NSEL,S,LOC,Z,0,-SThick
NSEL,R,LOC,X,CELLSP+0.1,CELLSP+RAD-0.1
NSEL,R,LOC,Y,CELLSP+0.1,CELLSP+RAD-0.1
DDELE,ALL,UX

DDELE,ALL,UY

DDELE,ALL,UZ

NSEL,R,LOC,Z,-SThick

CM,CELL1,NODE

NSEL,S,LOC,Z,0,-SThick
NSEL,R,LOC,X,RAD+2*CELLSP+0.1,2*CELLSP+2*RAD-0.1
NSEL,R,LOC,Y,CELLSP+0.1,CELLSP+RAD-0.1
DDELE,ALL,UX

DDELE,ALL,UY

DDELE,ALL,UZ

NSEL,R,LOC,Z,-SThick

CM,CELL2,NODE

NSEL,S,LOC,Z,0,-SThick
NSEL,R,LOC,X,3*CELLSP+2*RAD+0.1,3*CELLSP+3*RAD-0.1
NSEL,R,LOC,Y,CELLSP+0.1,CELLSP+RAD-0.1
DDELE,ALL,UX

DDELE,ALL,UY

DDELE,ALL,UZ

NSEL,R,LOC,Z,-SThick

CM,CELL3,NODE

NSEL,S,LOC,Z,0,-SThick

NSEL,R,LOC,X 4*CELLSP+3*RAD+0.1,4*CELLSP+4*RAD-0.1
NSEL,R,LOC,Y,CELLSP+0.1,CELLSP+RAD-0.1
DDELE,ALL,UX

DDELE,ALL,UY

DDELE,ALL,UZ
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NSEL,R,LOC,Z,-SThick

CM,CELL4,NODE

NSEL,S,LOC,Z,0,-SThick
NSEL,R,LOC,X,CELLSP+0.1,CELLSP+RAD-0.1
NSEL,R,LOC,Y,RAD+2*CELLSP+0.1,2*CELLSP+2*RAD-0.1
DDELE,ALL,UX

DDELE,ALL,UY

DDELE,ALL,UZ

NSEL,R,LOC,Z,-SThick

CM,CELL5,NODE

NSEL,S,LOC,Z,0,-SThick
NSEL,R,LOC,X,RAD+2*CELLSP+0.1,2*CELLSP+2*RAD-0.1
NSEL,R,LOC,Y,RAD+2*CELLSP+0.1,2*CELLSP+2*RAD-0.1
DDELE,ALL,UX

DDELE,ALL,UY

DDELE,ALL,UZ

NSEL,R,LOC,Z,-SThick

CM,CELL6,NODE

NSEL,S,LOC,Z,0,-SThick
NSEL,R,LOC,X,3*CELLSP+2*RAD+0.1,3*CELLSP+3*RAD-0.1
NSEL,R,LOC,Y,RAD+2*CELLSP+0.1,2*CELLSP+2*RAD-0.1
DDELE,ALL,UX

DDELE,ALL,UY

DDELE,ALL,UZ

NSEL,R,LOC,Z,-SThick

CM,CELL7,NODE

NSEL,S,LOC,Z,0,-SThick
NSEL,R,LOC,X,4*CELLSP+3*RAD+0.1,4*CELLSP+4*RAD-0.1
NSEL,R,LOC,Y,RAD+2*CELLSP+0.1,2*CELLSP+2*RAD-0.1
DDELE,ALL,UX

DDELE,ALL,UY

DDELE,ALL,UZ

NSEL,R,LOC,Z,-SThick
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CM,CELL8,NODE
CMSEL,S,CELL1,NODE
CMSEL,A,CELL2,NODE
CMSEL,A ,CELL3,NODE
CMSEL,A ,CELL4,NODE
CMSEL,A,CELL5,NODE
CMSEL,A,CELL6,NODE
CMSEL,A ,CELL7,NODE
CMSEL,A,CELL8,NODE
CM,CELLS,NODE
EMTGEN,CELLS’,TRANS1’’GROUND1’,’UZ’ -GAP,FG,0.1
D,GROUND1,UX,0
D,GROUND1,UY,0
D,GROUND1,UZ,0
D,GROUND1,VOLT,0
ALLSEL
NSEL,S,LOC,X,0
D,all,ux,0

ALLSEL
NSEL,S,LOC,Y,0
D,all,uy,0

NSEL,ALL

/SOLU

ANTYP,0
D,CELLS,VOLT,VDC
ESEL,S, TYPE,,1
NSEL,S,EXT
NSEL,R,LOC,Z,0
sf,all,pres,0.1

allsel

ALLSELL

SOLVE

FINISH
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/solu

ANTYP,HARM
HROPT ,FULL

KBC,1
HARFREQ,2.4¢5
NSUBS,1
PSTRESS,ON
DDELE,CELLS,VOLT
VAC=20
D,CELLS,VOLT,VAC
ALLSEL

SOLVE

/POST1

SET FIRST

PLNSOL, PRES,, 0,1.0
xDim, slocat,array,120
*Dim, myarray,array,120
xDo,1,1,120,1
slocat(i)=ixb

myarray(i)=pres(node(0,0,ix5))
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