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CHAPTER

1

Introduction

1.1 Micro Electro Mechanical Systems

Micro electro mechanical system (MEMS) is a combination of microdevices
that interconnect mechanical parts and electronic componentsand are
manufactured in sizes ranging from micrometers to millimeters utilizing
integrated circuit (IC) compatible batch-processing methods. On a micro-scale,
these systems can detect, regulate, and respond, and then perform independently
or in arrays to achieve macro-scale effects. Since the mid-1970s, MEMS has
emerged as a revolutionary technology, opening up new possibilities in chemical
[1], physiological [2], and biomedical [3] sensors and actuators. Even though
MEMS technology is based on IC fabrication techniques, its test methodologies
[4] are significantly different. MEMS devices respond to both electrical and data
inputs from the field. Due to technological advancements, we are now capable of
making equipment so small that it is not visible to the naked eye. The size of
MEMS devices is usually measured in micrometers. Thermal sensors, pressure
gauges, accelerometers, viscoelastic actuators, repeaters, levers, gears, power
transmitters, micro-mirrors, control valves, pumps, and motors can now be
produced in the bulk manner on the same micro-dimensional level in the

processing chip involving advanced materials [5].
1.1.1 Elements of MEMS

In the most basic form of MEMS, mechanical micro-structural elements,
microsensors, embedded systems, and microelectronic devices are all merged onto
a single silicon chip. Fig. 1.1 shows a schematic diagram of MEMS components.

Microsensors reliably detect the change in the system's environment by measuring
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mechanical, thermal, magnetic, chemical, or electromagnetic information or
events. Microelectronics process the data and send signals to microactuators,
which react and change the environment in some way. MEMS devices are largely
comprised of small parts and are extremely compact. MEMS has been used to
make anything from switches to gears to pistons to propellers and even steam
turbines, as seen in Fig. 1.2 MEMS is more than just the miniaturization of
mechanical components or the fabrication of objects out of silicon. MEMS is a
manufacturing technique that employs batch fabrication methods to design and
manufacture complicated mechanical devices and systems, as well as the

electronics with which they are associated.

RF MEMS

MEMS
Oscillator

Accelerometer g

Fig. 1.2 Application of MEMS [6]
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1.1.2 Application of MEMS

Over the previous several decades, MEMS practitioners and researchers
have created a huge number of microsensors having practical sensing paradigms,
such as heat, stress, surface tension, chemical reactions, electromagnetic field,
radiation, and so on. Surprisingly, the performance of several of these
micromachined sensors has excelled that of their macroscale equivalents. MEMS
devices not only have outstanding performance but are also manufactured using
batch fabrication procedures similar to those used in the IC industry, which can
result in low per-device production costs as well as a range of other benefits. As a
result, not only can high gadget performance be achieved, but it may also be
delivered at a reasonable cost. Discrete silicon microsensors were swiftly
commercialized, and the markets for these devices are presently rapidly
developing. The MEMS research and development community has recently
demonstrated microvalves for controlling gas and liquid flows, optoelectronic
devices and reflectors for redirecting or regulating light beams, independently
controlled micromirror arrays for displays, microresonators for a variety of
applications, micropumps to develop positive fluid pressures, and micro flaps.
Despite their small size, these microactuators can produce macroscale effects
regularly; that is, these tiny actuators can perform mechanical feats far larger than
their size would suggest. Scientists have fitted small microactuators on the leading
edge of an airplane's airfoils and have demonstrated that these microminiaturized

devices are capable of leading the aircraft alone.

1.2 Micromachined Ultrasonic Transducer

Ultrasonic transducers are a type of acoustic sensor that convert alternating
voltages to ultrasound or convert ultrasound into an electrical signal in reverse. As
shown in Fig. 1.3, ultrasounds occur at frequencies above hundreds of kilohertz
which are higher than the limit of human hearing and are widely used in
applications such as medical imaging, non-destructive testing (NDT) [7-8], sonar,

flow metering [9-10], and ultrasonic range measuring [11].
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Low pitch High Pitch
20 kHz

Human hearing range

10 100 1k 10k 100k M oM

Frequency (Hz)
Fig. 1.3 Frequency range of ultrasound wave [12]

The ultrasonic imaging system, for example, in medical diagnostic imaging
comprises an array of ultrasonic sensors and an imaging system. Ultrasound
waves penetrate the objects, and subsequently, the items' reflected sound waves
are acquired. The imaging system regulates the ultrasonic transducers that
transmit and receive an ultrasound and generates an ultrasound image
electronically using collected data from the transducers [14]. In immersion flow
meter reading, a single ultrasonic transducer or a pair of transmitters and receivers
calculates the distance between both the target and the ultrasound source using the
pulse-echo measuring system and the speed of sound in air. From the supplied
distance between the targets, it determines the sound transmitting time and speed
[13]. Micromachined ultrasonic transducers (MUTS) have been developed as an
alternative to traditional piezo composite UT in recent decades, although their

concept remains the same [15-16].
1.2.1 Types of MUT

MUTs are of piezoelectric and capacitive types [17]. For many years,
piezoelectric micromachined ultrasonic transducers (PMUTSs) have been
developed and widely used [12]. The piezoelectric effect describes a material's
ability to create electricity when mechanical stress is applied, and to generate
stress when an electric field is applied. Due to its high energy density and great
effective stress piezoelectric coefficient, PMUT frequently employs lead-

zirconate-titanate (PZT) film for sensing or actuating [18]. A PMUT device's
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membrane is a micromachined multilayer with a piezoelectric layer layered
between two metal electrode layers and an insulation layer separating it from the
substrate (mostly silicon dioxide (SiO2). The membrane's PZT thin layer is
primarily employed to vibrate it, whereas the frequency of the PMUT is
determined by the membrane's size and physical parameters [19]. A cross-section
view of a basic PMUT device is shown in Fig. 1.4. Multiple capacitor cells are
usually seen in capacitive micromachined ultrasonic transducers (CMUTS). Each
cell has a substrate, which is a fixed electrode, and a membrane, which is a thin
moveable electrode suspended over the substrate with a defined air gap as shown
in Fig. 1.5. These transducers are made up of a large number of membranes that
may be built onto silicon-based wafers using regular IC fabrication technology
and silicon MEMS fabrication technology. The mechanical vibrations of the
membranes in CMUTSs produce ultrasonic waves. The electrode inserted in the

membrane's structure electrostatically activates it [20].
Electrode

4
‘

Cavity

Silicon Substrate

Fig. 1.4 Schematic diagram of PMUT

/Top Electrode

Silicon Membrane

Oxide Layer Air Gap

Silicon Substrate

Bottom Electrode
Fig. 1.5 Schematic diagram of CMUT
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Ultrasonic transducers have been widely used in medical imaging in recent
years, involving the use of various polymer crystals, piezoelectric materials,
ceramics, and piezo composite materials for their high impact. MUTs have
emerged in the study sector as a result of several shortcomings in the performance
of piezoelectric transducers. CMUT is a type of MUT that works by varying
capacitance and modulating the electrostatic force as a result.

1.2.2 Competency of CMUT over PZT transducer

CMUTs have numerous potential advantages over traditional PZT
transducer materials which are enlisted below-

o A single operation can place several frequency elements in a single array.

o Precision dimensional control adjustable frequency range of 500 KHz to 50
MHz

o Unlike lead-based PZT devices, CMUTs are lead-free, and contain no
hazardous ingredients, making them ideal for an intrusive ultrasound.

o Integration with electrical circuits in chip-scale packages, allowing for
downsizing and lower form factors, as well as more dependable and resilient
designs.

o The realization of 2D CMUT arrays provides a logical solution for 3D
imaging.

o Manufacturing simplicity and predicted cost savings silicon micromachining
techniques replace labour-intensive, element-based assembly in traditional
PZT portable linear arrays.

o Because of their higher sensitivity and wide bandwidth functioning, CMUTSs

are an excellent choice for photoacoustic imaging.

Apart from the advantages listed above, CMUT is accepted in a large
manner because of some special features. CMUTs provide greater acoustic
matching to the propagation medium, resulting in increased immersion bandwidth
and image resolution [21]. When compared to gas or liquid, piezoelectric

components have high stiffness and thus a high acoustic impedance. Acoustic
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power cannot be properly transmitted to low-density media due to this mismatch,
hence quarter-wavelength matching layers must be inserted between the
transducer and the external medium. The tiny moveable capacitor plate and the air
cavity behind it result in a substantially reduced acoustic impedance for capacitive
UT, allowing them to perform better in liquid or air-coupled applications even
without matching. As piezoelectric UT's frequency response curve has a sharp
resonant peak (high Q-factor), a dampening layer (backing layer or delay line) is
frequently required for applications requiring a broader bandwidth. Capacitive
UT, on the other hand, naturally generates broadband waves and does not require
additional damping when properly designed. Ultrasonic systems necessitate
circuitry to drive the transducers, as well as extra electronics to interpret the data
received. The size of the entire ultrasonic system can be considerably decreased

by merging the transducer and electronic circuitry on a single substrate.

Along with its monolithic integration, MUTs are excellent for this
application. The photolithographic approach allows for exact size control of each
transducer membrane, batch production, and easy 1D or 2D array construction,
which are all benefits of CMUT over piezoelectric transducers. Although some
piezoelectric sensors can be employed in high-temperature applications, the
temperature sensitivity of traditional piezoelectric materials is frequently an issue.
MUT based on the capacitive principle does not have this problem, and if made

using a method similar to, they can endure temperatures as high as 600°C.
1.3 Operating principles of CMUT

The CMUT is a MEMS structure that consists of two electrodes facing each
other, one stationary and the other moveable. The two electrodes are separated by
an insulating layer and a vacuum-sealed gap. By transforming electrical energy
into acoustic energy or vice versa through the movement of the movable
electrode, CMUTs can work in both transmit and receive modes.

An alternating voltage is delivered between the membrane and the substrate

backplate in the transmit mode as shown in Fig. 1.6. By supplying an ac voltage to
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the membrane in transmit mode, electrostatic attraction force is exploited to cause
the membrane to vibrate.

However, unipolar electrostatic force causes a constant attraction, causing
the membrane to vibrate at twice the applied frequency. As a result, CMUT
requires a dc bias voltage that is greater than the ac voltage amplitude for proper
operation. Acoustic waves are generated in the surrounding medium by the

shaking of the membranes. In receive mode, an incident acoustic wave causes

Emitted Ultrasound Wave

AD

N

Membrane Vibration

Driving

szr 1 —=s

.||}.__.

Fig. 1.6 CMUT in transmitting mode [12]
periodic vibration of the membranes. This vibration is recognised by capacitive

sensing as shown in Fig. 1.7, which also necessitates a dc voltage. The total
capacitance of the device is modulated by oscillation of the membrane. The
difference in capacitance causes a current flow in the external electric circuit,

which is amplified for further processing under the constant bias voltage supplied.

Incoming Ultrasound

&

Wave

Membrane Vibration

Output
Signal

(3

Fig. 1.7 CMUT in receiving mode [12]
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1.4 Scope of the study

Ultrasound imaging is commonly done by transmitting a pulse and then
detecting the echo that bounces back off the object's surface. Its vast usage in clinical
imaging, non-destructive assessment, and acoustic microscopy is also praiseworthy.
However, the application of ultrasound in acoustic and air medium demands perfect
matching of coupling factor between the source and surrounding environment.
Simultaneously high frequency ultrasound wave is required the most for capturing
high intensity images of internal organs. In this context, CMUT is the fittest one to
serve all these priorities compared to PZT. According to recent trends of
miniaturization design of device need to be done in micro dimension. Non-insulated
CMUT consist of membrane patterning below the top electrode which makes the
electrodes far apart from other resulting reduction in device capacitance. Subsequent
to this displacement of the membrane reduces and high frequency ultrasound could
not be generated. Device engaged in clinical imaging, object detection requires
device that are capable of generating high frequency ultrasound. To get rid of this
limitation insulated structure can be considered for generating high frequency
ultrasonic waves as it includes an insulation layer of lesser dimension compared to
the membrane, patterning below the top electrode. This insulation layer will reduce
the effective gap separation in comparison with the non-insulated one and will
enhance direct device capacitance. Moreover, this layer will also prevent electrical
hazards and take care of patients’ safety. It is expected that enhanced device
capacitance will certainly increase peak displacement of the membrane. Subsequent
to which, reduction in impedance mismatch will occur. Undoubtedly, high coupling
factor makes the device fittest to transmit ultrasound wave in acoustic and air
medium. In this context insulated CMUT will be a good choice as enhanced
membrane displacement will result in rising of coupling factor.

Among various structures of hexagonal, rectangular, circular, and square
geometries, circular shaped capacitive element has maximum displacement [22]. As
a consequence insulated circular CMUT will be taken into consideration. Moreover

device having circular shaped electrode suffers from fringing field as electric field
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lines bend at the edges of the plates [23]. An improved model of device capacitance
will be incorporated here to express the excess capacitance which exists in the device
for the fringing effect. Certainly this excess fringing capacitance will enhance device
performance by enhancing membrane displacement and consequently coupling
efficiency. This in turn will prove the device's potency to transmit maximum energy
to the surrounding medium.

Structural material used for CMUT is one of the most important performance
deciding factors. As device capacitance establishes a directly proportional
relationship with the dielectric constant of the insulating material, hence the
involvement of high-K material will improve the device performance. In this
research work hafnium oxide (HfO2) will be used as an insulating material due to its
high relative dielectric constant. Insolvent of SiC as an actuation layer can enhance
device sensitivity. These special features will enhance the penetration as it
necessitates high-valued pressure transmission. Due to the high Young’s modulus
and low residual stress SiC will generate a high signal-to-noise ratio and expected to
be one of the fittest materials for therapeutic application and medical imaging [24].
Though silicon nitride (SisNa) is used as membrane material in many devices but SiC
will be a better choice for its unique material properties. Displacement of the SiC
layer will be modeled by Mason’s model and plate model where lower valued
residual stress and higher valued Young’s modulus will be an influencing factor to
enhance displacement compared to SisNs membrane. All the analytical result will be
validated by FEM simulation and consideration of displacement model will be also

done based on the result achieved by FEM simulation.
1.5 Preface to thesis

The thesis is organized as follows.

Chapter 2 states a review of CMUT, where various fabrication technologies
adopted for device design are discussed. The existence of various geometrical
shape of the membrane and their performance is depicted. The vast application of

this capacitive transducer is also documented.
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Chapter 3 deals with the analytical modeling of device capacitance for non-
insulated and insulated structures. An improved model is incorporated for
evaluating the device capacitance based on the fringing effect. Enhancement of
device capacitance due to the fringing effect is proved in all aspects. The
performance of SiC as actuation layer material is studied rigorously in the chapter.
Effect of insulation upon device capacitance was also stated elaborately. Lastly
effect of HfO, as an insulating material is examined from the various
characteristic study.

Chapter 4 depicts the analytical modeling of electrostatic force generated in
the device for capacitive action. As the CMUT is based on capacitive action,
hence how the electrostatic force gets affected by the change in device
capacitance is studied thoroughly. The dependency of electrostatic force upon
various structural parameters is also characterized. Enhancement of device
electrostatic force due to fringing is also described in an elaborative manner.

Chapter 5 deals with the displacement of the actuation layer with a
comparative study of the plate model and Mason’s membrane model. Performance
enhancement in insulated elements compared to non—insulated elements is shown
with various characteristic studies. Moreover, the overall enhancement in
displacement due to the inclusion of fringing field capacitance is presented.
Percentage enhancement in displacement due to the involvement of HfO, is
investigated by varying device structural parameters.

Chapter 6 derives the collapse voltage and coupling factor of CMUT. The
importance of evaluation of collapse voltage and coupling factor is also stated
with various characteristic studies. Engagement of HfO, as an insulation material
is also considered while the variations of collapse voltage and coupling factor are
plotted against device parameters. The effect of fringing capacitance is also taken
into consideration while the characteristic studies are presented.

Chapter 7 depicts the dynamic response of CMUT and impedance profile.
Usage of this capacitive element is vast in medical imaging, acoustic, and air
applications. In this context, impedance matching, bandwidth, resonance

frequency has a great impact to characterise the device based on the application
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field. Influences of device structural parameters upon the above-stated parameters
are documented.

All the characteristic studies done in the chapters are validated by FEM
simulation. At last, the whole research work has been concluded in a nutshell and
the future scope of my research work is stated.
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2

CMUT- A Review

2.1 Brief overview of CMUT

Ultrasound is used for a variety of purposes, including sensing and actuation.
In general, therapeutic applications such as lithotripsy, tissue ablation, and ultrasound
detection are critical in all of these industrial cleaning applications. The imparted
ultrasound must be detected via the coupling medium from the source. A solid
coupling medium is used to measure wafer temperature, liquid for NDE and medical
applications, and gaseous for air-coupled applications. [1-4]. A piezoelectric
transducer has an impedance mismatch when used in fluid-coupled applications.
MUTs are widely used as high-dynamic-range air transducers and for acoustic
applications [5-9]. The use of ultrasound flow metering in medical therapy, as well as
ultrasound microscopy, has been studied in many different ways. There are still a lot
of unknown application areas since theoretical analysis prevents practical
implementation. This capacitive transducer has proven its capability in acoustic
applications, impedance matching, huge bandwidth, and high-frequency applications,
reducing the need for piezoelectric transducers. Due to the use of photolithography, it
is considerably less expensive than a piezoelectric transducer. The bottom electrode
of a micro-dimensional capacitive element consists of an insulating layer on top of a
conductive Si substrate. The top electrode is patterned with a metalized actuation
layer consisting of polysilicon, which has a conducting nature. On the conductive
substrate, an insulation layer prevents parallel electrodes from coming into contact
with each other, and it also enhances the collapse voltage of a device by insulating it.
For underwater imaging, acoustic sensors have been used since the early 20th
century. The development of piezoelectric materials reached a critical mass at the

end of the 20th century [9-10]. For transducer performance characterization,
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significant developments in computer techniques necessitate more complicated
algorithms. Air gaps are reduced as a result of technological empowerment through
the application of micro fabrication technology. As a result, capacitive electrostatic
transducers may create high electric field strengths, allowing them to compete with
piezoelectric sensors. Integration with microelectronics, as well as greater bandwidth
and large arrays with related electrical connections, are among the enhanced
applications of CMUTs [11-12]. Rapid developments in characterization approaches
have substantially improved, as has a good approach to working principles. The
device's concept, methodology, and fabrication are all enhanced by a successful
behavioural approach study. The static behaviour of the CMUT has a substantial
impact on non-contact optical profilometers, which employ optical interferometry to
scan the surface of the CMUT in a microscopic environment [13-14]. Using finite
element method (FEM) simulation, the expressions show a correlation between the
input and output variables along with the structural specifications [15]. CMUTSs
provide several advantages, including enhanced bandwidth, huge fabrication
approaches in a variety of application domains, as well as excellent sensitivity and
quick response times [16]. CMUTs have recently been able to overcome the
challenges of two-dimensional array fabrication and are capable of capturing real-
time three-dimensional images [17] owing to extensive study. Collapsed mode
CMUT under proper biasing is essential for high power transmission [18-19]. The
creation of an air-coupled ultrasonic transducer array without grating lobes that
operates at 40 KHz frequency is a challenging task. Dimension of grating lobes
causes limitation in the presence of air while acoustic imaging is performed.
Excluding the grating lobes, a one-dimensional air-coupled phased array transducer
is formed which can operate at 40 KHz. Keeping the transducer size less than 4.3

mm this challenge can be overcomed [20].
2.2 Fabrication technology engaged in CMUT design

Various fabrication schemes for CMUT have been developed by many
researchers. Surface micromachining, bulk micromachining, and wafer bonding, as

well as their combination, are among these approaches [21-25].
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2.2.1 Fabrication using surface micromachining

Surface micromachining was first involved in building CMUT at Stanford
University. In this process, a bottom electrode is formed upon a non-conductive
substrate followed by sacrificial layer deposition. Better dimensional control of the
membrane is achieved in this process by pre patterning the sacrificial layer, later on,
forming an anchor with the membrane around it as shown in Fig. 2.1. The structural
layer of the membrane is then deposited upon it and etching is done with release
openings. The membrane of the device is thus suspended upon the substrate by

removal of the sacrificial layer.

Deposit sacrificial Layer  Pattern contact

Pattern structural layer  Etch sacrificial layer

Fig. 2.1 Surface micromachining process

To make the membrane conductive, often metallization is carried over.
Protection of the device is attained by depositing a final sealing layer if it is involved
in a liquid environment. Many researchers have attempted to integrate electronics
with surface-micromachined CMUT. A flip-chip bonding through silicon was
engaged to connect the CMUT array electrically with an IC substrate [23]. IC
dielectric layers are involved as the membrane of CMUT and the IC metallization
layer act as a sacrificial layer to form the cavity after etching of metal [24]. In [25],
the polysilicon layer is used as a membrane material where the oxide layer is used as

a sacrificial layer. Moreover, transducers may also be fabricated after the completion
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of IC in an alternative manner. Here fabrication of CMUT is done successfully upon
the top of an IC substrate involving PECVD silicon nitride membrane at 250°C

sputtering chromium sacrificial layer [26].
2.2.2 Fabrication using wafer bonding

Instead of engaging the sacrificial layer, etching of cavities is done directly
onto a wafer to create a capacitive gap by wafer bonding techniques. The bonding of
this wafer is executed with another substrate by suspending the membrane layer upon
a handle wafer as shown in Fig. 2.2. This handle wafer is finally dissolved from
double-bonded substrates, keeping the thin CMUT membranes suspended in etched
cavities. The wafer bonding process is advantageous in two aspects. First, the
membrane layer is made of high quality epitaxial film whose growth is controlled at
a tight thickness. Thus, improvement in uniformity in membrane thickness and
dependability takes place for large-sized membranes [27-29]. Implementation of a
narrow gap with a large size membrane can be materialized by this technique. In
contrast to these, wafer bonding suffers from limitations due to its rigorous necessity
of substrate cleanness and flatness. The requirement for additional substrate and
removal of the handle wafer enhance the material cost for this process. Moreover,
fabrication of CMUT using this process is found to be quite difficult to get integrated
with monolithic IC due to its constraint of high temperature. A patent [30] from
National Semiconductor defines the way to get rid of these difficulties by

transferring the membrane into the IC substrate.

wafer to wafer bonding
Bonding Dicing

Pre-process wafer v

4 i Chip to wafer bondin
= Bonding P & chmg

Dicing

Fig. 2.2 Various wafer bonding techniques
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2.2.3 Fabrication by bulk micromachining

A reverse process is executed as an adverse process of surface
micromachining through wet etching of silicon from the wafer backside [31-32].
This unique process allows the exposure of the bottom electrode from the CMUT
membrane. Moreover, released holes are also sealed in the top electrode by keeping
the reliability of the material and structure of the active bottom electrode. In
consideration of the difficulties aligned with the bulk machining process, the wafer
front side is filled with polymer backing material to enhance the flexibility of CMUT
arrays [33-35]. In Table 2.1 a comparative study on various fabrication technologies
is established.

Table 2.1: Comparative study on various fabrication technologies

Referred paper Membrane layer Sacrificial layer Remarks on fabrication
J. Wang [25] Polysilicon layer Oxide layer Surface micromachining
. PECVD silicon . Surface micromachining
J. Zahorian [26] nitride Oxide layer Si3Ny sputtered at 250°C
Nitride oxide local oxidation of silicon
K. Park [28] SizNg | (LOCOQS) and direct wafer-
ayer .
bonding
A. 1. H. Chen [29] Low stress Nitride Oxide layer Wafer bonding
A. Coppa [31] LPCVD SisN; DF-PECVD SisNg | Top to bottom each layer is
formed
. - Dry release involved to
Proposed Model Sic Polyimide eliminate risk of stiction

2.3 Review on the usage of various membrane materials

Massive advances in material science have opened up the possibility of using a
wide range of materials for MEMS manufacturing, depending on the basic
requirements in various application areas. For membrane construction, metals such
as nickel(Ni), aluminium(Al), non-metals such as silicon(Si), germanium(Ge),
polymers such as SU8, polyimide such as diamond, silicon carbide (SiC), silicon
nitride (SizN4), silicon dioxide (SiO2) are used [36]. The shape and substance of the
membrane have been proven to have a substantial impact on resonance frequency in

many studies. SisN4 performs admirably as a fine material for emission and detection
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where surface micromachining technology is used for fabrication and SizN4 for both
the membrane and the insulation layer material. In another SizN4 based CMUT, Si is
employed as the membrane and as the insulating layer material SiO> is involved in
wafer-bonded ultrasonic transducers [42]. The influence of collapse and snapback
voltage is studied by modeling a CMUT cell with a circular shaped SisN4 membrane
and altering various electrode settings. A licensed FEM program (ANSYS 5.7) was
used to validate the CMUT's static finite element calculations [43-44]. A
breakthrough has been achieved by combining surface micromachining technology
with dc-sputtered amorphous technology. This method is well suited for fabrication
at the lowest temperature (to date) in a thermal budget of 200 °C [45]. Because of its
high Young's modulus and low residual stress, SiC-based CMUT can produce high-
strength, flexible, and long-lasting CMUT membranes. In micro-dimensional circular
shaped CMUT, actuation layer thickness and gap spacing are equivalent to the
electrode diameters resulting in the electric field bending at the edges and ranges to
adjacent distant spots as fringing fields is shown in Fig. 2.3. This fringing field
increases the device's equivalent capacitance. In the meantime, the fringing field is
responsible for the charge storing effect and has an impact on the linked capacitance.
As a result, the deflection rises in proportion to the amplitude of the electrostatic

force. This greater deflection will be the sole source of ultrasonic sound waves.

i !ﬁ.x
I

Air Gap

Source (V) _=—

Insulation

Laver

Fringing Field

Fig. 2.3 Fringing field lines in the air gap and insulator capacitors
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In Table 2.2 a comparative study on usage of various membrane materials is

established.

Table 2.2: Comparative study on usage of various membrane materials

Structural Young’s | Residual | Temperature
Referred Paper Laver Modulus | Stress required for Remarks
y (MPa) (GPa) fabrication
. Higher residual stress
0
A. Logan [36] SizNg 320 80 250°C than SiC
M. Cetin[37] | Diamond | 937.8 | 10.53 gseec | Fabrication - temperature
is quite high
250°C to Very low  Young’s
D. Gerardo [38] Polymer 5.2 13.8 3500C Modulus
High Young’s Modulus,
Q. Zhang [45] sic 260 30 200°C :_ow residual stress and
owest temperature
requirement

2.4 Review on the structures developed using SiC

Many systematic material selection strategies have been offered to tackle this
challenge and make the design process more effective and efficient. Among four
material selection process like material screening, comparing, selection, and
optimization procedures Ashby's approach of material selection has been used the
most commonly for MEMS devices [46]. The inception of research on SiC for
MEMS applications traces back to the 1990s and was spearheaded by Mehran
Mehregany's gathering at Case Western Reserve University [47].

SiC exists in three significant structures: single-crystalline, multi-crystalline,
and amorphous. Due to its epitaxial nature, single-crystalline SiC has been widely
explored for use in vicious climates. In MEMS, polycrystalline SiC (PolySiC) and
amorphous SiC (a-SiC) are often utilized as structural and encapsulating layers
because of their lower deposition temperatures [49-50]. SiC and polysilicon films
with very low etching rates make excellent protective coatings [51]. Because of this,

the deposition method and characteristics of SiC films determine whether they are
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insulating, resistive, or highly conductive. a-SiC films have been found to have
piezoresistive properties, and single-and poly-crystalline SiC has been employed as
piezoresistive sensing materials [52]. A-SiC membranes prepared with NH4F are
biocompatible when used for cell culture [53-55]. In this thesis, the focus is on SiC
films deposited at low temperatures since they enable MEMS to be created "above
IC." The Young's modulus, residual stress, and deposition rate all vary depending on
the deposition process. Both dry and wet etching methods can be engaged to pattern
SiC films. The use of a molten potassium hydroxide and acid mixture to attack a-SiC
and poly-SiC films has been demonstrated [56-57]. In addition to traditional
micromachining techniques, laser ablation has been used to remove SiC layers [58-
60]. In recent years, silicon-based MEMS matrix has attained a lot of attention as a
micro-impulsion system. A SiC membrane is applied to the surface of micro-
chambers to improve Si based MEMS ablation resistance. To create a high-quality
cavity-free SiC membrane, a time-saving four-step deposition procedure is adopted
[61]. One of the most promising materials for RF devices operating in hostile
environments is SiC. "Silicon carbide-nanocrystalline diamond™ has been discovered
based on SiC film with controlled bending and matrices of very stable auto emission
structures [62]. This proposed component base allows for a frequency range of GHz
to THz to be covered. Table 2.3 establishes a comparative study on structures

developed using SiC.

Table 2.3: Comparative study on structures developed using SiC

Referred paper Process Residual Deposition method
Temperature(°C) Stress (MPa)

R. Ghodssi [54] 200 750-65 PECVD

N. Ledermann [55] 400 1400-100 RF Sputtering

S. Inoue [56] 25 100 Reactive (Co-)sputtering

L. Gou [57] 200 260 DC sputtering

D. G. Jones [58] <200 1250 lon beam sputtering

Proposed model 200 260 Dry release of polyimide
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2.5 Various geometrical shapes of CMUT membrane

CMUT exist in circular, hexagonal, rectangular and square shape as shown in
Fig 2.4. Among various structures, the hexagonal one has the highest packaging
density than rectangular, circular, and square geometries. High sensitivity and output
pressure transducers are required for acoustic applications such as non-destructive
testing, imaging, and treatments. Higher resolution is necessary for pulse-echo and
photoacoustic imaging. Increased sensitivity enhances the detection of incoming

pressure waves, resulting in higher image quality [63-64].
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Fig. 2.4 Various geometrical shapes of CMUT (a) Circular membrane shaped CMUT
(b) Square membrane shaped CMUT (c) Hexagonal membrane shaped CMUT [65]

High transmit output pressures boost penetration when it comes to pulse-echo
imaging. By storing more energy in the tissue, heating can be hastened. It is
necessary to maximize a cell's average output displacement to achieve high
sensitivity and output pressure from CMUTSs. To boost average output displacement,
several research groups have proposed dual electrode topologies [66], non-uniform
membrane designs [67-69], and modifying the fill factor and cell shape as viable

design techniques.

During transmission, the main objective is to maximize average membrane
deformation for a given received pressure (receiving efficiency) and average output
pressure for a given operating voltage (transmission efficiency). An improved
membrane design can benefit a CMUT with a fixed element size and operating
frequency. The improvement can be attributed to three factors: 1) for a given
pressure loading, a larger average membrane displacement; 2) for a given operating

voltage and gap separation, a higher average electrostatic pressure; and 3) for a given

24| Page



CHAPTER 2 | CMUT-A Review

fill factor and parasitic capacitance, a higher fill factor, and lower parasitic

capacitance. The hexagonal CMUT structure has the maximum package density

among the rectangular, circular, and square geometries [70-73]. For hexagonal

layers, a circular approximation is commonly used for mathematical reasons. The

structural layer will deform, resulting in a large fluctuation in capacitance between

the deformed layer and the fixed electrode [73]. According to various test results, the

circular geometry produces strong repeatability and can be used for long-distance

underwater object detection, distance measuring, and high intensity frequency

applications. Table 2.4 proposes a comparative study on various geometrical shapes
of CMUT membrane.

Table 2.4: Comparative study on various geometrical shapes of CMUT membrane

Referred paper

Shape
geometry

Features of various shape geometry

Z. Zheng [70]

Rectangular

Generates deflection profiles that are in excellent agreement
with finite element analysis (FEA) results for a wide range
of geometry dimensions and loading conditions.

S. K. Tiwari [71]

Hexagonal

Highest packaging density they can be operated in the high
temperature range and the transducer array can be fabricated
at a lower cost.

M. Rahman [72]

Square

Provides higher accuracy compared to existing models has
been presented

L. Jia [73]

Circular

Produces strong repeatability and can be used for long-
distance underwater object detection, distance measuring,
and high intensity frequency applications

Proposed model

Circular

Largest displacement among rectangular, square and
hexagonal shape geometry

2.6 Application of CMUT

Ultrasonic sensors produce high-frequency sound pulses and analyze the

echo they receive. To establish the distance to an object, sensors calculate the

time between generating a signal and returning an echo. This approach can be

used to determine wind speed and direction (anemometer), as well as tank

fullness and other variables. An irregular blood flow rate is associated with many

of these cardiovascular diseases. Blood flow can be measured quantitatively to

provide important diagnostic information. A high-resolution, deep penetration
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depth and real-time bidirectional display are all features of an implantable
bidirectional PW Doppler blood flow meter [74].

The CMUT is used in a wide range of applications, and new designs have
opened up new possibilities in the applications it supports. The CMUT is suitable
for a range of applications because it can resolve good images in small or low-
visibility locations. The CMUT was designed specifically for air-coupled
applications. However, it began to concentrate on medical and underwater
applications. The CMUT device is significant in the healthcare industry since it
can take photographs of moving internal structures. Underwater imaging has a
wide range of applications, including commercial, scientific, and military
applications [75]. The commercial business would use the imaging to determine
the location of fish or other catches. The CMUT imaging will boost fishing
efficiency, especially in places where the water is muddy. The areas of sunken
ships are frequently dark and have poor visibility. The location of wrecked ships
can be determined using CMUT imagery [76]. The recovery of the ships allows
them to be analyzed and the cause of the shipwreck to be determined. The CMUT
device is both affordable and lightweight, rendering it even more appealing to
medical professionals. CMUT imaging is employed in cardiac structures, the
vascular system, the fetus and uterus, abdominal organs such the liver, kidneys,
and gall bladder, and the eye for these reasons [77].

In modern piezoelectric-based systems, there is a considerable acoustic
impedance mismatch between piezoelectric crystals (30 MRayl) and soft tissues
(1.5 MRayl) [78-79]. Layers of high-density rubber that act as an acoustic
matching layer are frequently placed between the transducer and the medium.
The electromechanical coupling coefficient [80] is used to determine how
efficient an ultrasonic transducer is. The coupling coefficient controls the
bandwidth of piezoelectric transducers; whereas a high coupling coefficient is
preferred for the useful vibration mode, a low coupling coefficient is sometimes
required for competing modes to avoid erroneous response caused by mode
coupling [81]. In CMUTs, a high coupling coefficient results in higher transducer

sensitivity, bandwidth, and hence image resolution [82]. CMUTs have been
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claimed to have an efficiency of up to 82%. The low mechanical impedance of
the thin membrane clamped at the rim of the CMUT cell allows for better
acoustic matching to the medium. As a result, CMUTSs have a wide bandwidth
[83]. Traditional piezoelectric arrays are manufactured by mechanically slicing
piezoelectric crystals and filling the kerfs with a polymer [84-86]. It is extremely
difficult to fabricate ultrasonic arrays with frequencies greater than 20 MHz using
this method. CMUTSs provide several benefits over piezoelectric transducers, but
they also have many drawbacks [87-90]. Auditory crosstalk in CMUT
transducers exacerbates the picture degradation caused by Stoneley waves at the
membrane—water interface and Lamb waves propagating through the substrate
[91]. Current CMUT designs have low receiving sensitivity, which has an impact
on the signal-to-noise ratio and tissue penetration depth; this has been proven
experimentally, with CMUT-based ultrasound probes having 10 dB less
sensitivity than piezoelectric probes. Similar results were obtained in terms of
penetration depth; however, when phased-array steering was used, the CMUTSs
outperformed piezoelectric probes in terms of signal-to-noise ratio; this was
attributed to the larger acoustic radiation field experimentally recorded from
CMUTSs [92-94]. In Table 2.5 a comparative study on various application of
CMUT is established.

Table 2.5: Comparative study on various applications of CMUT

Referred paper Application Domain Frequency range
M.S. Salim [74] Non-destructive testing 2.3-2.5 MHz
R. Zhang [75] Under water imaging 460KHz
O. Oralkan [76] Pulse- echo imaging 3 MHz
B. T. Khuri-Yakub [77] Medical imaging 2.5 MHz to 10 MHz
R. O. Guldiken [83] High intensity focussed 7.8 MHz
ultrasound generation
Proposed model Air coupled transducer 1.62MHz
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2.7 Study of various CMUT parameters

The mechanical portion of a CMUT is located on a parallel plate and can be
represented in a variety of ways, including plate models, membrane displacement
(Mason's Model), and electromechanical models. The mass-spring-damper system
concept is used to approximate this electromechanical model. The most important
parameters to consider in the described model are the spring constant, mass constant,
and damping constant. In this model, the medium acoustic impedance is represented
by a damper and a mass. A two-port network can be used to analyze the equivalent
linear circuit model of CMUT's electrical and mechanical fields [95]. The single-
dimensional CMUT's small-signal behaviour is taken into account when creating this
two-port network model. As a function of frequency, electrical impedance
calculations, and two-port network analysis for the transmitter (Tx) and reception
(Rx) parts are done. Partially differential equations with specified solutions and
complementary functions are evaluated with adequate boundary conditions for FEM
analysis of various CMUT processes [96-98]. The structure, shape, and operating
modes of the membrane all have an impact on CMUT performance. In recent years, a
variety of finite element procedures dealt with such issues. Various small finite
elements are studied as part of the simulation process in the finite element technique,
and the exact answer is achieved by using a simpler function approximation. In this
finite element model (FEM) approach, multiple linear equations are created to reduce
the error between these differential solutions and the precise solution [99-102].
Various finite element tools, including as PZFlex, ANSYS, COVENTOR,
COMSOL, and LS-DYNA, as well as custom-made modeling tools, are used to
accurately study CMUT performance [103].

FE modeling and computer technologies are being carefully influenced by
recent breakthroughs with the purpose of boosting sensitivity and bandwidth. In
order to reach the ultimate goal of improving CMUT performance in diverse
applications, innovative designs are used to investigate unfavourable arrays. These
implementations are confined to collapsed mode operation as well as a certain type
of CMUT in which the air gap between the plate and the substrate acts as a damper.

These CMUTSs are designed to be used in aeroplanes. This CMUT s suitable for
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usage in both acoustic and airborne applications. As a result, modeling the vented
cavity while considering fluid mechanics is challenging task. Consideration of
mechanical and electrical attachments between the two electrodes is necessary for
evaluating the nonlinear connection of electromechanical modeling during time
domain analysis in collapsed mode CMUT operation [104-107]. Despite having less
processing complexity than time-domain analysis, frequency domain analysis
produces more efficient performance parameters [108]. The electrical resonance and
anti-resonance frequency values are used to calculate the electromechanical coupling
coefficient of each resonance [109-111].

The CMUT displacement profile can also be examined using the plate model.
A steady pressure acting on a suspended membrane shape is taken into account when
applying the plate theory. In this characterization of plate deflection, the plate form
function is used, which includes plate radius as a function of radial distance, flexural
rigidity, young modulus, plate thickness, and poison's ratio [112]. A stable deflection
is taken into account while computing the uniform pressure analysis. This ensures
that the greatest displacement occurs near the plate's center, where the top and
bottom electrodes are close together, by maintaining a consistent electrostatic force
across the plate. This straightforward assumption calculates critical mechanical
parameters and assumes plate deflection in response to a voltage application. When
considering the deflection of beams and plates, geometrical variations cause the
reaction to vary unconditionally under axial force in a perpendicular position. Finite
displacements in beams are caused by sufficiently massive loads [113]. After
thorough research, it was determined that the dynamic behaviour of plates is well
defined due to the significant downward deflection reaction of the structure [114-
116]. The work done due to provided external energy produced dynamic pressure,
and inertia forces to degenerate at the clamped plate are investigated using energy
conservation laws for a discrete shaped plate and a beam [117]. Plates with uniform
thickness, formed of stiff material, with large transverse sustainability, aligned with
the plane and angular mass, as well as the influence of non-uniform bending, are

maintained by the basic equations [118].
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Each device has its inherent frequency. Resonance occurs when external
energy is applied at a frequency that is similar to the device's inherent frequency.
This type of resonance frequency is solely due to the membrane material and
geometrical shapes. A CMUT membrane with a high density and low residual stress
generates high resonance. Furthermore, micro dimensional CMUTs with a high
working frequency range in the megahertz region have been found to be suitable for
medical imaging. A 26 pum radius CMUT cell with a 4.85 MHz resonance frequency
was created using a conceptual framework. Later, empirical evidence verified the
theoretical finding, and the highest effective frequency was revealed to be 4.6 MHz,
confirming the proximity between these [119]. In addition, in contrast to the results
of experiments and simulations, the efficiency regulating parameters such as collapse
voltage and membrane displacement is analyzed analytically and validated. In Table
2.6 a comparative study on various parameters of CMUT is done.

Table 2.6: Comparative study on various parameters of CMUT

Referred paper

Parameters calculated

A. Nikoozadeh [95]

A two-port network used to analyze the equivalent linear circuit model of
CMUT's electrical and mechanical fields

A. Lohfink [96]

Calculation of frequency, electrical impedance done by partially differential
equations with specified solutions and complementary functions

O. Oralkan [100]

Structure, shape, and operating modes of the membrane calculated by
simpler function approximation involving FEM approach

B Bayram [102]

Dynamic analysis of CMUT

G. G. Yaralioglu [103]

FEM analysis done by COMSOL

B. Ma and N. Apte
[104-105]

Vented cavity modeled considering fluid mechanics

N. Jones [112]

CMUT displacement profile examined using the plate model

R. Maity [119]

Collapse voltage and membrane displacement is analyzed analytically and
validated

Proposed model

Static and dynamic displacement profile, collapse voltage, coupling
coefficient, mechanical impedance is modeled involving fringing effect and
validated by PZFlex FEM analysis.
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3

Device Capacitance

3.1 Introduction

Ultrasonic transducers have been widely used in clinical imaging in recent
years, involving the use of composites with different crystals, piezoelectric materials,
ceramics, and piezo composite materials. MUTs have emerged in the research sector
as a solution to the shortcomings of piezoelectric transducers. CMUT s a type of
MUT that works by varying capacitance and then modulating electrostatic force.

3.1.1 Transducer capacitive action

Fabrication can be performed by surface micromachining technique or
involving fusion bonding process at high temperature [1-4]. Square, circular or
hexagonal geometry is included for constructing the diaphragm of a typical CMUT,
which is supported on a fixed bottom electrode. This bottom electrode is separated
from the top electrode by a small cavity filled with vacuum or air making the

structure equivalent to a capacitor as in Fig. 3.1.

Top electrode

Actuation layer

Cavity

Bottomelectrode

EEOO

Ye- electrode radius, tg— Thickness of cavity, t,- Thickness of actuation layer

Fig. 3.1 3D view of circular non-insulated cell

Dimension of a typical CMUT used extensively for medical imaging includes
structural layer thickness of 750 nm with 50 pum diameter, cavity height of 1um, and

top electrode thickness of 50 nm [5]. Many research papers have been analyzed
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considering this dimension in order to facilitate the design as an electrostatic actuator
for medical imaging for enhanced sensitivity [9].

Working of this transducer is based on capacitive action where the structure
performs as a variable capacitor where the top electrode acts as a diaphragm and is
free to move or deform against the bottom electrode. As a result, variation in
capacitance takes place due to a change in distance between these two electrodes.
Hence it can be considered as a capacitor cell that consists of a thin moveable film
suspended upon a vacuum gap. The top electrode of the device sometimes becomes
metal coated and is used as one of the electrodes for the capacitor. During
transmitting mode, resonance takes place due to the application of bias voltage along
with superimposed desired signal to the geometry. Consequently, an electrostatic
force is generated which causes the diaphragm to vibrate and create ultrasonic
vibration in the surrounding medium. During the receiving mode, the device gets
exposed to the incident ultrasound wave, and as a result, deformation takes place in
the diaphragm towards the fixed bottom electrode due to sound pressure. As the
distance between the top and bottom electrodes changes so variation in capacitance
occurs. The change in capacitance is then transformed to an equivalent electrical
signal by a suitable microelectronic circuit. Accumulation of mechanical part along
with microelectronic circuit tends this capacitive element to be considered as MEMS

with capacitive working principle.

3.1.2. Various geometrical structures

Among various structures of CMUT, the hexagonal one has the highest
packaging density among rectangular, circular, and square geometries [6-7]. For
ease of mathematics, a circular approximation is usually carried out for hexagonal
layers. Deformation will take place in the structural layer, leading to a forceful
variation in the capacitance between the deformed layer and the fixed electrode [8].
During analytical modeling of deflection, this shape function is considered in
accurate manner to explain the deflection of the deformed layer. In addition to that
this shape function is also used to determine the effect of specific geometry
parameters. Deflection shape functions of square and circular geometries have been

widely studied by many authors. Modelling of rectangular layers is also worth
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studying because they have exhibited the potential in improving the fill factor and the
performance is compared with square ones. Based on different test experiments the
circular geometry produces good repeatability and can be involved for long-distance
underwater object detection, distance measurement as deflection is highest compared
to other geometrical structures and can be utilised for high intensity frequency

application.
3.1.3 Silicon Carbide (SiC) as a structural material

Materials used for structural layers are metals like nickel, aluminum, non-
metals like silicon (Si), germanium (Ge), polymers like SU8, polyamide like a
diamond, silicon carbide (SiC), silicon nitride (SisN4), and silicon dioxide (SiO2)
[10-12]. SizNg4 is considered as one of the finest elements to be used that is quite
capable of emitting and detecting ultrasonic waves in the air. Enhanced penetration
by high pressure transmission and better signal to noise ratio can be achieved. Along
with all these features, CMUT can also be involved in imagery application where
tissue heating is done frequently. For this type of application, SiC can be adopted as
the fittest one. The involvement of SiC will make the fabrication possible at a lower
temperature compared to SisN4 and can be considered as a suitable material for better
mechanical and electrical properties while designing effectively for high frequency

application. SiO2 is commonly used to realize the dielectric spacer.
3.1.4 Inclusion of insulation layer

The gap between the top and bottom electrodes can be traversed during
operation and can create an electrical shock during the full swing in transmit mode
and at collapsed operation during receiving mode. Due to capacitive action, high
electric field is generated between the two oppositely charged electrodes which
generate adhesion force and electrical hazards. The hazards caused by improper
insulation are a matter of concern when involved in biomedical imaging [13].
Necessity of insulation layer is stated through analytical modeling and
characterization study of a SiC based insulated CMUT. A high-K dielectric layer
exists between the electrodes as a preventive measure from being affected by electric

shock. Inclusion of an insulation layer permits the patterning of the upper electrode
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at the lower surface of the actuation layer as shown in Fig. 3.2 (a). A structure
without an insulation layer is shown in Fig. 3.2(b) where the actuation layer is placed

just below the top electrode to get prevented from electric shock.

Actuation layer Top Blectrode
Top Electrode Actuation layer @
| airGap | 3 Air Gap
Insulation Layer m ‘ Vac
Bottom Electrode U Bottom Electrode
Fig. 3.2 (a) Insulated Structure Fig 3.2 (b) Non-insulated Structure

The difference in work function raises the electrostatic force between the
substrate and the surface which is responsible enough for the transition of electrons
between the two electrical layers. When the top electrode comes into contact with the
bottom one the energy becomes low and it remained stuck as the total removal
energy reached the minimum level. This total energy consisting of energy restored

for deformation and attraction is experienced by the surface.
3.1.5 High-K material as an insulation layer

Choice of the dielectric material for the insulation layer is done in such a
manner so that it can endure the electric field generated in the device due to
electrostatic attraction force [14-16]. As designing of sensitive CMUT is the most
important criterion hence, the choice of high-K dielectric material should enhance
the efficiency for generating high electric field by not decreasing the transduction
gap and without further increasing in bias voltage both in transmitting and receiving
mode. Mostly, high-K materials having a range of dielectric constant (K) between
3.9 and 200 are elaborated nicely in literature [17]. According to this, the breakdown
strength Eng Of a dielectric material decreases with the increase in the value of the
dielectric constant. As per the description done by thermochemical properties,
reduction of ultimate breakdown strength takes place apparently with K*2. Hence all
high-K materials are not at all a good choice due to their insufficient amount of

breakdown strength, which is quite essential for maintaining isolation thickness in
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nanometer range. Keeping all these phenomenons under consideration, hafnium
dioxide (HfO2) can be considered as it maintains a balance between its breakdown
strength and dielectric constant which is needed for low temperature fabrication

process in nano dimensional features.
3.2 Effect of fringing fields

For a CMUT structure, the thickness of the actuation layer and gap separation
becomes equivalent to the electrodes’ diameters so the electric field curves at the
boundaries and ranges to adjacent distant locations as the fringing fields. This
fringing field augments the equivalent capacitance of the device. Meanwhile; the
fringing field is also accountable for the charge storing effect; it similarly impacts the
connected capacitance. In a circular-disk capacitor, Younes Ataiiyan’s method [18]
could be pragmatic to develop their connection. It embraces the static deformation
convinced by the polarizing voltage and the fringing field. As a result, displacement
profile including fringing effect supports the experimental and simulated outcomes

stronger than that excluding it [19-21].

In order to model the capacitance, fringing field must be considered with
suitable boundary settings. Fringing capacitances are evident in the actuation layer,
the cavity, and the insulation layer. It increases the capacitance and the electrostatic
force. Effects of fringing field in electrostatic actuator and in a time-varying serial
capacitor of different models are discussed in [22-24]. This capacitor is pragmatic to
the control of parallel-plate electrostatic microactuators [25]. Further, the modern
approach is the practical principles derived centered on the experiments of ultrasonic
waves. Certain latest works on the application of these capacitance prototypes are
also seen, where amended capacitance model of radiofrequency (RF) MEMS shunt
switching integrating fringing field effects of the perforated beam is derived [26].
Square diaphragm CMUT for fringing field effect has also been examined [27].
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3.3 Improved capacitance modeling of a non-insulated element

A non- insulated element as in Fig. 3.2 (b) entails a thin metalized actuation
layer of thickness 750 nm and electrode diameter 50 um establishing one of the
electrodes over very small gap of 500 nm over the profoundly doped Si. The upper
surface of the Si base is metalized to form the lower electrode [9]. Comparative
analysis is carried out between SisNs and SiC as actuation layers. The CMUT is

sustained by pillars of SiO..

The metallization is prepared with aluminum (Al) as the upper metal. The
direct capacitances for a fully metalized CMUT for gap and actuation layers are,

C, :{(gg A) /tg} 3.1)
C,= {(gaA) /ta} (3.2)

Where, t is gap separation, t, is the thickness of actuation layer and A=rr?
represents the area of the electrodes where r, is the radius of the electrode.
K.&, = &€,, denotes permittivity of actuation layer, K, is the relative dielectric

a

constant, ¢, is the permittivity of gap and the value is 8.85 x 10"? C%/(N-m?).

Equivalent device capacitance is derived as,

Ce = (Ca xC, )/(Ca +Cg) (3.3)
1t N t, ggA B 5g7”e2

N B N 34
Cq A KA tg+|% tg+|t<a (3.4)

A compact technique is available as Landau and Lifschitz approach. In this method

the effective capacitance including fringing is,
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2
1
_snr +gr|n(%—1) (35)

C

¢ is the permittivity of the dielectric, randd are the radius and the separation
between the electrodes respectively. Considering fringing effect, the total capacitance

of the gap is C and that of actuation layer isC, . This gives, the following (3.6)

and (3.7) respectively,

2
Cy =4, [”tr J+re |n{[16tﬂre}1} .
g g
nr? 167,
Caf =&, |:[ ta \J+re |n{( ta j—l}:| (3.7)

Now the equivalent capacitance due to fringing Ceqf can be denoted as the series

capacitance of the actuation layer and the air gap capacitance. Therefore it is written

as,

Ceqf = (Caf ><Cgf )/(Caf +Cgf ) (3.8)

Putting the expressions of (3.6) and (3.7), in (3.8), it can be expressed as

r’ K& ar?
{ggﬂ gl In[m”re _1]Ha5g”e+ Kyl In [167”6 —1]}
e Lt t, t, t,
. gt} 1671 K. 71, 1671
+é,,In -l + K €-1
t, t, t, t,

7 i 167, 1 K 7z, +K_In 167, 1
c t, t, t, t,

eqf = (3-9)
ZA 167zr, [, M+ K, In 167r, 1
t, t, t t

a a
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3.4 FEM Simulation

Analytical modeling and simulation methods have equal importance for
analyzing the transducer performance with various parameters. This computation
technique is purely based on the mathematical generalization that generates a simple
analysis to study the characteristics. It has a limitation to represent a real-time device
as it only deals with the linear relationship between actuation layer deflection and
applied force. It is needed to improve accuracy and precision by involving simulation

method along with analytical modeling.

150 mm Si 2 um Thermal 300 nm Al bottom

Substrate Si0; Layer electrode and 60 nm
Al top electrode

Il

500 nm dielectric 450 nm 2 um thick SiC layer
film of Si3Ny electrostatic by DC sputtering
transduction gap

Fig. 3.3 FEM model Structure

In addition to this simulation can be considered in those cases, where
formulation cannot be derived using analytical modeling as it provides analysis of
parameters for each distinct case with a variety of function inputs. In this chapter
finite element method (FEM) analysis is done to fully exemplify the device.
Analyzed results are then validated with analytical modeling results. This will
represent an insightful impact on CMUT behaviour. The dimension parameters such
as device radius, actuation layer thickness, cavity depth, etc. are given in the
geometry. The 2D FEM simulated insulated structure of the model is shown in Fig.
3.3 is done using PZFlex.
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3.5 Comparative analysis of SisN4/ SiC actuation layers

Keeping the basic structure of the CMUT unchanged; the material used in the
actuation layer is changed to make a comparative study. As discussed in Fig. 3.2 (b)
the actuation layer is altered by SiC as it has a comparatively higher dielectric
constant, lower tensile stress, and higher Young modulus compared to SisNa.
Enhancement in device capacitance due to fringing is calculated as,

Ceqf _Ceq

€q
Enhancement in device capacitance due to alteration of actuation layer by SiC is
calculated as,

ESiC: Ceqf(SiC)_Ceqf(Si3N4) %100

c (3.12)

eqf (SigN4)

Where C.ysicyand C,y(sin,) are the device capacitances of a capacitive cell
involving SiC and SizN4 actuation layers respectively. Variation of capacitance due
to change in electrode radius is shown in Fig. 3.4. As stated in (3.4) and (3.9) device

capacitance is proportional to the square of the device radius; hence an increasing

nature in device capacitance is observed.

- Si?’N4 Layer (without fringing)

< SiC Layer (without fringing)
~ 0.0259 = Si?’N4 Layer (with fringing)
~ SiC Layer (with fringing)

Device Capacitance (pF
=
S

0 5 10 15 20 25
Electrode Radius (um,
Fig. 3.4 Device capacitance due to change in electrode radius
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The characteristic study shown in Fig. 3.5 depicts fringing capacitance contribution.
The average E. is 13% for SisN4and 15% for the SiC actuation layer. Moreover, in
Fig. 3.6 capacitance enhancement of SiC cell compared to SisNs is plotted. A larger
value of electrode radius produces higher enhancement. An average Eg. of 9% is

obtained. Hence larger impact in SiC actuation layer based device than SisNa.

80 9.2
70 _ .
1 —=— Analytical Model (Si3gNy) 9.1-
60 1 —e— FEM Simulation (SigNg)
50 - —a— Analytical Model (SiC) | s .
—+— FEM Simulation (SiC) %0 ¥ —=— Analytical Model
o 40 O —e— FEM Simulation
[%2]
Yoo w897
20
881 |
10 1 H
"0 s 1w 1 :2;5‘ 30 ST
. 0 5 10 15 20 25 30
Electrode Radius (um) Electrode Radius (um)
Fig. 3.5 E. for varying electrode radius Fig. 3.6 Eg for varying electrode radius

Figure 3.7 shows the behavior of device capacitance due to a change in air gap

separation. As depicted the decreasing nature proves the inverse proportionality

between these two parameters. E. and Eg variations with gap heights are shown in
Figs. 3.8 and 3.9 respectively. The fringing effect is prominent mostly after 300nm of
cavity height where an increasing slope is observed in the enhancement of device
capacitance for both structures. Though initially, the difference between the
E. values was larger with increasing cavity height the difference diminishes
gradually. Consequently, a decreasing nature of Eg. is exhibited in Fig. 3.9. An
average value of E. is 4.32% for SisN4 and 4.18 % for SiC actuation layer based
structures. An average Eg. of 6.4% is observed. Figure 3.10 shows device

capacitance variation with the thickness of actuation layer. Similar to the variation
with gap height, device capacitance also decreases due to increase in actuation layer

thickness. Fringing effects are more profound at higher insulation thickness.
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Fig. 3.7 Device capacitance due to change in air gap separation
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Fig. 3.8 E. for varying air gap separation Fig. 3.9 E for varying air gap separation

E. Value of SiC is comparatively higher than the same of SisN4 for actuation
layer thickness below 500nm but above it, the value becomes lower which is clearly
depicted in Fig. 3.11. A plot of Eg. with the variation of actuation layer thickness is
shown in Fig. 3.12 where a sharp enhancement in device capacitance is observed due
to the predominance effect of fringing. An average E. of 5.01% is achieved in both
SisNs and SiC actuation layers based elements. The involvement of SiC instead of
SisNs produces an average Eg. of 3.9% with the increase in actuation layer
thickness. All the figures discussed in this section emphasize the usage of SiC as the

fittest material for the actuation layer for achieving higher device capacitance.

Henceforth an insulated structure is considered to have SiC as an actuation layer
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[29]. Performance of insulated structure over non-insulated one is discussed in

section 3.6 to investigate the necessity of insulation layer.
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Fig. 3.10 Device capacitance and thickness of actuation layer
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3.6 Device capacitance comparison between insulated and non-

insulated structure

Comparatively better performance of SiC based non-insulated structure creates

an acceptance for considering the material as actuation layer also in insulated

structure. In addition to that its superior mechanical properties prove to be an

efficient structural material for fabrication. Hence a comparative study is done in this

section between SiC based non insulated and insulated structures.

In insulated

structure, above IC (Integrated Circuit) integration is materialized due to deposition

of SIC at low temperature. As stated, this process is done at a very low thermal
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budget below 200 °C for one hour [28]. High frequency application demands a high
value of device capacitance which generally creates a large displacement value.
Capacitance achieved at the above discussed non-insulated structure can be
improved by involving an insulation layer of SisN4 over the lower electrode. A

capacitive structure having electrode radius a,=55 um, gap thickness t, =450 nm,

and actuation layer thickness ta=2 pm is considered [28] for the purpose of
characteristic study. The equivalent capacitance of a non-insulated structure is
expressed in (3.9). Inclusion of an insulation layer allows the patterning of the upper
electrode below the actuation layer as in Fig. 3.2 (a). The equivalent capacitance now
consists of the series combination of the gap and the insulation layers.

3.6.1 Excellence of SiC based insulated CMUT

SiC exists in three significant structures: single-crystalline, multi-crystalline,
and amorphous. On account of its excess deposition temperature, single-crystalline
SiC has restricted use in MEMS that require customary sacrificial layer etching and
material metallization. Due to its epitaxial nature, single-crystalline SiC has been
widely explored for use in vicious climates. Examining the result set from Table 3.1
it is seen that SiC structure gives the highest aspect ratio. This aspect ratio has a great
impact on higher order modes when its dynamic characteristic response is studied
[32]. Increasing the aspect ratio fill factor can be increased which in turn increases
the robustness of defects caused by fabrication. Fill factor consists the ratio of cavity
area or active area of the device to the total device area. Involving SiC as actuation
layer material for circular shaped structure the aspect ratio increases which gives a
rise to fill factor. The increment in fill factor enhances the free-to-move area
compared to the clamped perimeter of CMUT. Application of SiC based circular
CMUT involves the combinational advantages of high Young’s modulus (260 GPa)
and low residual stress (30 MPa). Hence it can be used for extensive and robust
displacement with the least deformation when kept at rest. Keeping the width of the
actuation layer 30 um with a separation of 3um gap from the substrate generates
flatness in an observable manner. Usage of polyimide reduces the risk of wet release

method and involvement of hydrofluoric acid permits the placing of an upper
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aluminum electrode directly below the SiC layer without any contamination. This
optimized proximity between the upper and bottom electrode generates

electromechanical coupling.

Table 3.1 Comparative study among various CMUT actuation layer materials

IS 3 g 5w - E g E °; — § g g % >
°5 s °¢g Et% |85z |58c |8.838|¢3
S E 52|85 |32, fz< |35 |2°%%|ge
e ug|FS |85 2% |P&FT S §7&:
o @ o N o <%

SizNa4 7.5 500 0.166 9.47 57.9:1
SiC based 55 -
28] air 1 450

SizNa 75 400 0.0039 | 9.44 7:1
SisNg based | 25 -
[29] air 1 150

SizsNg 7.5 250

Diamond | 5.7 1 000 0.0089 | 8.54 7.85:1
Diamond 22 -
Based [30] S.|02 3.9 230

air 1 1570

SuU8 3.2 670 0.1394 | 2.34 51.55:1
Polymer 50 air 1 300
Based [31]

3.6.2 SizN4 insulated structure with SiC actuation layer

Keeping the gap capacitance same as (3.6), considering Kigg =& as the
permittivity of the insulation layer and K, as the dielectric constant of the insulation

layer, equivalent capacitance is expressed in (3.12) as a series combination of the gap
and the insulation layers,

, g,A  gmr}
Co=—"1="+ (312)
tg+i tg+K

the insulation capacitance Cis is expressed as
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(o =(€i7:re J+{gire In[lBZZre —1)} (3.13)

Hence the equivalent device capacitance of an insulated structure can be expressed
as,

ZA 167r, 1 K.z, +K, In 167, 1
‘ t, t, t, t,
C eqf = 16 K 16 (314)
GACN Y R O A L K. In e
t, t, t, t,

The enhancement in capacitance in an insulated structure is calculated as,

C,. —C
E = (M}loo (3.15)
Ceqf

3.6.3 Competency of insulated structure over non-insulated cell

Figures 3.13 and 3.15 show the comparative study of device capacitance due to
the inclusion of insulation layer and that excluding it with various structural

parameters. Enhancement in device capacitance E. , are shown in Figs. 3.14 and 3.16.

The device capacitance enhances by an average value of 27% than non-insulated
counterpart with variation in electrode radius. Undoubtedly increase in capacitance
produces greater capacitive force. Decrease in adhesion force and least occurrence of
electrical shock hazards, structure with insulation layer is accepted immensely in
case of utilizing it for patients’ electrical safety. It’s quite prominent from Fig. 3.15
that the difference in device capacitances almost diminishes with an increase in gap
thickness above 650 nm.

A combinational effect of gap thickness and electrode radius is studied in Figs.
3.17 and 3.18. Increasing electrode radius enhances the device capacitance but with
the increase in gap thickness, its decrement is vibrant in Fig. 3.17. Capacitance
generated at 25 pum is less than that of 55um. Similarly, lower cavity height causes

higher value device capacitance as depicted in Fig. 3.18.
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Average E. for both cases of 55 pum and 25 pm is 27%, whereas at 450 nm

cavity height E, is 27% and the same for 225 nm cavity height is 48%. In this

context predominance nature of gap separation upon the device capacitance is

evident. The overall conclusion is drawn from this section that device performance

for high intensity application is initiated from an appreciable amount of capacitance

generation which is comparatively larger valued for insulated structure. Moreover,

insulated structure is competent enough regarding patient safety as it is free from

electrical hazards. Gap and insulation capacitances are the prime factors for

generating device capacitance and this intend to investigate the effect of gap and

insulation capacitance upon it.
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3.7 Analysis of cavity and insulation layer capacitances of insulated
CMUT

Figures 3.19-3.22 show that the gap capacitance predominantly determines the
device capacitance. In Fig. 3.23 enhancement of device capacitance is plotted against

insulating material of various dielectric constant keeping SisN4 as reference.

Enhancement due to various materials is calculated as,

cC_..-C
E, - eqf(K)' eqf (SigN,,) %100 (3.16)
C eqf (SisNy)

Here C .y, 15 device capacitance for SisNs and C is device
3'%4

eqf (K)
capacitance for other dielectric materials. The characteristic study shown in Figs.
3.22 and 3.23 express that engagement of high—-K material as insulation layer

enhances the device capacitance.
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various dielectric material

Usage of HfO2, Zirconium oxide (ZrOz), Tantalum oxide (Ta203), Lanthanum(lIl)

oxide (1203) than SizsN4 as insulating material keeps the capacitance of the device in

appreciable range for which CMUT can generate ultrasound wave in acceptable

frequency for high intensity application. It is observed clearly that the involvement of

HfO, improves the device capacitance than involving SisNs as insulating material.

Capacitance is determined primarily by the electrostatic transduction gap capacitance

and the insulator capacitance has little effect in determining the overall capacitance

of the device. The insulator layer aids in patterning the top electrode below the

actuation layer which improves the overall capacitance of the device than a non-

insulated structure.
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3.8 Analysis of fringing effects in an insulated CMUT

The inclusion of fringing capacitances helps in the evaluation of the effective
device capacitance. In Fig. 3.24 the variation of device capacitance of an insulated
element with electrode radius for various gap and insulation thickness is shown. A

comparative approach can be studied from considering three cases a) t,=450 nm,
;=500 nm, b)t =650 nm,t,=300 nm and c) t,=300 nm, t =650 nm. Device

capacitance for lower gap thickness and higher insulation thickness is capable for
generating higher device capacitance from the dimension taken as a reference [29].
Though the reduction in gap thickness can increase device capacitance, still it will
create hindrance in full swing for increased adhesive force.

Maintaining a tolerable gap separation can make the device efficient for generating
high frequency ultrasound. Similarly increasing insulation thickness causes a
reduction in device capacitance. Consequently, moderate gap thickness of 450 nm
and the insulation thickness of 500 nm can be considered for better device
performance and fit for ultrasound imaging. Fringing capacitance is more at lower
electrode radius values as in Fig 3.25.

The enhancement in capacitance due to fringing is calculated as,

. (Cc, -C
= =[%Jxmo (3.17)

eq
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An average E . of 8.3% occurs in the electrode radius range of 35 to 55 um. Below

10 um of radius, the fringing effect is more profound.
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Fig. 3.24 Device capacitance variation with Fig. 3.25  Percentage of enhancement in
electrode radius for a) t,=450 nm, t,=500 capacitance due to fringing for a) t, =450 nm,

nm b) t, =650 nm, t;=300 nmc) t,=300 nm, =500 nm b) t,=650 nm, t;=300 nm c)
t, =650 nm t, =300 nm, t;=650 nm

Figure 3.26 shows the variation of device capacitance considering different gap
thickness values. The capacitance decreases in a parabolic manner with respect to
gap thickness. Higher electrode radius and lower insulation thickness produce
comparatively higher device capacitance. Fringing capacitance increases with the
gap thickness as in Fig. 3.27. Fringing effect has a greater impact for higher gap

thickness, lower electrode radius, and higher insulation thickness. An average E . of
13.2% enhancement takes place for t, =650 nm, t, =300 nm, and 16.8% for t ;=300

nm, t.=650 nm. Device capacitance variation due to change in insulation thickness is

shown in Fig. 3.28, where the device capacitance exhibits dominant nature due to
fringing for varying insulation thickness. Fringing has an insightful effect due to the
change in insulation thickness among all other parameters discussed earlier. A

uniform fringing capacitance contribution with insulation thickness is shown in Fig

3.29. The average E . attained from this characteristic is 13.2%.
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Characteristic study of device capacitance concerning change in various
dielectric materials and electrode radius is plotted in Fig 3.30. Application of high-K
dielectric material has a significant effect upon device capacitance as it is enhanced
in a large manner compared to dielectric material of low dielectric constant. The
purpose of selecting high-K dielectric material thus proves to be constructive for
designing high performance CMUT. In Fig. 3.31 enhancement in device capacitance

due to fringing is plotted with respect to dielectric material. An average value of E ',

attained from this figure is 7.4%. Figure 3.32 signifies that reduction in gap thickness

and insulation thickness together can enhance device capacitance.
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Selection of dielectric material is a prime factor while designing for high frequency

application. In Table 3.2, a comparative study of the effect of fringing upon insulated

CMUT is done for various structural parameters. One of these four parameters is

varied and other values are kept constant. As depicted, enhancement in device

capacitance is profound due to change in insulation and gap thickness and moderate

when electrode radius and relative dielectric constant are taken into account.

Table 3.2: Contribution of fringing effect

Electrode Relativ[a Insulation Gap_ :
radius (um) Dielectric thickness (nm) separation | Average E . (%)
H Constant (nm)
Variable 7.5 500 450 8.3
55 7.5 Variable 450 13.3
55 7.5 500 Variable 13.2
55 Variable 500 450 7.4
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3.9 Investigation of effect of HfO2 material as the insulation layer

The above section witnesses that an insulated structure aids in higher device
capacitance than the non-insulated counterpart which is beneficial to CMUT
operation. This section investigates the involvement of different high-K materials
that can be used as an insulating layer. A wide range of materials exists having a
dielectric constant ranging from 9 to 200. But a nonlinear relationship exists between
dielectric constant and dielectric breakdown strength which leads to an increase in
dielectric strength for the decrease in dielectric constant and vice versa. Hence a
balanced approach is required for the selection of such dielectric material having
these two parameters to design a transducer with the desired efficiency along with
high performance voltage requirements. As an example, dielectric materials having a
balanced value of these two parameters are HfO2, ZrO2, L,0s, Si3sNa, etc. Capacitance
is directly proportional to the square of electrode radius and as the principal
operation is capacitive hence the device capacitance also increases as the electrode
radius enhances. Fig. 3.33 exhibits the variation of capacitance due to change in

electrode radius respectively for the same input pulse between SizNs and HfO-

67|Page



CHAPTER 3 | Device Capacitance

isolation. Maintaining the standard fabricated thickness value for SizNa, different
isolation thickness of HfO> is taken under consideration. The characteristic study
looks like a parabolic opening up nature. In addition to that effect of involving the
high-K material is quite evident in Fig. 3.33 that 14% of device capacitance
enhancement takes place due to a 50 nm HfO. insulation thickness compared to
500nm SisN4 insulation. Fig. 3.34 represents the variation of capacitance with the
gap separation. The graph shows the inversely proportional dependency upon gap
thickness. The graph shows the inversely proportional dependency upon gap
thickness. Increasing the separation gap between two electrodes yields the decrement
of attraction force due to columbic force, henceforth the capacitance also decreases

as gap separation increases.
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Fig. 3.33 The device capacitance for varying F19- 3.34 A plot of the device
electrode radius for the same input pulse Capacitance for varying gap
between HfO/SisN, isolation thickness

Device capacitance for 500 nm SisNs isolation layer is 0.166 pF whereas it
becomes 0.183 pF when HfO> is used keeping the same thickness. But for 50 nm
HfO> insulation thickness the capacitance is 0.190 pF. Figure 3.35 shows that the
device capacitance of CMUT varies directly proportional to the dielectric constant of
the insulating material. Considering different insulating materials the device
capacitance has changed a lot like SiO2 has a capacitance of 0.143 pF, Aluminum
oxide has the same about 0.165 pF, whereas in the case of ZrO; and HfO, which are
having comparatively high dielectric constant compared to SisNs, have device
capacitance as 0.175 pF and 0.179 pF respectively. Another high-K material such as

Ta>03 has a device capacitance of 0.181 pF which is a 10% larger value compared to
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CMUT having a SizsNg4 insulation layer. The result discussed here shows that these
device capacitance mainly differs from each other due to the involvement of various
insulation materials. Eventually, a decrease in insulation thickness also gives a rise in
device capacitance which is quite evident from Fig. 3.35. A plot of the device
capacitance for insulation thickness for the same input pulse between HfO2 and SizNa4
isolation for various HfO thickness and vacuum gap is shown in Fig. 3.36. It shows,
at 500 nm SisN4 the capacitance is 0.166 pF but for the same insulation thickness
using HfO, capacitance becomes 0.183 pF. For 900 nm insulation thickness, the
capacitance is 0.151 pF and 0.177 pF for SisNsand HfO2 respectively.
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’LD 0.18 77.,.,.—&""’.""" LIQ-_
o ot = 0.180-
s —e— ;=500 M 8
S 016 ! e 0.175
S —4— ;=300 nm 8
S 0170
-§ 0.14 ——1;=200 nm &
o
g —+— ;=150 nm 8 0.165
0.12 4
g —<— ;=100 nm 8 0.160
= 0.10 +ti:50 nm 'S 0.1554
> 0 [8)
2 ‘ 0 0.150
0.08 0 200 400 600 800 1000

0 5 10 15 20 25

Relative Dielectric Constant Insulation thickness nm)

Fig. 3.35 A plot of the device Fig. 3.36 A plot of the device capacitance
capacitance for various dielectric material ~ with insulation thickness

3.10 Summary

The Landau technique for simulating the fringing field implication in CMUT is
discussed in this chapter. This approach is used to determine the capacitances of the
actuation layer, gap, and insulation. Because of its high Young modulus and low
residual stress, SiC as a structural material makes the CMUT more capable of being
produced with the smallest thermal budget. The addition of an insulating layer
improves device selectivity and allows the CMUT to operate safely in high-voltage
applications while being stable in high temperatures. The insulation layer is
extremely beneficial in allowing CMUT to generate high-resolution imaging at a low
cost, which can help develop medical imaging. The simulation result validates the
Landau and Lifschitz approach for modeling the fringing field effect in CMUT. The
simulation result is closest to the variation of device capacitance as a function of

various factors. The use of HfO. in low-temperature manufacturing with an isolation
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thickness of less than 100 nm is also possible using the atomic layer deposition
(ALD) process. The performance of CMUT is improved in every aspect when HfO2
is used as an insulation layer instead of SizsNs. This enhancement in CMUT
characteristics will undoubtedly make it more sensitive for high-frequency
applications and also allow it to be used in an acoustic medium. The displacement,
frequency, and impedance profile of a CMUT in a high-intensity application are all
critical to its performance. Capacitance modeling sets the tone for the displacement
profile, which is then followed by force modeling. In the following chapter, the
evaluated device capacitance will be used for force modeling, and the effect of

CMUT parameters on device capacitance will influence the force created by CMUT.
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4

Electrostatic Force

4.1 Operating principle of CMUT as electrostatic actuator

Basic principle of CMUT operation is electrostatic transduction mechanism
based on capacitive action. This capacitive action is built between one fixed
electrode and another movable one which is capable to vibrate. A bias is needed for
proper functioning of the device in active mode [1]. In addition to that a signal has to
be superimposed on the bias voltage and applied between the bottom fixed electrode
and movable top electrode. In consequence to that resulting electrostatic force is
modulated and causes vibration in the actuation layer as shown in Fig. 1. Subsequent
to that ultrasound is generated at the same frequency which is superimposed upon the
bias. Due to application of bias between two electrodes the actuation layer gets
attracted towards the substrate for electrostatic attraction force. This attraction force

is developed based on the principle of columbic force [2].

Bottom Electrode

Fig. 4.1 2D model of biased actuation layer vibration in circular CMUT

Application of bias supplies the charge which gets modulated by the vibrating
structural layer and ultrasound is generated for electrostatic actuation. In order to

achieve harmonic movement of actuation layer in transmission mode bias plays an
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important role. Generated electrostatic force gets balanced by the resulting bending

firmness and residual stress of structural material.
4.1.1 Electrostatic transduction of capacitive element

The primary existence of capacitive transducer as electrostatic transducer is to
operate in high electric field. It can produce an electric field approximately more
than 108V/cm. Proper handling should be taken care of during the operating state
with high electric field to maintain reproducibility and accuracy [3]. Excellent
matching of mechanical impedance with the surrounding medium leads the device to
be superior in comparison to piezoelectric and magnetostrictive transducers. Based
on the structural layer shape hexagonal, square, circular elements are discussed in
various research papers. Among these structures hexagonal transducer is operated in
high temperature range and fabrication is not at all costly. In order to have good
system repeatability and long distance under water application circular shape is
accepted widely. Moreover sensitivity is also high for this structure while engaged in

medical imaging.
4.2 Background survey of modeling of electrostatic actuation

As this research work considers the circular structured cell, hence more
features of device along with analytical models were presented in many research
papers [4-6]. These studies were based on approximation considering the parallel
plate capacitive action. Later on calculation of actual deflection of the movable edge
clamped top electrode was established by considering the pull in voltage and
parameters derived from equivalent circuit model [7-8]. In this paper the top electro
de was considered as a plate and effect of non-uniform load was considered for
solving the structure. In paper [9] Galerkin method was considered for solving the
electrostatic action upon a concentrically loaded plate. Increasing bias voltage causes
the non uniform load distribution upon the top electrode and change in electrostatic
force will occur due to variation in their separation. If the deflection of the top
electrode does not happen more than half of the gap separation under pull-in
condition then the consideration of top electrode as plate becomes unnecessary.

Hence in [10] A simple solution is considered for solving the deflection of a circular
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plate. In contrast to that, applying the concept of series expansion by trigonometric or
polynomial basis function solution of square diaphragm is expressed in paper [11-
12]. Another combined approach is executed in paper [13-14], where both the
circular and square geometrical shape functions are considered for studying the
electrostatic action that causes deflection. An electromechanical model used in paper
[15] for capturing the behaviour using mass-spring-damper model. In some research
paper concept of fringing is also applied in calculating the electrostatic force. Effect
of fringing field enhances the device capacitance; subsequently electrostatic force
was also affected. In circular-disk capacitor, the Younes Ataiiyan’s method [16]
could be realistic to develop their connection. Consequently this increased force

enhances the displacement profile of structural layer [17-19].
4.3 Analytical force model of non-insulated element

Existence of bending electric field lines at the capacitive plate causes the
fringing effect which is elaborately described in Chapter 3. Effect of fringing gives a
rise to enhanced device equivalent capacitance which in turn effect the electrostatic
force generated in the CMUT. Considering the capacitance modeling of Sec 3.3 and
the CMUT structure [20] Fig. 3.2(b) analytical calculation of force is done in non-
insulated cell with fully metalized actuation layer.

'u’ is defined by potential energy. The value of u is calculated by,

1
u=- C, V(1) (4.1)

where, C,, represents the direct series capacitance of actuation layer capacitance, C,

and the air gap capacitance, C, resulting in an effective electrostatic force as in

4.2),
F = _du (4.2)
dt,
Putting the value of ( 4.1) in ( 4.2) , force can be expressed as
du 1  ,dC
F=—tm—y(r) — 43
dt, 2 ) dt, (43)
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Here v(?) is applied voltage between two electrodes and 7, is air gap. Putting the

device equivalent capacitance from (3.4), the following expression becomes,

dcC C xC C
_fee) ¢ af &) »
dt, dt,| C,+C, dt, | C,+C,
dC, d
C, {(cg +C,) dt; —ngtg(cg +Ca)}
- 2
(c,+C,)
c? dC

S s (4.5)

dC —rr?
As, £ = £g|: ﬂ? }, hence putting the value of (2%} and (4.5), (4.3) can be

4
rewritten as,

e 1_w'c} dC,

dt 2 2 dt
¢ [g‘l +1J ct

g

1 v)’C zr}
F=3 o £ (4.6)
c’ (“HJ ¢
g

The force on the actuation layer including the fringing capacitance, (4.3) can be
rewritten as,
1 dcC,,
F,=——v(t)y —2L 4.7
r=T @7
4
Hence, putting the device equivalent capacitance from (3.9), the following

expression becomes,

dc,, d (C,xC d( ¢
di, di,|C,+C, di,\ C, +C,

g a
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dc,, d
o, Ol c e
dtg (Cgf + Caf )2

C

af l:(cgf +Caf)?

dcC
gf_C d

g

o dtg(c‘gf +Caf ):I

dC,,
Putting the value of (3.7) & (3.8), ?gf can be written as (4.10)

dC
g __,

g
dt,

(Cgf +Cy )2

g

2
r, r

e

l67r,

+ .
2 2
t, 1677, q t,
t

g

Putting (4.10) in (4.9), the expression can be rewritten as,

2 2
dCeqf —Cq/- &, zr, r

g (Cgf+cqf)2 ' +16ﬂ—

(4.9)

(4.10)

(4.11)

Hence considering (4.11) and putting the value in (4.7) electrostatic force is

expressed as (4.12)

v(t)

2
qu 7z'r2 e r

l6rr,

F =

1
T A 2
2 C
C .} %41

& e+ g e

g

X
4 l’gz (167[’; _IJ th

(4.12)

A comparative analysis is accomplished altering the actuation layer by SiC instead of

SisN4. To generate appreciable amount of electrostatic force in resonance with the

operating frequency a large bias is delivered along than the signal.

Expression of total voltage is, v(t) =V, +V, .coswt , where V,_ is the bias and V. is

the signal. Hence, v(t)2 =V, +2(V, V., )coswt+V cos® ot
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V2 cos® et is the second harmonic, which is quite less compared to the bias . As the

applied bias is considerably greater than time varying one, considering the

electrostatic force for applied bias (4.6) and (4.12) can be rewritten as,

1 v;2C?

C a

r,

2
Fi > - z{sgt;} (4.13)
C{”H] ¢
C

g

v.2C > 2
1 V.C, o T &L lemr, (4.14)

F, =
Sbias 2 i C 2| “g th 1677 tgz
C 711 “-1
g C t
o L g

Dynamic electrostatic force for signal is expressed as,

2 2
— VachcCaf £ ”re n Sgl"e x1677,'l"e

F
fsignal 2 g 2 2
Cg/.z(c"f +1J l [167{;; _1] t,
Cgf L tg

is generated in the device for involving SiC as actuation

(4.15)

Electrostatic force F o
bias (SiC)

layer and that same involving SisN4 generates electrostatic force as F . Both

Svias( Si3Ng)

values of electrostatic force are calculated from Ceq,»(s,-c) and Ceqf(5i3 N,) using (3.8)

putting relative dielectric constant as 9.7 and 7.5 respectively in (4.7).
4.3.1 FEM Simulation

The corresponding electric potential profile showing the fringing field line is
shown Fig. 4.2. PZFlex is a user defined unit system. To simplify the model, we have
applied symmetry to it. Applying symmetry conditions the structure is divided into
two equal halves for making it simple for analysis at lesser simulation run time.
Parametrical analysis for electrostatic potential a dc bias of 40V is applied in the
parametric sweep of the study. Selecting the electrostatic study electrostatic potential
is applied on the bottom surface boundary of the actuation layer and the top surface

of bottom electrode. Afterwards a mesh is formed and computation is done.
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Eliez: Electric Potential (V)
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Fig. 4.2 Electric potential profile

4.3.2 Comparative analysis of static electrostatic force in Si3N4/ SiC actuation

layer based non-insulated cell

Behaviour of electrostatic force against certain parameters like electrode
radius, air gap, actuation layer thickness and bias of actuation layer based CMUT are
discussed in this section. Fig. 4.3 shows the behavior of electrostatic force due to
change in electrode radius. Increase in electrode radius gives a rise in device
capacitance , subsequent to which electrostatic force also gets enhanced. The

enhancement in electrostatic force due to fringing is expressed as
Ff- _F;u‘as
E. =| —~— x100 (4.16)
bias

Enhancement in a cell with SiC actuation layer instead of Si3Ns is

F/}- sic _F/iv' Sis.
E, go=| Lmto e |yq00 (4.17)

Svias(SisNa)

Average E, is 13% for SizsNg and 15% for SiC actuation layer as shown in Fig. 4.4.

Fringing effects are more for lower radius values. Moreover in Fig. 4.5 enhancement

of electrostatic force in SiC cell compared to Si3N4 is plotted.
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Fig. 4.3 Electrostatic force due to variation in electrode radius
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Fig. 4.4 E, for varying electrode radius Fig. 4.5 E, . for varying electrode radius

Larger valued electrode radius produces more enhancements. An average

E, o of 7.41 % is obtained. Hence larger impact in SiC actuation layer based

device than Si3N4. The characteristic study shown in Fig. 4.6 depicts contribution of
fringing effect in electrostatic force for varying air gap between two electrodes.
Increase in gap separation decreases the device capacitance and same for electrostatic
force, as electrostatic force has a inverse proportionality relationship with gap

separation. In Figs. 4.7 and 4.8 variation of E, and E, . is exhibited respectively
for changing cavity height. An average value of E, is 14.06 % and 14.93% for Si3zN4

and SiC actuation layer based structures respectively. Above 300nm cavity height

appreciable amount of enhancement is seen in SiC actuation layer based element.
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Moreover a rising slope of force enhancement is evident in Fig. 4.8 due to fringing

approach. An average value of E, . produced while plotted against cavity height

is 26%.
500 -
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<\
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£ 3001 '\,\( . SiC (with fringing)
&
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< 200
-
wn
=
Ll
S 100
-
=
0 , , , , ,
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Fig. 4.6 Variation of electrostatic force for varying air gap
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Variation of electrostatic force with respect to thickness of actuation
layer is shown in Fig. 4.9. Increase in actuation layer thickness contributes larger

amount of force enhancement mostly after 300nm. A plot of £, and E, . is

depicted with respect to actuation layer thickness in Figs. 4.10 and 4.11 respectively.
As increase in thickness of actuation layer increases the distance between two
electrodes, hence reduction in capacitance takes place, which in turns reduces the
electrostatic force. Certainly, contribution of fringing also has an insightful impact

due to increasing thickness of actuation layer that yields to produce an average E, of
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11.89% for SizNs4 and 13.13% for SiC. Due to fringing an average E, .of

17.7% takes place.
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Fig. 4.9 Variation of electrostatic force for varying thickness of actuation layer
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thickness thickness

Bias is a prime deciding factor for analyzing the characteristic of device
generated electrostatic force as it establishes non linear relationship with the square
of applied bias voltage. Variation of electrostatic force with applied bias is shown in
Fig. 4.12. Increase in applied bias enhances the electrostatic force and produce

parabolic opening up nature. Average £, of 11.92% for SisN4 and 12.41% for SiC is

shown in Fig. 4.13. Electrostatic force enhanced by 19.68% due to usage of SiC layer
is exhibited in Fig. 4.14. Considering all the characteristic studies against structural

parameters involvement of SiC is accepted unanimously as actuation layer material.

84|Page



CHAPTER 4 | Electrostatic Force

50

- Si3N4 (without fringing)

40 « SiC (without fringing)
30 - Si3N4 (with fringing)
+ SiC (with fringing)

204

104

Electrostatic ForceuN)

0 10 20 30 40
Bias (V)

Fig. 4.12 Variation of electrostatic force for varying bias
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4.4 SizN4 insulated structure with SiC actuation layer

The presence of the insulation layer as in Fig.4.15 permits the
patterning of the upper electrode below the actuation layer which increases the
overall capacitance of the device as already analyzed in Chapter 3.

4.4.1 Analytical force model of insulated element

Analyzing the results discussed in section 4.3.2, one conclusion can be drawn
that usage of SiC as actuation layer improves the electrostatic force in all aspect. An
analytical modeling of insulated CMUT (shown in Fig. 4.15) with SiC as actuation
material is discussed in this section. The equivalent capacitance comprises now of
the gap and insulator capacitances series combination. Based on the equivalent
capacitance without fringing, electrostatic force is expressed by considering bias

voltage and change in device equivalent capacitance.
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150 mm 5i 2 um SiO2 300 nm Al bottom Cr Barrier laver
substrate Laver Sputtered
300 nm dielectric 450 nm 60 nm Al top 2 pm thick 5iC
film of Si Nitride electrostatic electrode layer
transduction gap

Fig. 4.15 2D structure of insulated CMUT

Hence force without fringing can be derived as

oo _lowke |
bias = 7| € ;2 (4.18)
| C. g
C | —+1
e
g
Considering the fringing effect the force can be expressed for this device by (4.19)
o1 V,.2C,> . 2 N &,7, 1677, “.19)
Sbias 2 C 2 g tg2 1672'1"6 tgz :
C, | =L +1 -1
Cgf L tg _

4.4.2 Enhancement of Electrostatic force in insulated structure
Figure 4.16 shows the variation of electrostatic force with electrode radius.
Enhanced electrostatic force is observed in insulated structure in comparison to a

non-insulated counterpart. Generated force increases exponentially with respect to

electrode radius. Here enhancement is calculated by

! F]L _Ff.
E. = F— x100 (4.20)

Shias
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The characteristic study proves that inclusion of insulation layer tends the
capacitance to get enhanced which consequently generates larger force than non-

insulated cell. In this context average E, becomes 49.8% when enhancement of

electrostatic force is plotted against electrode radius as shown in Fig. 4.17.
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Fig. 4.16 Comparative analysis of Fjg 4,17 E, for varying electrode radius
electrostatic force with varying electrode

radius

Figure 4.18 shows the comparative study of electrostatic force due to increase
in gap thickness. Increase in gap thickness enhances the separation between two
electrodes whose effect is visible in greater manner for non-insulated element. The
enhanced force is profound between the range of gap thickness from 350nm to 500

nm. An average E, of 54.13% force enhancement takes place in insulated structure

as depicted in Fig. 4.19.
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Moreover, added advantage is obtained from insulated device that, it will be
free from any sorts of electrical shock which will improve device safety, sensitivity,
free from parasitic capacitance and make the structure more effective from the

marketing point of view.
4.4.3 Significance of fringing in insulated CMUT

Inclusion of fringing capacitances helps in evaluation of the effective device
capacitance. This gives a certain rise in electrostatic force also. In Fig. 4.20 the
variation of electrostatic force of an insulated element is shown with electrode radius
for various gap and insulation thickness. A comparative approach can be studied

from considering three cases a) ¢,=450 nm, #,=500 nm, b) #,=650 nm, ¢=300 nm
and ¢) ¢,=300 nm, £,=650 nm. Lower gap thickness invokes to enhance the device

capacitance; consequently force gets enhanced. Though increasing electrode radius
generates high electrostatic force still cavity gap has predominance effect upon it,
when a combinational effect of insulation layer thickness is concerned. Lower gap
thickness and higher insulation thickness is capable for generating higher

electrostatic force maintaining ¢,=450 nm, #=500 nm as reference. Though

reduction in gap thickness can increase the generated force, still increased pull in
voltage will restrict the actuation layer from full swing. Moderate gap separation
should be considered in this regard to make the device efficient for generating high
frequency ultrasound. Enhancement in electrostatic force due to the contribution of
fringing is shown in Fig. 4.21. Fringing effect is more profound for lower electrode
radius and this is quite evident from Fig. 4.21. Here enhancement due to fringing is

expressed as

! Fyf» _Fbias
E, =| —fm " 1100 4.21)

bias

Insulation thickness is also a prime parameter along with the dielectric
materials. The dimension of insulation thickness must be designed in such way so
that it can withstand with the full scale generated electric field within the CMUT
during operating mode. The thickness of the insulation is really important during

collapse mode as this insulation layer prevent the cell from electric shock.
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Figure 4.22 shows the variation of electrostatic force with respect to insulation

thickness where electrostatic force decreases with increase in insulation thickness of

dielectric layer. Proper selection of dielectric insulation thickness is really important

as it is one of the deciding factor for generating high sensitivity and electrostatic

force. Fig. 4.23 also shows that enhancement of electrostatic force is profound

involving fringing approach with respect to insulation thickness. Above 300 nm of

insulation thickness fringing effect has greater impact than below. Average value E,

of 11.14% is produced due to change on insulation thickness while design is done.

As shown by Fig. 4.24, the variation of electrostatic force gets incremented with
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increase in relative dielectric constant. A plot of E, with respect to relative dielectric

constant is exhibited in Fig. 4.25. Fringing effect upon electrostatic force renders
significant enhancement above dielectric constant value 10. Involvement of high-K
material as insulation layer emphasizes the fringing effect in larger manner than
materials having lesser dielectric constant. Performance of CMUT not only depends
on insulation thickness and dielectric material but also depends upon the vacuum gap
between two electrodes. Desired pressure output, actuation layer mass, stiffness is

considered as a primary requirement.
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Fig. 4.24 FElectrostatic force with relative
dielectric constant constant

Fig. 4.25 EF for varying relative dielectric

Combining the variation of electrostatic force with electrode radius and
insulation thickness, a 3D characteristic is exhibited in Fig. 4.26. Dependency of
force with a simultaneous variation of electrode radius and relative dielectric
constant is shown in Fig. 4.27. Enhancement of electrostatic force due to increase in
electrode radius and decrement of the same for increasing insulation thickness is
observed from Fig. 4.26. Subsequently maximum force is attained at maximum
electrode radius and minimum insulation thickness. Similarly Fig. 4.27 depicts the
behavioral approach of electrostatic force for increasing value of electrode radius and
relative dielectric constant. Increase in both structural parameters cause enhancement
in force, hence considering this combinational maximum force is achieved for

maximum value of electrode radius and relative dielectric constant.
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Insightful impact of fringing modeling upon device generated force due
to change in relative dielectric constant for various values of structural parameter is
expressed through Fig. 4.28. Certainly higher valued electrode radius and lower gap
thickness generates higher valued electrostatic force. In the contrary Fig. 4.29 shows

that increase in insulation thickness decreases the generated force but combinational

effect of reduced radius and increased gap thickness enhances the counterpart.
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Figure 4.30 shows that higher value of increasing gap thickness produces lesser
electrostatic force. Effect of fringing is quite vibrant within the fabricated [20] value
between 350 nm-450 nm. Making the gap thickness less than this range will create a
hindrance towards full swing and improving reproducibility. Figure 4.31 shows

force enhancement for changing gap thickness which undoubtedly supports the

decreased value of force for gap thickness above 500 nm. Average E, of 11.49%

takes place in this characteristic study. Designing a CMUT for pulse echo imaging is
feasible by applying high bias voltage. Usage of probe with high sensitivity requires

proper biasing with the signal.
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Fig. 4.30 Electrostatic force with #, Fig. 4.31 EF for varying cavity height
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As shown in Fig. 4.32 higher bias is capable enough to produce higher

electrostatic force. Moreover in Fig. 4.33 an average E, of 11.5% is observed for

increasing bias. Figure 4.34 exhibits a 3D representation of dual effect of electrode

radius and bias voltage upon electrostatic force. For electrode radius 55 pm and bias

voltage of 40 V produces maximum electrostatic force in the device. Figure 4.35

plots a 3D representation of electrostatic force for combining effect of electrode

radius and gap thickness. Maximum force is generated for maximum electrode radius

and minimum cavity gap.

250 —— With fringing
—— without fringing

Electrostatic Force uN)

Bias (V)

Fig. 4.32 Electrostatic force with bias
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4.5 Effect of HfO: as insulating material upon electrostatic force

generation

Undoubtedly, insulated structure has proved to be more competent than non-
insulated counterpart for its higher electrostatic force. Due to directly proportional
relationship of capacitance and with relative dielectric constant and as per discussion
from Section 3.9, in this section also device characteristics are compared specifically
using HfO,> and Si3N4 materials as insulation layer. Ability to achieve a full gap
swing is calculated by the key parameter of CMUT electrostatic pressure. Achieving
the similar full gap swing by giving a smaller input voltage depicts higher
transmission sensitivity. Figure 4.36 exhibits comparative electrostatic force along
with the gap separation. The electrostatic force is 252 uN for 500 nm Si3N4, where as
for 50 nm insulation thickness involving HfO», the force becomes 330 uN at 500 nm

gap separation.

800 "
__ 700+ —=—t;- SizN4=500 nm  Si3N,=500 nn
% DRI 81 —e— t;- Hf0,=500 nm
3 6007 —a— t;- HI05=200 nm
> { e —+— t;- Hf0,=200 nm
£ ™ DENECEN £ 61 —v— ;- HIO,=150
< 4004 —+— tj- Hf0=100 nm L:? - HfO,=150 nm
2 —<— t;- Hf0=50 nm ~. 4 —*— t;- Hf0,=100 nm
g 3004 = —<— t;- Hf0O»=50 nm
o \
& -
S 200 o,
g Il
2 100 &
= 0
0-+—— : ‘ : : ‘ ‘ : ‘ : ‘
300 400 500 600 700 800 900 0 200 400 600 800 1000

Gap Thickness (nm)

of Fig. 4.37 Gain of electrostatic force (R) for
HfO,/Si3N4 isolation

Gap Thickness (nm)

Fig. 4.36 Comparative analysis
electrostatic force for HfO,/SizN4 1solation

Ratio of electrostatic force (R) generated by each device to that of an ideal
parallel plate model without consisting isolation layer for the same input voltage is
plotted in Fig 4.37. As SiC actuation layer is placed just below the top electrode to
avoid stiction force and electrical hazards, CMUT structure without insulation layer
produces larger valued electrostatic force compared to non-insulated one. Hence
obviously the ratio R will be greater than unity. Involving HfO> as dielectric material
instead of Si3N4 give rise to electrostatic force and by varying the thickness of HfO»
insulation layer the enhancement is also visible in Fig 4.37. Reduction in insulation
thickness reduces the separation between two parallel plates henceforth enhancement

in force occurs. Keeping the insulation thickness at 50 nm, device can get rid of
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electrical hazards and can produce higher electrostatic force than 500nm SizNs
insulation which results generation of high intensity ultrasound. Enhancement due to

HfO, insulating layer is calculated as,

, F.. —F. .
E]-g‘oz — ( /(Hfoz)' S(SizNy) ]X 100 (422)

Ff(Si3N4)

where F 7r(si;v,) 18 the electrostatic force generated by structure having 500 nm Si3Ng4

layer and F f(Hfo,) 18 measured as force generated from structure having HfO»
insulation layer of various thickness within a range of 500 nm to 50 nm. An average
E}{foz of 17.05%, 20.9%, 22.7%, 24.6 % and 25.8 % is seen in Fig. 4.38 due to HfO,

layer of 500 nm, 300 nm,200 nm,100 nm and 50 nm respectively.

50 —=— Analytical Model (500 nm)
45 —e— FEM Simulation (500 nm)
—A— Analytical Model (300 nm)
40+ —v— FEM Simulation (300 nm)
—&— Analytical Model (200 nm)
35+ —«— FEM Simulation (200 nm)
N 39 —>— Analytical Model (100 nm)
Q ] \ —e— FEM Simulation (100 nm)
‘s 25 ] —— Analytical Model (50 nm)
b EM Simulation (50 nm)
8]
20
151
10 1
300 400 500 600 700 800 900 1000
Gap Thickness (nm)
Fig. 4.38 E}ifoz for variation in gap thickness

Enhancement with radius for involving the high-K material is quite evident in Figs.
4.39 and 4.40, which shows and average 14% enhanced force due to a 50 nm HfO:

insulation thickness compared to 500nm Si3N4 insulation.

95| Page



CHAPTER 4 | Electrostatic Force
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Fig. 4.39 Effect of high-K on electrostatic HfO,

force due to change in electrode radius radius

Figure 4.41 also depicts a comparative approach that larger valued relative
dielectric constant generates higher electrostatic force which is also effected by
variation of insulation thickness. The relation between dielectric constant of a
material is directly proportional with device capacitance. Enhancement of force due

to high-K insulation is studied in Fig. 4.42, keeping insulation thickness 500 nm as

standard value as relative dielectric constant changes. An average E, of 14% takes

place while 50 nm insulation thicknesses is considered.
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Fig. 4.41 Comparative study of Fig. 4.42 Enhancement with respect to

electrostatic force for varying dielectric 200 nm thickness
material

In Fig. 4.43 electrostatic force is plotted due to change in insulation
thickness involving SizN4 and HfO: as insulating material where a non linear

variation is seen for varying insulation thickness. Effect of high—-K material gets
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dominant more for the insulation thickness above 400 nm and the difference between
the force generated by SizN4 and HfO, become larger. Though higher insulation
thickness makes the electrode far apart from other and reduces the force, still
involving HfO> maintains the force within acceptable range. Figure 4.44 plots the
enhancement of force against varying insulation thickness keeping the force
generated by SizNy4 insulation layer as reference. An average force enhancement
occurs by 24% due to HfO, insulation layer. Figure 4.45 exhibits the variation of
electrostatic force is apparent that it intensifies from zero, which supports the logic of
generating attraction force between two electrodes and simultaneously pulls down
the actuation towards the substrate. As a result both the electrostatic force shows a

parabolic opening up type characteristics due to given applied bias.
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4.6 Summary

An improved analytical modeling of electrostatic force is carried out. This
analysis deals with the Landau’s technique for modeling the electrostatic force
considering the fringing field capacitance in CMUT. Analytical data is validated by
FEM simulation. Overall impact of fringing field is observed in electrostatic force in
almost all types of capacitive device structure like actuation layer based, non-
insulated and insulated CMUT. Based on performance insulated CMUT structure
with SiC as structural material seem to be quite capable of generating high frequency
ultrasound waves due to appreciable amount of force generation.. Introduction of an
insulation layer enhances the device sensitivity and makes the CMUT ready to
operate safely in high voltage as well high temperature. The insulation layer is quite
helpful in enabling the CMUT to generate high resolution image at low cost. Such
findings can serve the advancement of medical imaging in large scale. A comparative
study between HfO, isolation and Si3N4 is done rigorously for insulation thickness

from 500 nm to 50 nm.
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CHAPTER

S

Displacement Profile

5.1 Introduction

In transmitting and receiving mode, vibrating actuation layer generates and
detects ultrasonic waves respectively. During transmission mode, the actuation layer
responses with the applied voltage. This deformation is solely dependent on
variations of capacitance and electrostatic force. Based on radial position magnitude
of electrostatic force varies and deflection profile of actuation layer is calculated by
the distribution of this force over the actuation layer. Uniform pressure generation
from the total force has to be assumed while deflection is calculated. This
assumption proved to be suitable as both the actuation layer and electrodes are
having same diameter. Effect of fringing field is also studied. Noticeable amount of
enhancement of device capacitance and electrostatic force are already discussed in
Chapters 3 and 4, due to this fringing effect. This enhanced force indeed a prime
cause for enhancement of displacement. Comparative analysis of various adopted
displacement models is derived and an improved approach of displacement model is

carried out in the following sections.

5.2 Actuation layer deflection of a non insulated CMUT using plate

model

Generalized plate model is implied in order to achieve a functional
representation of deformed clamped actuation layer in many research works [1] as
exact shape of deformed layer is completely unknown. Calculation of deflection is
carried out applying the boundary conditions, geometrical shape and loading
condition of actuation layer. Considering CMUT structure of Fig. 3.2(b) analytical
calculation of plate deflection is done in non-insulated cell with fully metalized

actuation layer [2].
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5.2.1 Analytical modeling of plate deflection profile

When a symmetrically distributed load acts upon a circular plate along the
perpendicular axis of plate that passes through the centre, then the middle plane the
plate will be deflected symmetrically. The expression of the deflected clamped
circular plate is a function of radius under uniform pressure and was derived by
Timoshenko [3]. All the equally distant points with respect to the centre will have
same deflection and considered to be deflected in one diametral section along the
symmetric axis. Considering the centre of the un-deflected plate as origin of
coordinates in Fig. 5.1, distance from the centre is 7 and deflection at the centre is

depicted by w, in z direction. Slope of the deflected surface at any arbitrary point A

is denoted by the ratio of change in deflection to the change in radial distance. The
angle between the vertical plane to the deflected surface point A and the symmetry
axis OB is ¢. Small deflection at the diametral section » in the middle of the surface

in any direction 7 is expressed as,

1 __dZWp _d_q)

rodrt dr

n

(5.1)

2]

[m]

Fig. 5.1 Bending of plate due to uniform loading
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According to the symmetry condition, between two principal curvatures those

take place, one is L at the deflected surface A and other one is parallel to the

n

normal of AB and vertical to rz plane. Considering the twist at the surface,

expression of deflection becomes,

1 __ldwp P

rordr r (5.2)

Hence , considering (5.1) and (5.2) as principal curvature expressions assuming the

equation of pure bending conditions, bending moments per unit length is expressed
by (5.3) and (5.4)

d? d
M, =—F | T D =Fr(@+&¢j (5.3)
dr r dr dr r
d d*
M=F| % O _p [P 29 (5.4)
r dr dr r dr

The bending moment acts along the circumferential regions of the plate represented
by ‘abed'" M, in Fig. 5.2. The figure is considered to depict a slice of a conical
surface, with the apex at B. M, acts along the diametric sections rz of the plate and
Yt
12(1-0,)

the plate material’s Young’s modulus and Poisson ratio, respectively.

F_ is the flexural rigidity and expressed as F, = .Here ¥ and o, are

M, + 2L
dr

dr o+|_~"a5r

o 7 e

Fig. 5.2 Bending moment of plate element ‘abcd’
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As (5.3) and (5.4) is a function of either w, or¢ , hence can be derived by considering

the balance condition of the plate element shown by abed in Fig. 5.2 which is cut out
from the bended plate by a pair of cylindrical section ab and cd by two diametral

sections ‘ad’ and ‘bc’. Expression of the coupling force acting on the ‘cd’ side of the

element is ,
M, rd6 (5.5)
and the same for ‘ab’ side is
(Mr + dy’ drj(r+dr)dt9 (5.6)
s

Couple acting on the ‘ad’ and ‘bc’ are equivalent to M,dr and resultant couple
acted on the roz plane is derived as M,drd@ . The shearing force per unit length of

the cylindrical section of radius 7 is denoted by O . The total estimated shearing force

operating on ‘cd' of the element is along these two sections correspondingly

expressed as, Ord6 and corresponding force on the ‘ab’ side

{Q+(2—Q)dr:|(r+dr)dt9 (5.7

Eliminating the infinitesimal difference between the two opposite shearing force
acting on the element sides, couple in the 7z plane be expressed as,

Ordrd@ (5.8)
Summing up the moments (5.5), (5.6), (5.7) and (5.8) and eliminating the moment

due to the exterior load on the element, the below mentioned expression can be

written.

dr

(Mr + M, drj(r + dr)d@—MrrdQ—Mtdrd6’+ Ord@dr =0 (5.9
Neglecting infinitesimal small quantity of higher order,
dM

M, +—+r-M,+0r=0 (5.10)
dr

Putting the value of (5.3) and (5.4) for M, and r the simplified form of (5.10) can

be expressed as,
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2
d Z’+ld—¢—£2=—2 (5.11)
dr~ rdr r F

r

This also can be written in another form as,

d’ d? d
vy Lo, 14, 0O (5.12)
dr r dr r-dr F

I

In case of homogeneously loaded circular shaped plate the shearing force O can be

evaluated simply by separating the load distributed within the circle having radius r
by 2zr; then (5.11) and (5.12) is used to establish the slope and deflection of the
plate. Integrating (5.11) and (5.12) following forms are attained.

d|ld(re)|_ ©Q (5.13)
dr|r dr F

i{li(rdwpﬂzg (5.14)
dr|rdr\ dr F

QO is expressed as a function of » and R.H.S of (5.14) as a function of pressure

distributed over the plate. Multiplying both sides by 2xr, the equation becomes,

Q27r = J.Or P2rrdr

(5.15)
Hence, the expression becomes as,
d r
ri 14 i :LJ.Prdr (5.16)
dr|rdr\ dr F 5
Differentiating both sides, the equation becomes as.
dw
ld] djldf aw,|[_P (5.17)
rdr| dr|rdr\ dr F

For uniformly loaded circular plate, it is considered that the pressure P is
distributed at the total surface and the shearing force at a radial distance » can be

expressed as,

27rQ =rxr’P

:Q:% (5.18)
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Substituting the value in (5.14), it can be evaluated as,

dw
dj1df, 2y ) _ P (5.19)
dr|rdr\ dr 2F,
Integrating (5.19), the following expression can be written,

1d( dw, Pr’
——|r =—+C,
rdr\ dr 4F, (5.20)

Here C,, is constant of integration. Multiplying both side of (5.20) by » and making
second integration the following equations are expressed,

aw, PpPr* Cr’
r—=2= +

dr  16F. 2

+C,

dw, _ Pr LG (5.21)
dr 16F 2 7

Integrating the above equation, the displacement can be expressed as,
pPrt  Cr?

w, = +
64F,

+C,log—+C, (5.22)
7,

where r, is the radius of the circular shaped actuation layer considered as plate in

this displacement modeling. In case of circular plate with clamped edge, slope of

deflection surface in the radial direction is zero at a radial distance »=0 and r =7, ,

Applying the boundary condition in (5.21),

Pl"3 +Q +g = O (5 23)
l6F, 2 r ) _, '
P Cr C,
+—4—+—= =0
( 6F 2 r ) (5.24)

a

From (5.23), constant C,=0, substituting the value in (5.24) evaluation of constant
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C, is depicted as below,

P 2
C =——
SF,
Putting the constant value in equation (5.21) the slope can be expressed as,
dw Pr
= — p = v 2 — ]/‘2 5.25
7= = Ter (r>-r*) (5.25)

Equation (5.22) can be again written as,

4 P 2.2
wp=61:’;F —;2”—;+c3 (5.26)

Considering the boundary condition at » = r, the following equation can be achieved,

prt Prt
e ——+(, =0
64F 32F (5.27)

Hence the constant C3; can be written as,

_pP
P G4F,
and the displacement for symmetrically loaded plate can be expressed as,
P 2 2)?
Wp —64—};;(1"“ -r ) (528)

As displacement is maximum at the centre so, the equation can be rewritten as,
P ra4
w =—2_
p(max)
64F.

Evaluation of plate deflection is dependent on upon P, which is evaluated from
electrostatic force (4.2) generated in the device. Under static bias condition P is

e

replaced by P, = where, F' . is the electrostatic force with the inclusion of

fringing fields as derived in (4.13) and the final expression becomes,

4

— fbias a

Yo T 4R (5.29)

r
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5.2.2 Analysis of plate deflection in non-insulated structure
Under static bias condition the actuation layer is deflected towards the bottom

electrode. Characteristic study of this deflection is analyzed by plate model under
influence of various device parameters like electrode radius, actuation layer
thickness, bias  and cavity height. A comparative analysis is carried out between
two non-insulated structure using SiC and SizNs4 actuation layer material. Pressure
intensity upon the actuation layer is dependent on electrostatic force generated in the

device. Considering F, ..as electrostatic force for SizN4 actuation layer based
Jbias (Si3Ng

element and £,
bias (SiC)

for SiC actuation layer based device pressure is calculated.
Calculation of flexural rigidity is also done separately by actuation layer material’s
Young’s modulus and respective Poisson ratio. Here Young’s modulus of SizNs is
considered as 320 GPa and that of SiC is 260GPa. Figure 5.3 shows the plate
deflection with respect to change in actuation layer radius. Increasing actuation layer
radius increases the deflection and a parabolic opening up characteristic is exhibited.

A comparative approach is also shown in the figure for a)7, =500 nm and ¢, =350nm.

100

251 . . . .
2 —=— Si3Ny(a)——SiC(a) 504 - :13§4(:)+ :l(c:(;)
h = —a— Si i
e —+— SizN4(b)—~ SiC(b) E i3N4(b)—— SiC(b)
= -~
15 = 60
£ 15 E
= g
S0 & 40-
S a
2] S
E < 20
= =
0
T T T T T T 0 T T T T T
0 5 10 15 20 25 500 600 700 800 900
Actuation Layer Radius (um) Actuation Layer thickness (nm)

Fig. 5.3 Plate deflection with change in Fig. 5.4 Plate deflection with change in
actuation layer radius for a)f,=500 nm b) thickness of actuation layer for a)z, =500

t,=350 nm nmb) 7,=350 nm

Lower gap thickness causes higher deflection as the capacitive plates come close to
each other and produce larger capacitance. Consequently, larger capacitance

generates larger electrostatic force and deflection. Figure 5.4 shows an exponentially
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decreasing characteristic of deflection for increasing actuation layer thickness. Lower
value of cavity height and actuation layer thickness produces higher deflection.
Figures 5.5 and 5.6 reflect the variation of plate deflection with the change of bias
and radial distance from the centre. A comparative study is shown in Fig. 5.5 for a)

r, =25 pm and b) ,=12.5 um, where deflection decreases for lower actuation layer

radius value. It is observed from Fig. 5.6 that at centre the deflection is maximum
and at the boundary it becomes zero. Reduction in bias causes decremented
deflection. The above plate deflection characteristics exhibit 13.8nm and 10.2nm
deflection at device structural parameters [2] for SiC and Si3N4 actuation layer based
device respectively. Cavity height for the structure taken as reference [2] is 500nm

but only 2.8% of gap separation is used for full swing mode deflection.
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14+ SizN SiC e i i
SivaavJENNPE I IR St
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g £
S0 = g
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9 8 da
B g
é 6 v 44
5 =]
> 47 g 2
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E 2 A oA
P t{-ﬁ—t*{—t;;}ﬂi{:}}l 2 ‘ ‘ ‘ ‘ ‘ ‘
20 25 30 35 40 0 5 10 15 20 25
Bias (V) Radial Distance (pum)

Fig. 5.5 Plate deflection with change in bias Fig. 5.6 Deflection with change in radial
voltage for a)7,=25 umb) r,=12.5 pm distance for a)V, =40 Vb) V, =20 V

5.3 Actuation layer deflection of a non-insulated CMUT using

membrane model

Extensive advancement of material science induces various materials to in
MEMS that follows the basic requirements [4-8]. These materials are metals like Ni,
Al, non-metals like Si, Ge, GaAs, polymers like SU8, polymide like diamond, SiC,
Si3N4 , SiO2 [9-11]. Based on certain parameters like Young modulus, residual stress,
material density, displacement also changes in the device. Actuating material with
low residual stress and high Young’s modulus improves the deflection and becomes

capable enough to produce high frequency ultrasound wave. Plate deflection model
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doesn’t suit always for evaluating peak deflection. In the context displacement can be
modeled under static bias by involving Mason’s expression. While analysing with
Mason’s expression the actuation layer is considered as membrane throughout the

analytical modeling.

5.3.1 Analysis of membrane deflection in non-insulated structure using Mason’s
analysis
Mechanical behavior of actuation layer of CMUT can be executed by
consideration of Mason’s analysis [12]. Expression of motion of actuation layer

under tension will be,

3 2
WAL oy _pyey, P p Iy (5.30)
2(l-g}) " "

or*
Here ¢, is actuation layer thickness, w, is displacement of actuation layer involving

membrane model , T

a

is Tension of actuation layer, p, is material density of

actuating material. Displacement of actuation layer under static bias is derived

here and as . — 0, hence (5.30) can be written as

d*w. 1dw O*w
74w, Ldw, ), np=( 5.31
a( dar*  r dr } aha ot’ (5:31)

Under static bias (5.31) becomes,

d’w. 1ldw,
+ —
ar* r dr

+PIT =0 (532)

As r is the radial distance measured from centre, multiplying both side of (5.32)

by r*, (5.33) is achieved.

2
rz[d v‘zjmj+r(dw"'}:—[£jr2 (5.33)
dr dr T,

dw,

. d
Let r =¢” then z =/ogr. Assuming =z =D, so r =Dw, and

dr

2 dzwm
ar’

C, and C,are constants. Hence the solution can be written as ,

r

=D(D~-1w, . Considering C,+C,z as complementary function, where
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[D(D-1)+D]w, = Lo
T, (5.34)

The particular integral,

PI:LZ ie2z :__P 622 1 2:_P 622{1_2X2+ ..... } (535)
D*|'T T~ (D+2)} 4T 2

a

The particular integral= % e’ (5.36)

a

The general solution becomes,

w,(z)=CF+PI =(C, + sz)—ﬁe” (5.37)

a

Putting the value of z in (5.37) is expressed by,

w, (r)=(C, +C, logr)—%r2
. (5.38)

Displacement w(r) will be maximum at » = 0. Multiplying both side of (5.38) by

r the equation becomes,

C, —irz =0
2T,

=C,=0 (5.39)
Displacement w, () will be 0 at the boundary of the actuation layer at r=r, as

diameter of top electrode is matched with the actuation layer. Putting this boundary

condition at (5.38), the expression is represented as,

P
C =—2 5.40
1 47; a ( )
Hence, putting the values of (5.39) and (5.40) in (5.38), it becomes,
P 2 P 2 P 2 2
w (r)= r°— ro= r°o—r 5.41
W)=yt g = ) (5.41)
If maximum displacement is w,, ., thenat =0,
W(ma) = % (r)-0)= Ly (5.42)

4T

a
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Pressure P is derived from electrostatic force under static bias condition. P

bias

generated in non-insulated CMUT excluding fringing is expressed from (4.13),

P/ WL N ..
bias A 2A ]2 g tz

CZL?‘H

(5.43)

4
4

Putting the value of (5.43) in (5.42), peak displacement at the centre of the actuation

layer under static bias for non-insulated element excluding fringing effect becomes,

1 I/a’czcvazra2 8g ﬂ'}"ez
w = X X
M pias 8A7’;1 C 2 tgz
a4 ng

g

(5.44)

On the other hand, P, ~ generated in non-insulated CMUT including fringing is
expressed from (4.14),

V.:C? 2
Pf :FfbiasAZL dc af . 8g 72'1”; i ggre x16712'1"e . (5.45)
bias 2A C tg 167[;/' tg
C.| —ZL+1 -1
g Cgf i tg |

Substituting (5.45) in (5.42), peak displacement at centre under static bias for non-

insulated element including fringing effect becomes,

V.2C *r? & mr? £
W, :( 1 Jx de “fzr” X { gﬂzre + ol X 167ng
e\ 84T (Caf +1J t, (167:1;}_1 ly (5.46)

— M ias meim 0
B = e ™ W 0004 (5.47)

Enhancement in displacement for a cell with SiC actuation layer instead of Si3 Ny is

113 | Page



CHAPTER 5 | Displacement Profile

w . —-W_ .
Y bias (i Yiias (si
E Mhwssic) M | 100% (5.48)

m_Sic —

w
Mg (Si3Ng)

Here W, 50 is the displacement of SiC based non-insulated element and the same

for Si3N4 actuation layer based is Wmﬁ;ias (s - These two expressions are calculated

from (5.46) by substituting the value of F and F Ty, TESPECHivEly in (5.45).

ﬁn’a.v (SiC)

Electrostatic force F’

Frsts) is generated in the device for involving SiC as actuation

layer and that same involving SisN4 generates electrostatic force as Both

Soias(SisNg) *
values of electrostatic force are calculated from C, g, and Ceqf( si,v,) using (3.8)

putting relative dielectric constant as 9.7 and 7.5 respectively in (4.7). Calculation of
membrane displacement for Si3N4 and SiC actuation layer was done by considering

residual stress as 80 MPa and that of SiC 1s 30 MPa.
5.3.2 FEM Simulation

The PZFlex FEM analysis was carried out to evaluate the actuation layer
displacement behaviour. Three different geometries of capacitive element have
considered for the FEM model. Considering same cross sectional area circular,
square and hexagonal shapes are studied which has shown in Fig. 5.7. During

vibrating mode device actuation layer deforms into a corresponding shape. The

actuation layer displacement profile is shown in Fig. 5.8.

Fig. 5.7 FEM models of dissimilar Fig. 5.8 FEM model magnitude distribution of
membrane profile the proposed structures
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It is observed that circular structure is providing higher actuation layer displacement
followed by hexagonal actuation layer and lastly square actuation layer. The FEM

result justifies the analysis of circular shape which shown in Fig. 5.9.

A

Fig. 5.9 CMUT with circular shape model

Meshed geometry of the simulated structure is shown in Fig. 5.10. The red
arrows show the application of uniform electrostatic force along with all boundary
conditions. The model consists of three parts: substrate, base, and actuation layer.
The green symbols on the substrate are fixtures, which were added on the substrate
only. Here time domain analysis is involved to evaluate the actuation layer
displacement profile which shows maximum displacement at the centre as shown in
Fig. 5.11. Outcome of analytically modelled data including fringing effect is
validated with the results depicted by FEM model. Actuation layer displacement
behaviour for non insulated and insulated structure is carried out in the following

sections.

Fig. 5.10 Isometric view of the meshed geometry
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Fig. 5.11 Displacement profile of the simulated geometry

5.3.3 Comparative study between plate and actuation layer displacement for

SizN4/ SiC actuation layer based non-insulated cell

Figures 5.12 and 5.13 show a comparative study of displacement plot with change in
actuation layer radius and radial position as measured from centre of the structure.
Increasing actuation layer radius enhances the displacement as shown in Fig. 5.12.
At the centre of the device displacement is maximum and more we move towards the
boundary it gets reduced. This phenomenon is seen in the characteristic study of Fig.
5.13, where at zero radial distance, displacement is maximum for both plate and
membrane model. Figures 5.14 and 5.15 exhibit the variation of displacement for
changing cavity height and actuation layer thickness. Increasing air gap separation
and actuation layer thickness enhances the distance between two oppositely charged
electrodes and generated capacitance decreases. Simultaneously low valued
electrostatic force is generated in the device which is not capable of generating large
valued displacement. Difference in displacement involving membrane model
between SiC and SizsNs based element gets larger while plotted against actuation
layer thickness compared to cavity height. Figures 5.12-5.15 depict that utilization of
SiC as actuation layer material is obviously a good choice for its excellent
performance over Si3sN4 Compared to plate displacement profile, membrane model

provides impressive value of displacement.
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Fig. 5.12 Displacement with changing radial distance
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Fig. 5.14 Displacement with changing cavity ~ Fig. 5.15 Displacement with changing
height actuation layer thickness

5.3.4 Effect of fringing in Si3 N4 / SiC actuation layer based non-insulated cell

Performance of SiC as actuation layer material for enhancement in device
capacitance and electrostatic force is already discussed in section 3.5 and 4.3.2
respectively. Restoring force of actuation layer is a linear function of its
displacement. In consideration with enhanced device capacitance and force of SiC
actuation layer based capacitive structure instigates to perform a comparative study
of displacement with SisNs based counterpart. Enhancement due to SiC actuation
layer is also accomplished in this section.

Figure 5.16 shows the behavior of actuation layer displacement due to change
in electrode radius. Increase in actuation layer radius gives a rise in device
capacitance, subsequent to which electrostatic force also gets enhanced. Enhanced
electrostatic force generates large valued displacement. Displacement of actuation

layer is solely dependent upon the actuation layer’s residual stress, Young’s
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modulus, material density and many more. Lower tensile stress, higher Young’s
modulus permits SiC to perform better than Si3Ny. effect of fringing is also profound

for SiC based device. Difference between E, of SiC and SisNs gets enhanced for
higher actuation layer radius as shown in Fig. 5.17. Average value of £, is 11.79%

and 15.19% for S13N4 and SiC respectively. Enhancement of displacement in SiC cell
against actuation layer radius is plotted in Fig. 5.18. Impressive enhancement is
observed over Si3N4 cell due to involvement of SiC as actuation layer material.

Average E .. 0f218% is achieved when plotted against actuation layer radius.

180
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140 1 . SiC (without fringing)
120 1 Si3N 4(with fringing)

100 -
80
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Actuation Layer Radius (um)

Fig. 5.16 Actuation layer displacement due to variation in actuation layer radius
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Fig. 5.17 E, for varying actuation layer Fig. 5.18 £ . for varying actuation layer
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Figure 5.19 depicts the variation of actuation layer displacement for varying
cavity gap. Equivalent device capacitance in non-insulated structure is a series
combination of air gap and actuation layer capacitance. Increase in cavity gap
makes two parallel electrodes far apart from each other. This enhanced gap reduces
the capacitance and simultaneously decrement of electrostatic force occurs.
Reduction in force is the prime factor of reduced displacement. Due to circular
structure the flux lines generated in the device bends near the edges of the electrodes
and gets benefitted from fringing field effects. These fringing field lines enhance the
electrostatic force and cause enhancement of displacement which is quite evident
from Fig. 5.20. Effect of fringing has greater impact upon SiC actuation layer and
displacement also enhances due to its unique properties which were discussed earlier.

Average value of £ 15 9.09% and 12.53% for Si3N4 and SiC respectively. Figure

5.21 generates an average E, .of 219.9% when cavity gap is considered as

variable.
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Fig. 5.19 Actuation layer displacement due to variation in cavity gap
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Increase in actuation layer thickness affects actuation layer displacement in
same manner as cavity gap does. Figure 5.22 shows the variation of actuation layer
displacement with respect to actuation layer thickness. Fringing effect quite evident
in SiC cell as depicted in Fig. 5.23. Enhancement in displacement of SiC cell in

comparison with Si3Ny is shown in Fig. 5.23, where average value of E  are 8.79%

for Si3N4 and 12.31% for SiC. Figure 5.24 generates an average E, ;. of 219.9%

when displacement is dependent of varying actuation layer thickness. Figure 5.25
exhibits a parabolic opening up nature of actuation layer displacement when
plotted against static bias. Increase in bias give a rise to device capacitance which
acts as a prime initiator to enhance the generated -electrostatic force and
displacement. A constant enhancement of displacement is observed as a effect of
fringing in Fig. 5.26. As discussed earlier enhancement in SiC involving fringing

model is quite larger compared to Si3Ny.
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Fig. 5.22 Actuation layer displacement due to variation in actuation layer thickness
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5.4 Displacement profile analysis of insulated cell

The presence of the insulation layer as in Fig.4.15 permits the patterning of the
upper electrode above it which increases the overall capacitance and electrostatic
force of the device as already analyzed in secs. 3.6.3 and 4.4.2. Inclusion of
insulation layer has a deep impact upon the transducer due to excellence in device

capacitance and displacement.
5.4.1 Analytical force model of insulated element

Analyzing the results discussed in section 5.3.2, one conclusion can be drawn
that usage of SiC actuation layer improves the displacement. An analytical modeling
of insulated CMUT (shown in Fig. 4.15) with SiC actuation layer is discussed in this

section.
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Actuation layer displacement of insulated cell excluding fringing is

expressed from (5.44) and becomes,

! 1 V:iczqzraz Sgﬂ'}"j
Wrﬂhm = SAT x C 2 X ¢ 2 (5.49)
’ [ i +1] c’ ¢

g

Substituting device generated electrostatic force with fringing as expressed in (4.16),

in (5.46) the expression of actuation layer displacement for insulated cell will be,

t

o g

, 1 V,2Cplr)} g 7r)} &1, 167,
Wit = x be % r|T o
Ybias SAT; {le 1] c 5 tg (167{};} | tg (5.50)
- ‘ DT |
o

Investigation of fringing effect upon displacement enhancement for insulated device

is calculated by,

! vafbias B wmbias
E = , x100 (5.51)

m

Mpjqg

Enhancement in displacement due to insulation layer is derived as,

w - W
" — mfbias mfbia,r
Ei = x100 (5.52)

mf bias

5.4.2 Enhancement of displacement profile in insulated structure

Figure 5.27 shows an exponential decaying of actuation layer displacement
nature with increase in gap thickness. It is quite evident displacement enhances by
large percentage due to inclusion of insulation layer. In accordance to this
phenomenon, the enhanced characteristics are clearly plotted in Fig. 5.28.
Maintaining the gap thickness within the specified range enhances the displacement
value by 50% compared to the CMUT structure without insulation layer. Similarly

Fig. 5.29 shows the parabolic nature of actuation layer  displacement due to

variation of actuation layer radius. An average E, of 62% occurs in SiC based

CMUT with insulation layer as shown in Fig. 5.30.
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Fig. 5.27 Comparative analysis of actuation Fig. 5.28 Enhancement in displacement for
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In consideration with the dimension of the device comparable to the gap
separation between the capacitive plates the diameter is kept as 110 um for
generating high frequency ultrasound wave that can be involved for enhanced

penetration by high pressure transmission and better signal to noise ratio.
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Fig. 5.29 Comparative analysis of actuation Fig. 5.30 Enhancement in displacement for
layer displacement due to variation of the variation of actuation layer radius
actuation layer radius

Figure 5.31 shows variation of actuation layer displacement with the bias. Certain

increase in bias increases the actuation layer displacement more for the structure
with insulation layer. An average E, of 62% enhancement in displacement occurs

when characterised against bias. According to the characteristics of displacement
shown in Fig. 5.31, the actuation layer displacement is nearly 400 nm for a 2 um

actuation layer. In consequent to this fact Fig. 5.32 also shows that due to increase in
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gap thickness actuation layer displacement reduces while impressive displacement

takes place by keeping the gap thickness between the range of 350 nm-500 nm. Fig.

5.33 shows a plot of El with respect to actuation layer thickness.
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Fig. 5.31 Comparative analysis of actuation layer displacement due to variation of bias
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Fig. 5.33 E, with change in actuation

A comparative study of enhancement in displacement due to variation of various
CMUT parameters is shown in Table 5.1. Keeping any one of these structural
parameters variable all others are maintained constant. An average 50% enhancement
of displacement occurs in insulated cell compared to non insulated counterpart. As
depicted in Table 5.1 maximum enhancement takes place due to change in applied
bias. Effect of actuation layer radius and cavity gap upon displacement enhancement

is moderate and minimum when actuation layer thickness is concerned.
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Table 5.1  Enhancement in displacement due to variation of various CMUT
parameters
Bias (V) Actuation Actuation Gap % enhancement in
layer layer separation | displacement due
radius thickness (nm) to insulation layer
(um) (um)
Variable 55 2 450 59
40 Variable 2 450 49
40 55 Variable 450 39
40 55 2 Variable 52

5.4.3 Analysis of fringing effect in insulated CMUT

In this section effect of fringing is analyzed for insulated device. Bending of
flux lines at the boundary of the electrodes enhances the capacitance and electrostatic
force. This enhanced capacitance and electrostatic force certainly affect the
displacement. Based on variation of various structural parameters characteristic study
of displacement is carried out in this section. Figure 5.34 exhibits the variation of
actuation layer displacement with actuation layer radius for various actuation layer
thicknesses. Displacement holds a directly proportional relationship with electrode
radius, thus shows a parabolic opening up nature. Another phenomenon is also
observed from the given characteristic that is reduction in actuation layer thickness
increases the displacement. Effect of fringing is profound for lower electrode radius

and approximately similar enhancement is noticed all along the considered range of
electrode radius for various thickness of actuation layer. An average E, of 12% is

attained form the characteristic study plotted in Fig. 5.35. Figure 5.36 shows a
decreasing nature of actuation layer displacement with respect to air gap.

Appreciable amount of displacement enhancement takes place due to fringing. An

average E, of 11.54%, 11.33% and 12.11% is produced from Fig. 5.37 for a)¢, =500

nm b)#, =350 nmc) ¢, =750 nm.
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Fig. 5.36 Actuation layer displacement for Fig. 5.37 Em for varying air gap
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Dielectric material used for insulation layer is a prime deciding factor for
displacement generation in insulated device. Utilization of insulation layer also has
great impact upon electrical safety. Involvement of material having higher relative
dielectric constant enhances displacement in large manner as depicted in Fig. 5.38.
Displacement has a non-linear relationship with applied bias. This occurrence is also

observed here as lower bias generates low valued displacement and vice versa. A

constant enhancement is observed for all the three considered cases of a) ¥, =40 V b)

a)V,=20 V ¢)V,=60 V. An average E, of 11.46% is noted from the characteristic

shown by Fig. 5.39.
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Fig. 5.39 £ m with respect to various material permittivity

A combinational effect of actuation layer radius and gap thickness upon
displacement is plotted in Fig. 5.40 against varying insulation thickness. Certainly
increase in insulation thickness decreases device capacitance as its directly
dependent upon combinational effect of gap and insulation capacitance. Subsequent
to this decrement of displacement occurs in the device. While studying the
combinational effect of actuation layer radius and gap thickness upon displacement
then a unique fact is observed that; gap thickness acts as a main deciding factor of
actuation layer displacement. Though displacement enhances for increasing actuation

layer radius still noticeable displacement doesn’t take place for 65um actuation layer
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radius as gap thickness is quite larger compared to reference one [14]. Enhancement

due to fringing is shown in Fig. 5.41. An average E, of 11.35%, 11.78% and 11.30%
is produced from the study for a)r, =55 pm, #,=450 nm b) r,=27.5 pm,#,=300 nm

¢) r,=65 um, ¢,=600 nm respectively.

450
-m- without fringing (a) -e- with fringing(a)
®eee -4 without fringing (b)-¥- with fringing(b)
400 had TYON —e without fringing (c)-« with fringing (c)
%00,
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350 - ...""fo.oooooo
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- MAdAL
160 2(I)0 360 460 560

Insulation Thickness (nm)

Fig. 5.40 Displacement for varying insulation thickness for a)r, =55 um,
t,=450nmb) r,=27.5 pm,?,=300 nm¢) 7,=65 um, ¢,=600 nm
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Fig. 541 £ m for variation in insulation thickness
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Figures 5.42-5.44 show 3D plot of actuation layer displacement with respect to
various structural parameters. Dependency of displacement upon those parameters is
also evident in these 3D figures which are depicted earlier. Figure 5.42 shows that at
maximum value of actuation layer radius and material permittivity displacement
becomes highest. Increasing nature of actuation layer displacement due to increases
of both parameters is noticed in the figure. In contrast to this as increase in insulation
thickness reduces displacement hence according to Fig. 5.43 maximum displacement
is achieved at minimum insulation thickness and maximum actuation layer radius.

Figure 5.44 shows, maximum displacement is attained for maximum actuation layer
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Fig. 5.42 Variation of displacement with simultaneous change in 7, and K
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Fig. 5.44 Variation of displacement with simultaneous change in 7, and V,

5.5 Influence of HfO: upon actuation layer displacement

Insulating material having high dielectric constant has proved to be an
excellent choice to enhance device capacitance and electrostatic force from sections
3.9 and 4.5. In this context displacement will certainly enhance by its involvement.
Keeping this in mind influence of HfO» is taken care of in this section. Various
insulation thickness is considered during usage of HfO, and enhancement is

calculated with respect to 500nm Si3N4 [13]. Enhancement due to HfO» insulating

w w
Mg (HfOy) Mg (SizNg)

x1 W,
00 R where msz‘as(Si3N4)

layer is calculated as, Eyfo2 =

mfy bias (Si3N4)

is the actuation layer displacement generated by structure having 500 nm SizN4

Al

layer and Wmfbm( no,) 18 measured as displacement generated from structure
having HfO» insulation layer of various thickness within a range of 500nm to 50 nm.
Figure 5.45 shows a comparative study of actuation layer displacement for

change in actuation layer radius for the same input pulse between HfO> and SizNs4

isolation for various HfO2 thicknesses. Average E};,foz for 500 nm, 300 nm, 200 nm,

100 nm and 50 nm is 20.41%, 24.71%, 26.86%, 29.15% and 30.35% respectively is
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depicted in Fig. 5.46. Increasing gap separation between two electrodes reduces the

attraction force between them , thus displacement decreases.
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400{ —*— t-Hf0,=300 nm v t-Hf0,=200 ny/ P A
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S0 e (H10,=100 nm o
E ] : ¥
5 200- t-Hf0,=50 nm R 25 e e e s e e s oo esee
g 27 500 nm-«- 300 nm
2100 ¢ —4-200 nm —~— 100 nm
£100 ”
2 —+—50 nm
&4
2
04— , , , ,
1 y y y ' 0 10 20 30 40 50 60

10 .20 30 40 50 60 : -
Actuation Layer Radius m) Actuation Layer Radius (um)

Fig. 5.45 Comparative analysis of Fig 5.46 E,, with changing actuation
displacement with actuation layer radius for Jayer radius for varying actuation layer
HfO, and Si3N, insulation thickness

Noticeable improvement in displacement takes place in Fig. 5.47 due to involvement
of HfO,. For 500 nm Si3N4 insulation thickness and 450 nm gap separation the

displacement is 330 nm whereas for HfO, the displacement becomes 381.4nm and

for 50 nm HfO> thickness the 401.3 nm. Average E;j_,/oz for 500 nm, 300 nm, 200 nm,

100 nm and 50 nm is 29.21%, 36.73%, 40.36%, 44.25% and 47.35% respectively is
depicted in Fig. 5.48.
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Fig. 5.47 Comparative analysis of . _ _
displacement with air gap for HfO, and Fig.5.48 E[—[foz for varying air gap
Si3Ny4 insulation
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Figure 5.49 signifies the enhancement of displacement due to increase in insulation
thickness along with the involvement of high-K material. The graph shows that, in
case of PECVD Si3Ny, the displacement changes from 335 nm to 429 nm only by
reducing the insulation thickness from 500 nm to 50 nm. Maintaining the exact
condition for HfO, the displacement changes from 402 nm to 438 nm which is
almost same for TaxOs3. Fig. 5.50 exhibits a comparative study of displacement
profile between SizsNs and HfO» insulation layer of different thickness. It is quite
evident from the figure that, at 50 nm HfO, thickness maximum displacement of 438

nm is generated. Whereas, Si3N4 of 500 nm dimension produces displacement of 335

nm.
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1 yyvY
E 420 o* ,vvva' .V.V.V'.,..O'“' so0e® €400 |
E 400 el g
-’ -
E +=300
: )
g 380 t 500 t 300 E i —a— ti'Si3N4=500 m
= e f= E
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Relative Dielectric Constant Radial Distance (um,
Fig. 5.49 Comparative analysis of Fig. 5.50 Comparative analysis of
displacement for varying relative dielectric ~displacement profile for HfO, and SizNy

constant with different insulation thickness insulation

Figure 5.51 depicts the variation of displacement concerning the change in applied
potential given for biasing of the CMUT. The central displacement of the CMUT
forms a directly proportional relationship with the square of the applied bias.
Variation of the electrostatic force is apparent that it intensifies from zero, which
supports the logic of generating attraction force between two electrodes and
simultaneously pulls down the actuation layer towards the substrate. As a result,
displacement shows a parabolic opening up type characteristic due to given applied
bias. Figure 5.52 shows the enhancement of displacement due to HfO; insulation

layer of various thicknesses with respect to SizNs insulation. A constant enhancement

is observed all along the considered range of bias voltage. Average E, . for 500

HfO,
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nm, 300 nm, 200 nm, 100 nm and 50 nm is 20.79%, 24.95%, 27.13%, 29.49 % and
30.56% respectively is depicted in Fig. 5.52. In Table 5.2, a comparative analysis is
done among various CMUT structure. Undoubtedly involvement of high-K material
enhances the displacement and appreciable enhancement is observed for reduced
insulation thickness. Maximum percentage of full swing actuation layer vibration is

achieved by involving HfO».
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Bias (V) Bias (V)

Fig. 5.51 Comparative analysis of .
displacement for change inbias between Fig. 5.52 EH[OZ for varying bias

Si3N4 1solation and HfO; of various thickness

Table 5.2 Comparative analysis of Displacement among various CMUT structure

Electrod Tvoe of Material | Thickness of Displacement %usage of
CMUT Type | e Radius 1?;? ers Permittiv | each Layer p(nm) gap
(nm) y ity (nm) thickness
SiC based HfO, 25 500
CMUT with
HfO, 55 ) 405 90
insulation air 1 450
Layer
SiC based Si3Ny 7.5 500
cmurpy) | air I 450 333 s
Si3Ng 7.5 400
Si3N4 based .
CMUT [14] 22 air 1 150 93 62
Si3N4 7.5 250
Diamond Diamond 5.7 1 000
Based CMUT 22 Si0, 3.9 230 125 8
[13] air 1 1570
SU8 3.2 670
P(é%; ][Bflg]ed 50 air 1 300 ) 27
SUS8 4.5 2400
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5.6 Summary

An improved displacement modeling is derived in this chapter. Deflection of
actuation layer is modeled by plate and actuation layer modeling. Mason’s analysis
is considered for analyzing the actuation layer modeling. Impressive result for peak
displacement is achieved from membrane model, which allows to consider actuation
layer as actuation layer for both insulated and non-insulated structure. Overall
influence of fringing effect is carried out for various types of CMUT structure.
Insulation layer has deeper insight upon displacement compared to non-insulated
element. Performance of SiC as excellent actuation layer is studied for non-insulated
element where impressive enhancement in displacement is observed compared to
S13N4 actuation layer. Fringing effect is more profound for SiC based non-insulated
device than Si3N4 counterpart. Inclusion of HfO> as insulation layer improves the

device displacement than Si3N4 insulation.
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0

Collapse Voltage and Coupling Factor

6.1 Introduction

Vast application of ultrasound includes all kind of sensing and actuating
application. Imparted ultrasound needs to be detected from the source through
coupling medium. Various types of coupling medium exist, such as solid for
measuring wafer temperature, liquid for NDE and medical proposes and gaseous for
air coupled application [1-4]. Piezo electric transducer suffers from impedance
mismatch for fluid coupled applications. MUTs are extensively engaged as air
transducer with largest dynamic range and equally for acoustic application [5-9].

To employ the device at optimal operating point, collapse voltage of a
capacitive element is an important parameter. Performance of the MUT is
determined by the operating bias applied to it. Considering various behaviour of the
membrane under static conditions different operating modes exist such as collapsed
mode and conventional mode [10]-[12]. Compared to conventional mode,
electromechanical coupling factor is quite larger in collapsed mode. In collapsed
mode, actuation layer collapses onto the substrate and is capable of generating and
detecting of ultrasound in more efficient manner than conventional one.
Inconsideration with all these aspects, accurate knowledge of evaluation of collapse
voltage is essential. In this chapter an analytical modeling is carried out by involving
electromechanical model.

Figure 6.1 shows the schematic diagram of CMUT at collapsed
condition. Application of bias along with signal causes vibration in the actuation
layer. An equivalent amount of current is given to an external load when the
actuation layer is subjected to an acoustic field in biased condition. The device
converts electrical energy into mechanical form during transmission and functions in

the opposite manner during reception. The amount of transmitted mechanical energy
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to the stored energy in the device is thus defined by electromechanical conversion or
coupling coefficient [13]. Based on this coupling factor, characterisation of
transducer is done. Keeping this in mind evaluation of collapse voltage and coupling
factor has chosen to be an important parameter for CMUT design.

Pressure

11111

B ta
1,‘5 \ — = Top Electrode

! Bottom Electrode
T

Fig. 6.1 Schematic diagram of CMUT at collapse condition

6.2 Significance of collapse voltage

During transmission mode actuation layer of CMUT element vibrates under the
influence of electrostatic force as a signal is applied. Moreover, due to force the
actuation layer vibrates twice the frequency of applied signal. A larger bias than
signal is thus needed to make the device vibrate at the first harmonic. Applied bias
generates electrostatic force which pulls the actuation layer towards the substrate and
gets balanced by mechanical restoring force of the actuation layer. Above a certain
bias imbalance takes place between these restoring and electrostatic force, thus
compels the actuation layer to fall down upon the substrate. Bias at which this
phenomenon occurs is considered as collapse voltage. It is desired to maintain bias
voltage less than this collapse voltage for proper functioning of CMUT. Collapse
voltage is an important parameter of this device as maximum efficiency is attained

by operating the transducer close to this collapse voltage.

6.3 Electro-mechanical model of a CMUT element

In this section an electromechanical model is proposed for modeling of
collapse voltage. Purpose of simplified analysis is done by adopting several
approximations like parallel capacitive plates are straight, absence of fringing effect,

and restoring force of actuation layer expressed as a linear function of displacement.
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Moreover, CMUT is operating in vacuum and all conductors and contacts to be
perfect. Any loading of the actuation layer is neglected. Modeling of collapse voltage
is calculated by first order electromechanical model shown in Fig. 6.2. This model
neglects the curvature of actuation layer thus bending electric field lines at the edge
of actuation layers are also ignored. This electromechanical model consists of a
spring, mass and a parallel plate capacitor. Spring constant is calculated by the
actuation layer bending stiffness and electrostatic force that acts upon it.

Spring

Mass

b

1~ Capacitor

/74

Fig. 6.2 First order lumped electro-mechanical model of CMUT

In this model spring represents the restoring force of actuation layer
results from the resistance its residual stress, mass accounts for the mass of the

actuation layer and capacitor represents device generated the electrostatic force.
6.3.1 Analytical modeling of collapse voltage

The resultant of capacitor and the spring forces actuates mass, thus the

expression will be

F

CAPACITOR

+ FSPRING = FMASS (6-1)

Thus individual derivation for capacitor forces and spring forces are required to
interpret the effect on the mass force. For insulated cell direct capacitance is a series

combination of C,and C,, hence equivalent capacitance C_, is expressed as (3.10).

Considering large displacement X, in the direction as shown in Fig. 6.2. C;q can be

expressed for electromechanical model by,
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1 _ 1 N 1
Ce E4A A
(tg B Xa) b
g&,A

Co = & (tg — Xa)+ggti (©.2)

Here ¢, is the permittivity of gap, & is the permittivity of insulator, A is area of
the capacitor plate, t; is thickness of insulator, t; is separation of capacitor plate at

rest.
Force exerted by the capacitor

It can be calculated by differentiating the potential energy of the capacitor with
respect to position of the mass.
du

F -
CAPACITOR
dX,

(6.3)

where uis the potential energy of the capacitor and unbiased CMUT is can be
thought as a simple capacitor, where the stored energy is

1 2

u =§Céqv(t) (6.4)

Here v(t) is the total voltage across the capacitor.

Substituting (6.4) in (6.3),

d 1. 2 1 2 d s& A
F =——| ZCv(t) |=—Zv(t i ,
CAPACITOR an (2 qu( ) j 2V( ) {dxa {gi (tg - Xa)+8gti ]} (6 5)

g2e,Av(t)’
2[5i (tg - Xa)+ggti]

Force due to spring:

(6.6)

FCAPACITOR = 2

Restoring force of spring enhances with the increase of displacement due to
directly proportional relationship between them. Spring constant can there by
expressed in terms of bending stiffness and device generated electrostatic force for

variation in capacitance. So,
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Fooring = —K, X, (6.7)
where K, is the spring constant and is expressed in terms of Young’s modulus of
actuation layerY, , actuation layer thicknesst,, actuation layer radius A= 7zr? = zr}
and Poisson ratio of actuation layer material o,

16Y,t,°
K =——"aa 6.8
o) ¢
Force due to the mass
Mass is represented as F =ma; where a is acceleration of the body and m is the

mass of the actuation layer, thus the equation in terms of displacement will be,

d*X,

MASS — m?

(6.9)

where m = 1.84zr’p,t. and p, is material density of actuation layer. Substituting

(6.6), (6.7) and (6.9) in (6.1), the expression becomes,

d?X, gizggAv(t)z
Mm—->== 2
dt Z[Ei (tg—Xa)+ggti]

Static bias analysis

(6.10)

Considering device under static bias condition, time dependent signal is

neglected. Assuming v(t) =V,  and neglecting mass of actuation layer due to its

negligible thickness (6.10) is expressed as,

KX, = G EA Ve : (6.11)
2[ & (t, =X, )+t |
2
v 2Kaxa[gi (t, - xa)+ggti} 612

2
&g A

Simplifying the expression (6.12), (6.13) is achieved

2K_X
V, = /m &ty = X,)+45t | (6.13)

Let, 2};":‘ =Q ,then (6.13) becomes,
£

9
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1 & 3
=V,.=0QX,2 {tg +—gti]—QXa2 (6.14)
i

. .. . . . Vv
Now differentiating V,, with respect to displacement and equating as %:o,

a

therefore,

WVee QI L Gy | =
~ _Z{X (tg+gtij 3\/x_a} 0 (6.15)

a a i

a

:Xi(tg +‘9—@’tij—3,/xa 0 (6.16)
&

Multiplying both side of (6.16) with 4/Xa , following equations are attained

&
[tg +?‘_’tij—34lxa =0

&
X, :%[tg +ftij (6.17)

Putting this value of X, into equation (6.14) and solving for V, , expression of

collapse voltage V is achieved,

collapse

e 3
8K, [tg +gti]
&

Vv = ' 6.18
collapse 2789 A ( )

6.3.2 Effect of various structural parameters upon collapse voltage

In Fig 6.3 variation of actuation layer’s spring constant and collapse
voltage are plotted with change in actuation layer radius. Increase in radius reduces
the spring constant which also affects the collapse voltage as it holds a linear
relationship with spring constant. Moreover decrement in actuation layer thickness

decreases the collapse voltage value as shown in Fig. 6.4.
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Figure 6.5 depicts a nonlinear increment of spring constant with actuation layer
thickness. Increment in thickness increases stiffness thus reduces displacement. This
reduction in displacement makes the actuation layer to collapse at higher voltage.
Figure 6.6 signifies this phenomenon in distinct manner and exhibits parabolic

increment of collapse voltage with actuation layer thickness.
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Fig. 6.6 Variation of collapse voltage for changing actuation layer
thickness due to different values of actuation layer radius

It is observed from Fig. 6.7 that with the increase in insulator thickness,

collapse voltage also increases linearly. As electrostatic force and displacement of

the actuation layer both decreases hence collapse point will be reached at a higher

bias. While dependency of collapse voltage is examined with gap thickness, similar

effect is seen as it is for insulation thickness as shown in Fig. 6.8.
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6.4 Analytical modeling of collapse voltage with fringing field effect

Considering fringing effect, the total capacitance of gap is C, and that of

insulation layer is C; expressed in (3.11). Considering X, as large displacement for

electromechanical model, (3.6) be rewritten as,

xr? 167r,
Cgf =&, {—tg_XaJ-l—re In (t X J—l (6.19)

g a
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Now the equivalent capacitance due to fringing, The series capacitance of the

insulation and the air gap capacitances is denoted by C;qf . Therefore modified (3.12)

for electromechanical model is written as,

(Cy )xr| In| -1+ Lomr, |, 7% |,
. X, | t,-x, |
C —

- (6.20)
eqf 167r, .
Ci+r,|In| -1+ 1+ g,
t, =X, | t,—X,
C, xC,
e Rl I Rk (6.21)
CAPACITOR 2 dX a C:gf + le
rsar+tIn 11, =17t +1In 1T, -1 (t —Xa) .6
t t,-X, )\’ .
= (6.22)
t {m’e + In[tlfijz)%—lj(tg - Xa)}gg +{7er +In [16;zre _1}}(,[9 “X,)e
Y a i
Force exerted by the capacitor
C, xC (c,) dc
X . .
ps, S ( g 1 J: L9 hence,
dX, { Cy +Ci (Cgf +Cif) dX,
2 2
(Co) vty  ar?e, [ 16(t,-X,) .
+ (6.23)

feapacitor Z(Cgf n Cif )2 (tg _ Xa)z 167r|’e _tg + Xa

Here, force due to spring and mass is same as derived in (6.7) and (6.9). Substituting
(6.7), (6.9) and (6.23) , (6.1) is rewritten as (6.24)

d’x,  (C) v arte, [ 16(t,-X,)
dt? z(cgf +C, )2 (tg _ Xa)z 167r, —t, + X,

+1J—K3Xa (6.24)

Static bias analysis
Considering the device under static bias, the time dependence in voltage will be

neglected and assuming v(t) =V,. and neglecting mass portion of the thin actuation

layer, (6.24) is represented as

146 |Page



CHAPTER 6 |Collapse Voltage and Coupling Factor

a’"a

(Cy)'ve 2 rle, 2 { 16(t, - X.) +1J (6.25)
2(Cgf +Cy ) (tg - Xa) L6, _tg X

Solving (6.25) for V,., (6.26) is attained

C, +C t, — X,)-16xr,
Ve = [RaXa(q _x, )22 'f\/(g o) 167, (6.26)

mrle, Ci 1671, +15(t, — X,)
C (t, — X,)—167xr
=Q. X, (t, - X, )| 1+ g~ - 6.27
Q a(g a)( (o ]\/167zre+15(tg—xa) (6.27)
2K . . : . :
Here, Q= > . Now differentiating V,, with respect to displacement, (6.28) is
nrie
e “g
attained
C C
21—t - X,)-2A7 | 1+ L | X
A[ o |t XD 2R 1t X,
dV,, Q

(6.28).

2
i 271, X, &,

C
dX, 2A\X,| 256z, (1+Cng(tg - X)X,
(1671, +15(t, — X,))? Cy (t, — X,)?

dc

Now implying %:0,

256, [1+E?f](tg =X, )X,

C C
21+ |(t - X, ) -2 1+ =2 |X, - ! S T
e S ey e

(1671, +15(t, X, ) Ci (t;=X.) i

Here A&:{ti+[ggrez(ti+16)ﬂ, Xa=1['0207Xtij
C 3

= A (t,-X,)-2A°X, -

i (A+1)
The expression (6.29) results multiple solutions of root, hence considering the

optimized solution of X,, (6.27) isexpressed as,

C.+C
Vf = L (tg _ Xa) if of (630)
e "\ 25671g, X, C,

147 |Page




CHAPTER 6 |Collapse Voltage and Coupling Factor

6.4.1 Analysis of fringing effect upon collapse voltage

Figure 6.9 plots the effect of fringing upon variation of collapse voltage with
actuation layer radius. Fringing effect is profound for lower actuation layer radius
and higher thickness. Above 25um radius collapse voltage becomes almost constant.
Enhancement of device capacitance enhances due to fringing effect. Enhanced
capacitance increases generated electrostatic force which causes simultaneous
improvement in displacement. This improved displacement led the actuation layer
collapse at comparatively lower voltage than excluding fringing effect. Fig. 6.10
depicts fringing effect has insightful effect upon collapse voltage with a
combinational effect of increase in insulation thickness and decrease in actuation
layer radius. Incremented capacitance leads to reduction in collapse voltage by
11.03%.
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. —=— with fringing(a) 18001 ',o
D000 ) —e— without fringing(a) 1600
\?—;40007 \\ —+— with fringing(b) %, 14001 —=— with fringing(a)
=2 \ —— without fringing(b) 2 1200 —— without fringing(a)
£ 3000+ \ —— with fringing(c) = 000l . L . o
S without fringing(c) s —— with fringing(b)—— without fringing(b)
a3 2000 with fringing(d) @ 80071 —e— with fringing(c) —— without fringing(c)
S 1000/ . I 60
S S 400+ S — -y ——3 —— YT — X
O ] O 0] ¥ ©
; ; ; ; ol % — * M—
0 10 20 30 40 50 60
Actuation Layer Radius (um) 300 400 500 600 700 800 900

Insulator thickness(nm)
Fig. 6.9 Variation of collapse voltage for Fig. 6.10 Variation of collapse voltage for

changing actuation layer radius for changing insulation thickness for a)r,=12.5
a)t,=0.5pum, b) t,=1um, c) t,=1.5pum, d)

t,=2 um

umb) r, =27.5pm, ¢) r, =55 um

Figures 6.11 and 6.12 show the variation of collapse voltage with actuation
layer and gap thickness respectively. Increase in actuation layer thickness enhances
stiffness thus decreases displacement. Due to fringing effect displacement enhances
in the device which causes lower collapse voltage compared to device without
fringing effect. Fringing capacitance increases with gap thickness, this enhanced
device capacitance is quite responsible to make the actuation layer collapsed at
11.02% lower voltage than the value calculated excluding fringing effect. The
fringing has no effects on the maximum displacement the actuation layer can attain
before collapse but the collapse takes place at a lower bias as fringing effects

increases the electrostatic force of the actuation layer.
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Fig. 6.11 Variation of collapse voltage for
changing actuation layer thickness for a)

r,=12.5pumb) r, =27.5 ym, ¢) r, =55 pm

6.5 Coupling Coefficient

The dimensionless factor, also known as the coupling coefficient, is a measure
of the transducer's ability to convert one type of energy into another and is an
important characterisation parameter. Coupling coefficients are affected by the stress
distribution, electric field, and shape of the piezo element, in addition to the kind of
material. The ratio of converted to total energy in one vibration cycle of the
transducer is the square of this value. We next proceed to find the device's lumped
electromechanical equivalent circuit, as shown in Fig. 6.13, with the device's
electrical impedance in parallel with the electrical analogue of the actuation layer's

mechanical impedance. In the equivalent circuit Z_, can be represented by a series
combination of an inductor L, corresponding to the mass of the actuation layer and

a capacitor C,, corresponding to the mechanical compliance.

Fig. 6.13 CMUT equivalent model in the transmitting mode
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C,, is in parallel with the series combination of L, andC,, . Here

p A
L., =1.446x| ——— (6.31)
em ¢12
and
Con = ¢ {gfgﬂ (6.32)

Both in (6.31) and (6.32) ¢ is the transformation factor of the cell and P is the
residual stress. In the circuit series capacitance of the device and electrical

equivalence of the actuation layer is represented by

S

Cy ={(Can ¥Ceg )/ Cun +Co (6.33)
when the actuation layer is in free vibration, the inductor generates a sinusoidal

current with a peak value of 1__ in resonance with the input signal, producing the

max
greatest Kinetic energy as,

Bt = (KE) o = > L (6.34)

em " max

The kinetic energy is zero at maximum displacement, and the maximum energy is

stored in the device capacitance in electrical form as,

EE=( CTS )EL |2 (6.35)

C 2 em = max

eq

The dynamic coupling factor can be easily calculated using

k. = EE/Ey =4/C,/C,, (6.36)

Expression of coupling coefficient excluding fringing field effect becomes,

£,AV
Y\ &, AV +26.28x (Pt,d3,)

rra - eff

(6.37)

i

&
where d, :[tg +—gtiJ.

150 |Page



CHAPTER 6 |Collapse Voltage and Coupling Factor

6.5.1 Variation of coupling factor under influence of structural parameters

Figures 6.14 and 6.15 show the variation of coupling factor with respect to
effective gap and insulation thickness respectively. Increase in gap and insulation
thickness decreases the electrostatic force which reduces the displacement. Reduced
displacement causes reduction in energy conversion and as a consequence coupling

factor decreases.
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Fig. 6.14 Coupling factor with change Fig. 6.15 Coupling factor with change in
in effective gap distance due to air gap effective gap distance due to insulator

thickness

Application of bias results in columbic force between metalized actuation layer and
Si substrate, subsequent to which actuation layer gets attracted towards the bottom
electrode. Increase in this bias enhances the attraction force between them and
simultaneously linear increment of displacement occurs. Enhanced displacement
converts energy in proportionate manner and as a result increase in coupling factor
takes place with respect to change in applied bias as depicted in Fig. 6.16. Variation

in coupling factor with respect to residual stress is plotted in Fig. 6.17.
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Fig. 6.16 Coupling factor with applied bias  Fig. 6.17 Coupling factor with residual
stress
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Coupling factor holds inversely proportional relationship with residual stress of
actuation layer. Increase in residual stress enhances stiffness thus displacement of
actuation layer decreases resulting decrement of coupling factor. Figures 6.18 and
6.19 depict the variation of coupling factor with respect to change in actuation layer
radius and its thickness respectively. Displacement increases with actuation layer
radius and decreases with actuation layer thickness. As a result coupling factor
increases when plotted with actuation layer radius and decreases against actuation

layer thickness.
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Fig. 6.18 Coupling Factor with actuation Fig. 6.19 Coupling Factor with actuation
layer radius layer thickness

Figure 6.20 shows the combinational effect of actuation layer radius and gap
separation upon collapse voltage. Combinational effect of bias voltage and actuation
layer radius is exhibited in Fig 6.21. Increase in actuation layer radius and reduced
gap thickness can improve coupling factor as shown in Fig. 6.20 whereas increase of
bias can also improve the factor. For both these cases increase in actuation layer
radius and bias leads the coupling factor towards unity. Figs. 6.22 depicts the dual
effect of actuation layer and insulation thickness upon coupling factor and Fig. 6.23
shows the same of residual stress and actuation layer radius upon coupling factor.
Decrease in actuation layer, insulation thickness can improve the coupling factor
whereas device having high actuation laye radius and actuation layer of low residual

stress material have high coupling factor. Considering all these characteristics
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moderate values of structural parameters should be taken so that device should not

collapse at low voltage and have high coupling factor.
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6.6 Influence of HfO2 upon collapse voltage and coupling factor
Insulating material having high dielectric constant has proved to be an
excellent choice to enhance device displacement. In this context effect of HfO, is
investigated upon collapse voltage and coupling factor. Various insulation thickness
is considered during usage of HfO, and enhancement is calculated with respect to
500 nm SisNs. Increase in the radius of the actuation layer the collapse voltage
decreases as there is a decrement in a thickness of the insulation thickness and
actuation layer respectively in Figs. 6.24 and 6.25. As per the graphs shown here the
involvement of high-K insulation reduces the collapse voltage along with the

insulation and actuation layer thickness. As the radius of the actuation layer grows,

153 |Page



CHAPTER 6 |Collapse Voltage and Coupling Factor

the displacement of the actuation layer grows as well. On low voltage, this means the
actuation layer will collapse very quickly. For a 55 pm radius and a 2 pm actuation
layer thickness, the collapse voltage was found to be 75.8 V in this case. Whereas
due to a decrease in actuation layer thickness the collapse voltage value decreases.
Analyzing Fig. 6.24 for insulation thickness 500 nm involving SisNs the collapse
voltage is 78.07 V at 55um actuation layer radius and keeping all these parameters
unchanged only using HfO> the collapse voltage reduces and becomes 67.7 V, but for
50nm insulation thickness the collapse voltage again reduces at 63.8V. As shown in
Fig.6.25 at 1.5 um actuation layer thickness the collapse voltage is 49.2 V, at lastly
for 0.5 um the collapse voltage is 9.5 V for SisNs, but keeping actuation layer
thickness same as earlier, only for HfO2 is 43.9 V and 4.3 V when all other

parameters are kept unchanged.
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The actuation layer displacement decreases as the gap distance increases under
constant bias, reducing the relaxing effect of the actuation layer. When shown in Fig.
6.26, as the vacuum gap thickness increases, the collapse voltage increases as well,
but as the insulation thickness decreases due to the presence of high—-K material, the
collapse voltage decreases. The characteristic graph also shows that the collapsed
voltage grows linearly with the increase in vacuum gap thickness. As the electrostatic
force of the actuation layer decreases, as predicted by analytical results, and as the
same phenomenon occurs in the case of actuation layer displacement, the collapse
point will be reached at a higher bias voltage, implying that the actuation layer will

not collapse at lower voltages. At 450 nm gap separation, the collapse voltage for
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SisN4 with insulation thickness of 500 nm is 78.07 V, while the collapse voltage for
HfO, is 67.2 V. If HfO, is employed as an insulator, the collapse voltage is reduced
to 63.3 V by reducing the insulation thickness. The actuation layer displacement
decreases as the insulator thickness increases at constant bias, reducing the relaxing
effect of the actuation layer. The increase in collapse voltage is caused by increasing
insulator thickness, as seen in Fig. 6.27. The collapse voltage increases linearly with
the increase in insulator thickness, according to this particular study. According to
analytical results, the electrostatic force and displacement of the actuation layer
decrease with insulator thickness, therefore the collapse point will be achieved at a
higher bias voltage, indicating that the actuation layer will not collapse at lower
voltages.
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Fig. 6.26 Comparative analysis of collapse Fig. 6.27 Comparative analysis of collapse
voltage for change in gap thickness voltage with insulation thickness

Fig. 6.28 shows the comparative analysis of coupling factor due to increasing
bias. Introducing HfO. as insulation layer enhances displacement in comparison
with SizN4 isolation resulting improvement in coupling factor. It is quite evident that
decreasing the actuation layer thickness also causes increment of coupling factor. As
involvement of HfO2 enhances displacement of the device hence its quite obvious the

enhancement of coupling factor will also take place. Enhancement due to HfO;

. . : k —Kysi .
insulating layer is calculated as, E, ={ W(HfT(Z) 58 %100, where k., iS the
W(SisN,)

coupling factor for insulated structure having 500 nm SisN4 layer and k., is the

155 | Page



CHAPTER 6 |Collapse Voltage and Coupling Factor

coupling factor for insulated structure having HfO insulation layer of various

thickness within a range of 500 nm to 50 nm.
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Fig. 6.28 Comparative analysis of coupling factor for
change in bias between HfO»/ SisN4 isolation for various
HfO; thickness

Figure 6.29 depicts the variation of coupling factor with variation in residual stress.
Involvement of HfO isolation has noticeable impact upon coupling factor compared
with SisN4 isolation. Enhanced displacement in HfO: isolation yields larger coupling
factor than SisN4 isolation. With residual stress increment, coupling factor shows
non-linear decrement pattern. Increase in residual stress creates adverse effect upon
displacement which results reduction in coupling factor. Figure 6.30 shows average

E, of 4.65%, 6.78%, 7.69%, 8.55% and 8.97% for considering dimension of 500 nm,

300 nm, 200 nm, 100 nm and 50 nm insulation thickness HfO.
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Fig. 6.29 Comparative analysis of coupling

factor  for change in residual stress Fig. 6.30 E,_ with respect to residual stress

between SisN. isolation and HfO, of various

thickness
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Figure 6.31 illustrates a comparison of coupling factor for changes in gap

thickness for the same input pulse between HfO, and SisN4 isolation for various

HfO, thicknesses for the same input pulse. Though coupling factor reduces for

increasing gap thickness but usage of HfO, enhances the factor compared to SizNa4

isolation. Figure 6.32 shows E, with respect to gap thickness where average E, of

3.75%, 4.73%, 6.69%, 7.55% and 8.07% for considering dimension of 500 nm, 300

nm, 200 nm, 100 nm and 50 nm insulation thickness HfO..
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6.7 Summary

Modeling of collapse voltage and coupling factor is carried over for an insulated
CMUT structure with SiC is investigated here. Factors that influence displacement
are also responsible for determining the collapse voltage and coupling factor.
Collapse voltage decreases due to enhanced displacement. Introduction of fringing
effect enhances the capacitance thus collapse voltage decreases but coupling factor
increases. The inclusion of an insulation layer increased the coupling factor,
improved device sensitivity, and made the CMUT ready to function safely in both
high voltage and high temperature environments. The insulation layer aids in the
CMUT's ability to produce high-resolution images at a minimal cost. Such
discoveries could help to develop medical imaging on a broad scale.
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CHAPTER

7

Frequency Response and

Mechanical Impedance

7.1 Introduction

CMUT transmits ultrasonic sound wave in the surrounding medium. In
comparison with piezoelectric transducer bandwidth of transmitted wave is quite
larger for MEMS capacitive transducer. Practical potential of ultrasound can be
harnessed by efficient launching upon the subject of incidence. MUT capacitive
transducers also detect ultrasound waves for sensing or actuating applications.
During transmission and detection ultrasound needs to be done through coupling
medium [1-2]. Coupling medium can be of solid, liquid and gaseous form.
Piezoelectric transducers suffers from impedance mismatch while involved for
executing and detecting ultrasound in liquid medium but fit well during ultrasonic
investigation in solid. This limitation of impedance mismatch with the fluid of
interest can easily be overcomed by the engagement of CMUT [3-5]. Usage of
piezoelectric transducer is not suitable also for generating ultrasound in air medium

due to its quite smaller acoustic impedance (400 Kg/m?’s) compared to that of

piezoelectric materials which execute ultrasonic vibration of 30x10°Kg/m?s [6]. In
this context capacitive MUT is accepted unanimously for its lower mechanical
impedance and better coupling with medium of interest and wider bandwidth.
Geometrical shape of single capacitive transducer acts as prime deciding factor of
device performance and compatibility among other cells [7-8]. Various membrane
shapes like hexagonal, square and circular are investigated in many research works
[9-13]. Vibration of device membrane occurs due to electrostatic attraction force
between two electrodes. Variation of the separation between two electrodes can be

expressed as a function of time. Under static bias condition metalized SiC actuation
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layer gets attracted towards Si substrate due to coulomb attraction force.
Application of signal along with this bias results vibration in respect to applied
frequency thus generates ultrasonic waves. In this chapter mechanical impedance and
frequency response [14-17] is modeled and analysed to evaluate primary and

secondary resonances for circular membrane based insulated element.

7.2 Analytical modeling of dynamic displacement using Mason’s

circular membrane Model

This analytical modeling of dynamic response of the device is derived by
Mason’s equations. Mechanical behavior of actuation layer of CMUT can be
executed by consideration of Mason’s analysis [18]. Expression of motion of
actuation layer will be,

(Y, +7,)t)

12(1-0,%)

o*w

Vw —=TV?w —P +t p ——
a aIOa 8t2

=0 (7.1)

Dynamic response of actuation layer can be expressed as (7.2) by considering

) d’w 1dw 3 .
Viw = +———1 and ¢, > 0, due to thin stretched membrane under a constant

dr’ r dr
pressure over the surface hence equation (7.1) can be rewritten as
dw 1dw o’'w
T +-—— |t +P =0 7.2
a[ ar* r dr j «Fs or’ (72)

When an alternating voltage of variation e’” is superimposed on the static bias,
ultrasonic energy will be coupled to the surrounding medium being proportional to

the amplitude of the vibration of the membrane created, then (7.2) will be

d*w., 1 dw., ot P,
( R (;’g”“’} @ 7{) W+ =0 (7.3)
r rodr ; ;

Here w,,,, is the displacement of actuation layer due to application of signal, @ is

radial frequency, P, is the pressure due to application of signal along with bias.

N

'

;1s derived from F, acting on device area 4, F, where force

f signai J signa

Expression of P,

igna

generated in insulated cell considering fringing effect.
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2 2
_ " Jeignal _ VacV:lcCl'f & aanr + Egl’e Xl6ﬂ.r€ (74)

R‘i nal —
sl A [ C, 2 fgz 167, fgz
AC,?| =T +1 -1
C | t, i
2

o
o pt, ) . .
Let —*%“=k" and p,t, = p,is the surface density of the actuation layer, hence

a

1/2 1/2

T ) . .

k:a)(%) :Q, u:(—“J is the velocity of propagation of wave on the
v Ps

suspended actuation layer and the tension of the actuation layer can be expressed

asT =Pt

r'a?

so (7.4) becomes,

2
d Wsignal 1 dwsignal 2 Pvignal _
2 +— k Wsignal + =0 (7.5)
dr rodr T

a

Multiplying the whole equation by 7* and excluding the term(?] *, the equation is

a

expressed by Bessel’s differential equation as,

2 dzwsignal dwsignal k 2 _
r o +r 5 +{( r) —O} Woimal =0 (7.6)

Solution of the above equation is expressed by,
Wsignal = AJO (k]") + BKO (kr)

where J,is the Bessel function of zeroth order of the first kind , K, is the Bessel

function of second kind. Taking Wjignar as common from (7.5), then (7.7) is

obtained,
d2 +li+k2 w. — })signal
dr*  rdr wed T (7.7)
P, 1 d° 1 d
signal 1.2
w, == -kt ——— ...
signal { ]-; { k2 dl"2 rk2 dl" (78)
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As differentiation of constant term becomes zero, so above equation becomes,

signal

w.. =—
signal 2 -
Tk

The solution of (7.5) can be obtained by substituting the value of 7 k* and combining
both the cases that is

Ijsi nal
Wsignal = AJO (kr) + BKO (k]") - W (79)
Here P, is considered as a constant and only w,,,, is a function of time. At =0

, K, =cc giving B=0. Deflection of actuation layer is maximum at the center and

becomes zero at the edge of the layer. The deflection tends to zero as the actuation

layer is considered to be rigidly fixed at the edges so w,,,., =0 whenr =r,, solving

signal —

the constant 4, the expression becomes,

A _ signal

- { (@ p.t,) (Z)r j} (7.10)

Displacement of actuation layer is given by,

J (a)rj
P. 0
WS'ignal (7") = ;lgmd o _1 (7' 1 1)
@ pata J (a)r j
0
19

a

7.3 Analysis of Resonance Frequency Response Profile

The frequency response characteristic of the device is modeled and analyzed to
evaluate the primary and the secondary resonance. Displacement at radial position
from the center is given by (7.11) . Displacement of actuation layer at the center can

be written as,

p J, (a) rj
M}Slgnal (7") = ;ig”“; :0) -1 (7 12)
w pa a JO (raj
1y

The standard expression for the Bessel function is,
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x2 x4 .x6
W=t e e T
X x3 x5
A P S S
= 2 e

Using the above formula and putting the value J(ka,) the following three cases can

be considered.

CASE 1: Considering the first two terms of the Bessel function of the first kind
(7.12) becomes,

Ri nal 1
4

-1 (7.13)

For resonance, differentiating (7.13) with respect to the @ and equating to zero

(7.14) is obtained

1_kzra2 2k’r, dk
dwsignal(o) _ Psignal 4 4 da)

da) ) a)zpata 1 kzl"z ’
4
r ) - ) (7.14)
kzraz —2kra2 dk 2
Psignal 4 4 d [0 4 - 2Psignal
e 2 + 2.2 3
w pata k2r2 k I’a 0] pata
1_ a l—f
4
Simplifying (7.14) for resonance, (7.15) is attained.
(4K )(2’%2 jk) (&} )(—2krf jkj )
- == (k) (7.15)

4—kzra2 w

As, k=o % = wx the equation becomes,

I
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4—a’x’r]

(4 a)zxzrz)(Za)xrzx) i( X 2)(—20”62’%)‘)}[E(wzxzrj)} (7.16)
w

Resulting in @’x’7,> =0, hence this analysis shows no roots are possible resulting in

no resonance frequencies.

CASE 2: Considering the first three terms of the Bessel function of the first kind the

7.12 becomes

kKr? k'’
P 1_( T4t w j

W O — signal 717

© o’ pt, Kr? k't (7.17)

I——%+
4 64
Differentiating with respect to @
1_aozxzra2 +a)4x4ra4 20x°r 4(03 rt

aw(0)  Bu 4 64 4 64

do  @’pyt, l_a)zxzra2 o'x'rt Y

| 4 64 ]
(a)zxzra2 3 o'x'r? j(—2a)x2ra2 4’ x'r 4}
: 4 64 4 64

——— . (7.18)

ey | o’ x’r}  o'x'r}

i 4 64 |
o’x’r}  o'x'r}
+ 4 a 64 (ﬁj(%ignal j
2.2 .2 4.4 4 3
l_a)xra +a)xr o P,
4 64

: 2.2 2
At resonance assuming w xr, =p

roots as ,

:2\/5

, the equation —
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This analysis shows two roots are possible, resulting in two resonance frequencies.
They are @,, the primary resonance frequency and @,,, the secondary resonance
frequency. The former is termed in literature as the primary resonance frequency and
the later as the secondary resonance which arises for the higher bending modes of the

membrane.

CASE 3: Considering the first four terms of the Bessel function of the first kind the

equation 7.12 becomes,

k2r 2 k4r 4 k(ar 6
a a_ 4 a
_ Foina ( 4 64 2304}

(0 7.21

© o’pt, - K’r} . K'rt k°r (7.21)
4 64 2304
Differentiating and for resonance
E k2ra2 ~ k4l”a4 . k()raé ~ k4l"a4 . k()ra() ~ kglf’ag N k()ra()
o| 4 64 2304 16 64x4 2304x8 64x4
8 8 10_,10 8 8 10_,10 12_12

+£ _ k', N kr, k', N k'r,  kTr, (7.22)

®| 64x64 64x2304 2304x4 2304x64 (2304)2

_ 2k dke4kr} dk | 6Kk’r) di
4 do 64 do 2304 do

The equation can be written as,

n2 32 4 _
2p° 2p”  2p {_4+6_P} (7.23)
2304 2304x16 2304x576 | |16 576

Since p has 4 roots , so w have 4 possible values of resonance frequencies.

7.4 Analytical modeling of mechanical impedance

The electro-mechanical equivalent circuit of CMUT comprises of an electrical
part, a transformer, and a mechanical part. The electrical part includes the resistance
and the capacitance of the CMUT as a capacitor, and the mechanical port includes
the mechanical impedance, the loss resistance and the acoustic load impedance. The
description of the acoustic impedance of the membrane is fundamental for the correct

calculation of the model. For that reason the focus is in the following on the detailed
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derivation of the acoustic impedance of the membrane Z,,. The effective mechanical

impedance of the membrane is a ratio of the impressed pressure and the average
velocity of the surface which is found to be nearly 30% less than centre displacement
of the membrane. By consideration of Mason’s analysis, the equation of membrane
displacement of a circular membrane can be expressed as a function of the radial
position measured from the centre by the (7.17), where the primary resonance
frequency is given by (7.19)

Considering for the whole circular membrane, to evaluate the volume velocity

through the device, or to integrate the velocity given by W(r,t) over the surface,

Vot =J.( rt j 27rr dF_ZEI( rt }a’r—]Zmon ya’r (7.24)
0

The average velocity at the surface will be given by as,

]27TCU _ 2 signa h
V verage = IW )rdr - a); ;l l: !r.]() e dr - _[rdr:l (7.25)
Employing the well-known integral, IrJ{) (kr)dr= /) I(ckr) , the integral becomes,
_ 2] signal l" J (kra ) ’,.az _ J signal 2'] (kra ) - aek’]() (kra )
average - _2 TS - (7'26)
wp,t,| kJ, (kra ) 2 r.opt, kJ, (kra )

The effective mechanical impedance (Zm) of the membrane is defined as,

P,
Z — signal :I: -]a)p t k}" J (kra) ):| (727)

" 27, (kr, )~k J, (k7

average

Since l,= —J therefore,

Z — -jwpatakra‘]()(kra) (728)
" 2, (k) -k (Kry)

This equation gives the mechanical impedance of a circular membrane as a function

of frequency and its physical properties. Its unit is kgm > sec™.
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7.5 Analysis of dynamic response and mechanical impedance under

the influence of various structural parameters

Application of bias applied to the capacitor causes an electrostatic force
generation between them. This force leads the movement of top electrode towards
bottom one which is restricted by the residual stress of actuation layer. This
electrostatic force generates sufficient amount of pressure and depends upon square

of voltage. This voltage v(¢)=V, +V coswt, where V, 1is the bias and V is the

signal. As, v(t)2 =V, + 2(Vd,V )cos ot +V’.cos® wt, so first harmonic depends on

c  ac

V.V, and V. cos®wt is responsible for the second harmonic, which is quite less
compared to the bias.

Variation of displacement profile with frequency for device having 110 pm
diameter is shown in Fig. 7.1. The device shows maximum peak displacement at 1.5
MHz with analytical modeling, which is exactly same as simulated profile. Further
validation can be also done with the resemblance of resonance of the fabricated
structure [13] under AC actuation, where resonance is observed at 1.62 MHz.
Maximum displacement shown at resonance is 50 A which is validated by simulation
result and matched with displacement shown in the fabricated structure [19]. It is
observed that CMUT has multiple resonances which is quite evident from the figure.
Maximized amplitude is observed at first resonance which has sole dependency upon
membrane material and structural properties. Another resonance is observed at 2.43
MHz where amplitude of displacement gets lower compared to first resonance. At
primary resonance energy transmission takes place and image is formed at secondary

resonance. 3 dB bandwidth of CMUT having 49 A peak displacement at lower cut
off frequency f, 1.48 MHz and higher cut off frequency 1.63 MHz is depicted

from Fig. 7.2. Hence at 1.55 MHz resonant frequency 3dB bandwidth of 0.15 MHz
is again validated by experimental result [19]. Figure 7.3 shows the 3D variation of
displacement with respect to frequency and actuation layer radius. Displacement of
the actuation layer gets maximised at the centre of the device. This analytical value
of resonance frequency and 3 dB bandwidth matches with experimental results where

SiC actuation layer based CMUT was taken into consideration and various device
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parameters were evaluated. In Table 7.1 a comparative analysis is depicted between

the dynamic response attained by analytical, simulation and experimental result [19].
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Fig. 7.3 3D Frequency response of 110pm actuated membrane

Table 7.1 Percentage of difference between analytical and experimental data

Parameter | Analytical | Simulation | Experimental | % of difference with
respect to experimental

Resonance | 1.55 MHz 1.55 MHz 1.62 MHz 45 %

Frequency

3dB 0.15 MHz 0.15 MHz 0.15 MHz 0%

bandwidth

Figure 7.4 shows the comparative study of frequency profile of SizNy

insulation based element with that of HfO: insulation based element. Usage of high-

K insulation enhances peak displacement without making any change in the
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resonance frequency. Figure 7.5 shows the comparative study of frequency response
among various material used for actuation and insulation. Keeping the actuation
layer material fixed, frequency response is studied involving insulation layer as SizN4
and HfO,. Its quite evident from both the Figs. 7.4 and 7.5 that, increase in material
permittivity enhances the peak displacement whereas resonance frequency increases
with the usage of Si3N4. As resonance increases with increase in residual stress,
hence larger residual stress of Si3N4 enhances the resonance. Moreover, it is observed
that device used for medical imaging operates at MHz frequency range that requires
the device dimension to be in micrometer range. In consideration with this fact

CMUT will be the most relevant choice for medical applications.

804 = t3=SiC & tj=Si3Ny4
1 —— t;=Si3N, 1401 ) T
70 il i >13N4 e t3=SiC & tj=HfO7
I =120 Jal
< 601 m = P tu=SigNg & =SiaNg |
E 50 S 1901, t4=Si3Ny4 & t;=HfO3 ||
D 40 E 80 I\
2 g
. 304 = 60
-E w
a 20 5 40
10 204
y — ‘ ‘ ‘ ‘ 0
1.0 1.5 2.0 25 3.0

110 115 210 215 310
Frequency of Operation(MHz)

Fig. 7.4 Comparison of frequency profile Fig. 7.5 Comparison of frequency profile

for the same input pulse between HfO, Vs. for change in insulating and structural

Si3N4 isolation material for the same input pulse

Frequency of operation(MHz)

Figures 7.6 and 7.7 show the frequency profile for various actuation layer
radius and actuation layer thickness. Reduction in actuation layer radius compels the
device to resonate at lower frequency compared to increased one is evident from
Fig. 7.6. Figure 7.7 shows that increase in actuation layer thickness causes reduction
in peak displacement and vice versa but keeps the resonance frequency unchanged.
Figure 7.8 shows exactly same variation as shown in Fig. 7.7. Reduction in insulation
thickness enhances displacement of the device hence in Fig. 7.8 increased peak

displacement is noticed at resonance.
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Fig. 7.8 Comparison of frequency profile for various insulation thickness

Under uniform pressure variation of primary or the fundamental resonance
with respect to residual stress and actuation layer radius is exhibited in Figs. 7.9 and
7.10 respectively. Displacement of actuation layer is modeled using Mason’s model
which depicts the prediction of primary resonance upon residual stress and actuation
layer radius. Residual stress of actuation layer remains unchanged with variation of
bias and structural parameter hence observable amount of displacement is not

observed while displacement is plotted due to effect of signal.
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Fig. 7.9 Primary resonance with respect to Fig. 7.10 Primary resonance with respect to

residual stress actuation layer radius

Changes in residual stress and bias thus cannot be taken into consideration
while small actuation layer displacement is taken into account. Figs. 7.9 and 7.10
shows the change in primary resonance with respect to residual stress of actuating
material and actuation layer radius . Increasing residual stress enhances primary
resonance frequency whereas increase in actuation layer radius reduces the same.
Displacement of actuation layer depends on various factors as electrostatic force
generated due to the presence of ac and dc component creates an pressure which is
one of the influencing parameters. Figures 7.11 - 7.15 shows behaviour of actuation
layer displacement for varying structural parameters. Increase in actuation layer, gap
and insulation thickness reduces the displacement of the device as device capacitance
and force gets decreased. Figures 7.11 and 7.12 show the variation of dynamic
displacement with change in bias and gap thickness respectively. Increase in bias
causes enhancement in displacement as pressure generated due to application of
signal enhances is shown in Fig. 7.11. Increase in gap separating between two
electrodes reduces the pressure generated in the device while signal is applied. This
results decrement of displacement in parabolic manner due to increase in gap
separation as shown in Fig. 7.12. Increase in actuation layer and insulation thickness
also exhibits similar nature of variation of displacement which is depicted in Figs.
7.13 and 7.14 respectively. Figure 7.15 shows the displacement profile with respect
to radial position which depicts maximum displacement occurs at the centre of

actuation layer and gets diminished while approaching towards boundary.
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At the centre of actuation layer, ratio of pressure to velocity derives the
mechanical impedance. Variation of mechanical impedance can thus be calculated by

attaining the displacement with a known pressure load as shown in Fig. 7.16.

Minimum impedance is achieved at device resonance frequency. Figure 7.17
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presents matching of impedance is achieved at 55 pm radius with air impedance of

413 kg/m?s. Increase in radius results reduction in device resonance frequency.
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Fig. 7.16 Impedance profile with respect to Fig. 7.17 Comparative analysis of impedance
profile for various actuation layer radius

frequency

Figure 7.18 depicts a comparative study of impedance profile for change of

actuation layer thickness. Increase in insulation thickness increases mechanical

impedance which will certainly transform less energy to medium of interest.

Properties of structural material also have great impact upon mechanical impedance

as shown in Fig. 7.19. Figure 7.20 shows 3D plot of mechanical impedance with

frequency and actuation layer radius.
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In Fig. 7.21 a 3D plot of mechanical impedance with frequency and actuation layer
thickness is shown. As discussed increase in thickness of actuation layer increases
mechanical impedance as stiffness of the membrane enhances thus decreases the
displacement. Increment of actuation layer radius increases displacement which

results decrease in mechanical impedance. Enhanced displacement allows maximum

ultrasound wave energy transformation from device to surrounding medium .
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Fig. 7.21 3D plot of impedance profile with actuation layer thickness
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7.6 Summary

Dynamic response and impedance profile of CMUT element has been
analytically modeled considering Mason’s model for circular shaped device.
Theoretical results are validated with simulation result and established good
agreement with published experimental results. Derived analytical model exhibits the
presence of multiple resonances for capacitive element. Between primary and
secondary resonance, prime consideration will be for primary one due to its increased
peak value displacement compared to secondary counterpart. Device resonance also
resembles with published experimental result. Matched impedance with air makes
the device a suitable one for acoustic medium. Regardless, this insulated element
diminishes the search of perfect matching layer for maximum transmission of

ultrasound in the surrounding medium as required for piezoelectric material.
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CHAPTER

8

Conclusion and Future Work

8.1 Conclusion

This research work elaborates the performance of circular shaped SiC based
CMUT. Various device parameters is analytically modeled and validated by FEM
simulation. To analyse the performance of SiC CMUT, initially device capacitance ,
electrostatic force , displacement are studied for non-insulated CMUT. Need of
insulation layer also examined under the influence of various device parameters. In
consideration with all these facts, SiC based insulated element proves its potency
compared to non-insulated CMUT.

An improved model was taken into account considering fringing field
capacitance as the flux lines bends near the ages and the comparable actuation layer
width of the capacitive cell to its cavity gap raises the effect of fringing in the device
and necessitates the use of a capacitance correction factor. The effect of changing
gap and membrane thickness on the fringing fields has been determined using a study
of the total capacitance of a CMUT cell for computing the displacement profile and
electrostatic force. The Landau technique for simulating the fringing field in CMUT
is the subject of this investigation. With this novel method, Mason's modelling for
calculating actuation layer displacement is carried out. PZFlex SolidWorks data is
also used to validate the analytical result of displacement. With the fringing field
effect, there has been a lot of agreement. It is possible to get a 15% reduction in error
on average.

For proper adjustment of the structural characteristics of the device and
material properties for a given bias state, the otherwise unwanted fringing effect,
which increases the electrostatic field, is used. In comparison to SisNs, SiC
membrane reveals to be a superior material with superior mechanical and electrical
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properties. The ability to create ultrasonic waves was demonstrated by the
performance of an insulated CMUT structure with SiC as the structural material. The
use of an insulating layer improves device sensitivity and allows the CMUT to
operate safely in high voltage and high temperature environments. The insulation
layer aids in the CMUT's ability to produce high-resolution images at a minimal cost.
Such discoveries could help to develop medical imaging on a broad scale.

For insulating thicknesses ranging from 500 nm to 50 nm, a comprehensive
comparison of HfO, isolation and SisNs is carried out. It is also possible can use the
ALD deposition process to incorporate HfO, for low-temperature manufacturing
with an isolation thickness of less than 100nm. When compared to PECVD SizNa,
CMUT outperforms PECVD SisN4 in every way. This increase in CMUT parameters
will undoubtedly make it more sensitive in high-frequency applications as well as in
the acoustic medium. The coupling coefficient is nearly 0.67 in this case, and it's
higher for actuation layers that are thinner but have a bigger diameter. In terms of
actuating material, SiC is far superior to SisNs as a structural layer in bigger
displacement and high-frequency applications.

This research work also investigates the modelling of collapse voltage and
coupling factor for an insulated CMUT structure made of SiC. The collapse voltage
and coupling factor are determined by the same factors that effect displacement.
Because of the increased displacement, the value of the collapse voltage drops.
Increase in fringing field capacitance lowers the collapse voltage while the coupling
factor rises. The addition of an insulating layer improve device sensitivity and makes
the CMUT safe to use in high voltage and high temperature situations. The CMUT's
capacity to produce high-resolution images at a low cost is aided by the insulating
layer. Such breakthroughs could aid in the development of medical imaging on a
large scale.

Mason's model for circular shaped devices was used to model the dynamic
response and impedance profile of the CMUT element. Theoretical findings are
supported by simulation results, which show good agreement with reported
experimental findings. As stated by experimental results SiIC CMUT of 110 pm
diameter resonates at 1.62 MHz with 3 dB bandwidth of 0.15 MHz. This value
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differs by 4.5% when resonance frequency is taken into consideration. While 3 dB
bandwidth is concerned then both experimental and analytical values completely
match with each other. In this context simulated results also shows perfect match
with analytical result. Multiple resonances is present in the derived analytical model
for the vented capacitive element. Primary resonance has a larger peak value
displacement than secondary resonance, thus will be given priority over secondary
resonance. The resonance of the device is also consistent with previously published
experimental results. The device's matched impedance to air and water makes it
ideal for both acoustic and air mediums. Regardless, the search for a perfect
matching layer for maximal ultrasonic transmission in the surrounding medium, as
required for piezoelectric material, is reduced by this insulated element.

A comparative analysis is carried out in Table 8.1 considering various
structures of non-insulated and insulated cell. Keeping the basic dimensions of
fabricated structure same this analysis is done. For non-insulated one SizNs and SiC
actuation layer is used in separate manner and in insulated structure insulation layer
is altered by HfO; instead of SisN4 Table 8.1 clearly depicts that CMUT structure
having SiC as actuation layer and HfO: as insulation layer has the potential to
generate high frequency ultrasonic sound and fittest one to get involved in air and
acoustic application. As per the tabular representation SiC based device with HfO;
insulation generates appreciable results compared to rest three structures. In Table
8.2 a comparative analysis of percentage improvement in CMUT parameters are
depicted with respect to SisNs based non-insulated structure. As documented in
Table 8.2, percentage improvement in device capacitance, electrostatic force,
displacement and other device parameters are quite impressive for SiC based HfO;
insulated structure. Taking this into account this specific structure of the research

work establishes its novelty in all aspect.
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Table 8.1 Comparative study of CMUT parameters for various structures
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SiC based
SizNg 0.166 253 335 78 0.61 1.55 524.44 61.6
insulation
SiC based
HfO, 0.183 305 405 67 0.67 1.55 524.44 74.3
insulation

Table 8.2 Percentage improvements in parameters in comparison with SisNs based non-
insulated
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SiC based SisNg4 34.95 112 391 7.69 41.86 38.39 73.25 | 44
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SiC based HfO, 48.78 156 494 25.37 | 55.81 38.39 73.25 | 74
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8.2 Future Work
The CMUT is still in its infancy, and it will require more research in order to

improve. An improved membrane shape, as well as finiteness of actuation layer
radius should be included in the analytical modelling. During the calculation, the
piston-like assumption should be removed. Furthermore, observing the dynamic

behaviour of CMUT cells necessitates the use of time-dependent finite element
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analysis by fourth order differential form. However, a single CMUT cell finite
element analysis in this research work. As a result, analysis in arrays form should be
addressed in the future to provide a deeper insight into the auditory domain of
CMUTSs. In the future, a complete CMUTs device must be completed in order to

have a successfully working device on which experimental tests can be conducted.
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Abstract

Introduction

Micro electro mechanical system (MEMS) is a collection of microdevices
that connects mechanical and electronic components and is made in sizes ranging
from micrometres to millimetres using batch-processing technologies compatible
with integrated circuits (ICs). These systems can detect, control, and respond on a
micro-scale and perform individually or in clusters to generate macro-scale
effects. MEMS has been hailed as a game-changing technology since the mid
1970s, bringing up new possibilities in chemical, physiological, and biological
sensors and actuators. MEMS technology is based on IC fabrication techniques,
but its test approaches are significant. MUTs are of piezoelectric and capacitive
types. For many vyears, piezoelectric micromachined ultrasonic transducers
(PMUTS) have been developed and widely used in clinical imaging in recent
years. It frequently employs lead-zirconate-titanate (PZT) film for sensing or
actuating. In the scientific world, capacitive micromachined ultrasonic transducers
(CMUTSs) have evolved as a response to the inadequacies of piezoelectric
transducers. Fabrication of this device can be performed by surface
micromachining technique or involving fusion bonding process at high
temperature. Square, circular or hexagonal geometry is included for constructing
the diaphragm of a typical CMUT, which is supported on a fixed bottom
electrode. Working of this transducer is based on capacitive action where the
structure performs as a variable capacitor and the top electrode acts as a
diaphragm and is free to move or deform against the bottom electrode. As a result,
variation in capacitance takes place due to a change in distance between these two
electrodes. Hence it can be considered as a capacitor cell that consists of a thin
moveable film suspended upon a vacuum gap. The top electrode of the device
sometimes becomes metal coated and is used as one of the electrodes for the
capacitor. During transmitting mode, resonance takes place due to the application
of bias along with superimposed desired signal to the geometry. Consequently, an
electrostatic force is generated which causes the diaphragm to vibrate and create
ultrasonic vibration in the surrounding medium. During the receiving mode, the

device gets exposed to the incident ultrasound wave, and as a result, deformation
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takes place in the diaphragm towards the fixed bottom electrode due to sound
pressure. As the distance between the top and bottom electrodes change, so
variation in capacitance occurs. The change in capacitance is then transformed to
an equivalent electrical signal by a suitable microelectronic circuit. To employ the
device at the optimal operating point, collapse voltage of a capacitive element is
an important parameter. Performance of the MUT is determined by the operating
bias applied to it. Considering various behaviour of the membrane under static
bias condition, different operating modes exist such as collapsed mode and
conventional mode. In comparison with piezoelectric transducer, bandwidth of
transmitted wave is quite larger for MEMS capacitive transducer. Practical
potential of ultrasound can be harnessed by efficient launching upon the subject of
incidence. MUT capacitive transducers also detect ultrasound waves for sensing
or actuating applications. During transmission and detection ultrasound travels
through coupling medium. Coupling medium can be of solid, liquid, and gaseous
form. The tiny moveable capacitor plate and the air cavity reduce the acoustic
impedance for capacitive ultrasonic transducer and perform better in liquid or air-

coupled applications.
Objective

The use of ultrasound in acoustic and air mediums necessitates a perfect match of
impedance between the source and the surrounding environment. For collecting high-
intensity images of internal organs, a high-frequency ultrasound pulse is necessary.
In this case, CMUT outperforms PZT transducers in terms of meeting all of these
objectives. According to current miniaturization trends, device design must be done
in the micro dimension. CMUT exist in two types such as insulated and non-
insulated structure. Membrane patterning beneath the top electrode in non-insulated
CMUT, causes the electrodes to be spaced apart, resulting in a reduction in device
capacitance. To overcome this constraint, an insulated structure for generating high
frequency ultrasonic waves is proposed, as it comprises an insulation layer with a
smaller dimension than the membrane, patterned below the top electrode. In
comparison to a non-insulated device, this insulating layer lowers the effective gap

separation and increases direct device capacitance. Furthermore, this layer protects
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patients from electrical risks and ensures their safety. Increased device capacitance is
projected to result in increased membrane peak displacement. Following that, there
occurs a reduction in impedance mismatch. The device's high coupling factor makes
it ideal for transmitting ultrasonic waves in an air medium. In this case, an insulated
CMUT is an excellent choice since increased membrane displacement leads to a

higher coupling factor.

The circular shaped capacitive element has the maximum displacement among
various hexagonal, rectangular, and square geometries. As a result, the use of an
insulated circular CMUT is considered in this research. Moreover, electric field lines
bend at the edges of the circular shaped plates resulting fringing field effect in the
device. An improved model of device capacitance is used to express the excess
capacitance in the device that causes the fringing effect. The excess fringing
capacitance will undoubtedly improve device performance by increasing membrane
displacement and coupling efficiency. Subsequent to this, the device attains the

capability to convey maximum energy to the surrounding medium.

One of the most critical performances determining factors for CMUT is the
structural material employed. As device capacitance is proportional to the dielectric
constant of the insulating material, using a high-K material improves device
performance. In this research work hafnium oxide (HfO>) is engaged as an insulating
material due to its high relative dielectric constant. Insolvent silicon carbide (SiC) as
an actuation layer can enhance device performance by enhancing the penetration as it
necessitates high-valued pressure transmission. Due to the high Young’s modulus
and low residual stress, SiC is expected to be one of the fittest materials for
therapeutic application and medical imaging. Though silicon nitride (SisNa4) is used
as membrane material in many devices still SiC is a better choice for its unique
material properties. Displacement of the SiC layer is modeled by Mason’s model and
plate model where lower valued residual stress and higher valued Young’s modulus
acts as an influencing factor to enhance displacement compared to SizN4 membrane.
All the analytical results are validated by FEM simulation and consideration of

displacement model is also done based on the result achieved by FEM simulation.
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In this regard, the following objectives are carried out.
I.  To determine the equivalent capacitance and the electrostatic force of
attraction with the inclusion of fringing fields.

il.  To analyze the displacement profile by considering the plate and membrane
vibration at static bias.

iii.  To analyze the frequency response profile under dynamic vibration.
iv.  To analyze the impedance profile.

v.  To validate the analytical model outcomes with FEM simulations.

Summary of results

In chapter 1, the familiarization of MEMS, its application, and various types of
MEMS are discussed. A brief discussion is included to prove the competency of
CMUT over PZT transducer.

In chapter 2, a review of CMUT s elaborated, where fabrication technologies
adopted for MEMS device design are discussed. The existence of various
geometrical shapes of the membrane and their performances are depicted. The vast
application of this capacitive transducer is also documented.

In chapter 3, the Landau technique for simulating the fringing field implication
in CMUT s discussed. This approach is used to determine the capacitances of the
actuation layer, gap, and insulation. SiC as a structural material makes the CMUT
more capable of being produced with the smallest thermal budget. An average 4.32%
enhancement in device capacitance takes place due to the involvement of SiC as an
actuation layer instead of SisNs in non-insulated CMUT. The addition of an
insulating layer improves device capacitance by 26% and allows the CMUT to
operate safely in high-voltage applications while being stable in high temperatures.
The insulation layer is extremely beneficial in allowing CMUT to generate high-
simulation results which validate the Landau and Lifschitz approach for modeling the
fringing field effect. Due to this fringing effect, an average 14.3% enhancement of
device capacitance takes place. The performance of CMUT is improved in every

aspect when HfO- is used as an insulation layer instead of SisN4. This enhancement
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in CMUT characteristics will undoubtedly make the device fit for high-frequency
applications and also allow it to be used in an acoustic medium.

In chapter 4, improved analytical modeling of the electrostatic force is carried
out. This analysis deals with Landau’s technique for modeling the electrostatic force
considering the fringing field capacitance in CMUT. Analytical data is validated by
FEM simulation. The overall impact of fringing field is observed in electrostatic
force in almost all types of capacitive device structure like non-insulated and
insulated CMUT. An average 14.8% enhancement in electrostatic force occurs in an
insulated cell due to the fringing effect and 27% enhancement in electrostatic force is
attained when compared with non-insulated counterpart. Based on the performance
of insulated CMUT structure with SiC as structural material seems to be quite
capable of generating high frequency ultrasound waves due to appreciable amount of
force generation. A comparative study between HfO. isolation and SisN4 is done
rigorously for insulation thickness from 500 nm to 50 nm. Reduction in insulation

thickness and usage of HfO2 enhances device electrostatic force by 24.6%.

In chapter 5, an improved displacement modeling is derived. Deflection of
actuation layer is modeled by plate and actuation layer modeling. Mason’s analysis is
considered for analyzing the actuation layer modeling. Impressive result for peak
displacement is achieved from Mason’s analysis, which allows considering actuation
layer as a membrane for both insulated and non-insulated structures. The insulation
layer has deeper insight into displacement compared to non-insulated elements. The
performance of SiC as an excellent actuation layer is studied for the non-insulated
element where impressive enhancement in displacement is observed compared to
SisN4 actuation layer. Fringing effect is more profound for SiC based non-insulated
devices than SisN4 counterparts. Inclusion of HfO; as an insulation layer improves

the device displacement by 20.79% than SizN4 insulation of 500 nm thickness.

In chapter 6, modeling of collapse voltage and coupling factor is carried over
for an insulated CMUT structure with SiC. Factors that influence displacement are
also responsible for determining the collapse voltage and coupling factor. Collapse
voltage decreases due to enhanced displacement. The introduction of the fringing

effect enhances the capacitance thus collapse voltage decreases but the coupling
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factor becomes 0.61. Involvement of HfO; as an insulation layer generates coupling

factor of 0.67 maintaining the same dimension.

In chapter 7, the dynamic response and impedance profile of the CMUT
element has been analytically modeled considering Mason’s model for circular
shaped device. Theoretical results are validated with simulation results and
established a good agreement with published experimental results. The derived
analytical model exhibits the presence of multiple resonances for capacitive
elements. Between primary and secondary resonance, prime consideration will be for
primary one due to its increased peak value displacement compared to secondary
counterpart. Device resonance of 1.55 MHz by analytical modeling also resembles
with 1.62 MHz which is a published experimental result. Matched impedance with
air makes the device a suitable one for acoustic medium. Regardless, this insulated
element diminishes the search for a perfect matching layer for maximum
transmission of ultrasound in the surrounding medium as required for piezoelectric
material.

In chapter 8, a comparative analysis is carried out considering various
structures of non-insulated and insulated cell. Keeping the basic dimensions of
fabricated structure the same this analysis is done. For non-insulated one SizN4 and
SiC actuation layer is used separately and for insulated structure, insulation layer is
altered by HfO> instead of SisN4, The analysis depicts that CMUT structure having
SiC as actuation layer and HfO. as insulation layer is the best in all aspects among
these four structures as percentage enhancement of device parameters is quite

impressive compared to all others.
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