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Abstract

In the last two decades, capacitive micromachined ultrasonic transducers (CMUTS)
have proven themselves to be promising for various ultrasound imaging and chemical
sensing applications. Although holding many benefits for ultrasound imaging, CMUTs
have certain weaknesses such as the relatively low output pressure at transmission, which
hinder their development in the diagnostic imaging application. In the sensing area,
CMUTSs have shown attractive features such as high mass sensitivity, miniaturized array
configuration, and ease of functionalization. However, their potential for humidity
sensing is less explored. The objectives of this thesis lie in two aspects. One is to offer a
solution to overcome the limitation of low output pressure, and the other is to develop
CMUTs as resonant gravimetric humidity sensors. The major efforts are made on the
second task.

For the first objective, a novel dual-element ultrasonic transducer is proposed. It
incorporates two transducer technologies by using a circular piezoelectric element for
ultrasound transmission and an annular CMUT element for reception. The hybrid
transducer combines the broad bandwidth and high receive sensitivity of the CMUT and
the high output power of the piezoelectric transducer to improve the overall sensitivity
and axial resolution. The annular CMUT is designed, fabricated, and concentrically

aligned with the piezoelectric probe via a custom housing. Immersion measurements

vi



show that the hybrid dual-element transducer improves the axial resolution by 25.58%
and the signal-to-noise ratio by 8.55 dB over the commercial piezoelectric probe.

For the second objective, a CMUT-based resonant humidity sensor is first developed
with the direct wafer bonding technique. Graphene oxide (GO) is employed as the sensing
material. Due to combination of the mass-sensitive CMUT and the moisture-sensitive
GO, the sensor exhibits rapid response/recovery, good repeatability, and higher
sensitivity than most of its competitors. The second generation of CMUT-based humidity
sensors aims to further improve the relative humidity (RH) sensing performance by
adopting the nitride-to-oxide wafer bonding technology for CMUT fabrication. In
contrast to conventional wafer bonding CMUT processes that use expensive silicon-on-
insulator (SOI) wafers to produce resonating membranes, the new process employs low-
pressure chemical vapor deposition (LPCVD) silicon nitride as the membrane material.
It provides thinner and lighter membranes, and thus more sensitive CMUT resonators.
Additional benefits of the nitride-to-oxide wafer bonding technique are the reduced
fabrication complexity and more controllable membrane thickness. Finally, a dual-
frequency (10/14 MHz) CMUT is developed using this fabrication technique. It generates
two RH response curves and can provide more accurate RH sensing. Due to the
independence of the two resonance frequencies, the dual-frequency CMUT also shows
great potential for identification of different chemicals. This thesis demonstrates that
CMUT sensors can be strong candidates for miniaturized, highly sensitive, and reliable

humidity sensors.
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Chapter 1 Introduction

1.1 Motivation

Capacitive micromachined ultrasonic transducers (CMUTy), as
microelectromechanical systems (MEMS) based devices, have attracted tremendous
attentions since invented in 1994 [4]. They were first introduced for air-coupled non-
destructive testing (NDT) applications [5]. In the last decades, CMUTSs have gained more
interests in immersion applications, especially in biomedical imaging [6]-[8]. Compared
to conventional piezoelectrical transducers, CMUTSs offer many unique characteristics
such as broad bandwidth, high receive sensitivity, ease of constructing high-density
arrays, and simple integration with electronics, which are favorable for miniaturized high-
resolution imaging systems. Despite the advantages, CMUTSs inherently suffer from low
output pressure due to their limited effective membrane and deflection areas [9]. The
inferior transmission performance leads to a lower overall sensitivity than the
piezoelectric competitors. The first objective of this work is to provide a solution that can
harness the promising benefits of CMUTSs while ensuring the overall sensitivity of the
transducer.

In addition to ultrasonic transducers, CMUTs can also be seen as gravimetric
resonators because they are made of multiple drum-like resonator structures that are

electrically connected in parallel. In the last decade, CMUTs have been extensively



investigated for bio/chemical sensing applications based on gravimetric detection [10]-
[14]. After coating with a sensing film, a CMUT sensor is able to adsorb a specific analyte,
which can be detected by monitoring the resonance frequency shift caused by the loaded
mass. In the area of sensing, CMUTSs have shown promising features such as high mass
sensitivity and reliability, low limit of detection, ease of functionalization, and
miniaturized array footprint for multi-analyte sensing. Many analytes have been studied
to demonstrate the superiority of CMUTs in the sensing area. However, CMUTs’
potential for humidity sensing is less explored.

Humidity detection is of significant importance in a wide variety of applications from
our living environment to industrial processes [15], [16]. MEMS technology provides
promising solutions to implement portable, sensitive, and reliable humidity sensors. Such
humidity sensors include surface acoustic wave (SAW) sensors [17], film bulk acoustic
resonators (FBARS) [18], and micro-cantilevers [19]. However, each of these sensors
encounters certain limitations. SAW sensors have large footprints when constructed as
arrays for selectivity enhancement [12]. FBARs have a low fabrication yield due to the
lengthy back etching or sacrificial release fabrication process [20]. Micro-cantilevers
suffer from a low quality factor and thus a low mass resolution [12].

The second objective of this dissertation is to develop highly sensitive CMUT-based
humidity sensors that are also fast-response, repeatable, and reliable, and to demonstrate
the potential of miniaturized CMUTSs for selective sensing of multiple analytes including

the humidity. This includes design, fabrication, and characterization of the CMUTSs,



selection of the sensing materials, as well as performance evaluation and improvement

of the sensors.

1.2 Thesis Outline

This thesis is organized into eight chapters. Chapter 2 first provides the relevant
background of CMUTSs including their operational principle, applications and advantages,
and fabrication techniques; then briefly reviews the present resonant humidity sensors
and corresponding sensing materials.

Chapter 3 presents the analytical model and finite element simulation of the CMUT.

Chapter 4 reports the hybrid ultrasound transducer that incorporates a CMUT and a
piezoelectric probe. The design and detailed fabrication process are followed by the
concentric integration scheme and the characterization results.

Chapter 5 presents a highly sensitive CMUT-based humidity sensor that uses GO as
the sensing material. The CMUT is designed, fabricated and characterized. The sensing
performance of the resonator including the RH sensitivity, the repeatability, the response
and recovery time, and the hysteresis is demonstrated.

Chapter 6 is dedicated to further improving the humidity sensing performance of the
CMUTs by introducing the nitride-to-oxide wafer bonding fabrication process. The
design, fabrication, characterization, and sensing performance of the sensors are
presented. Three different concentrations of GO dispersion were used to functionalize the

CMUTs and their influences on the devices are investigated.



Chapter 7 reports the development of a multi-resonance CMUT for sensing
applications. The characterization and humidity sensing results are presented.

Chapter 8 summarizes the contributions of this thesis and proposes future work.



Chapter 2 Background

2.1 Capacitive Micromachined Ultrasonic Transducers

A CMUT cell can be roughly considered as a parallel-plate capacitor, as shown in
Fig. 2.1. It consists of a moving membrane with an electrode atop and a rigid substrate
separated by an insulator and a vacuum cavity. A single CMUT element is made of tens
to thousands of such cell structures electrically connected in parallel. When an AC signal,
superimposed on a DC bias, is applied across the electrodes, the membrane vibrates and
transmits ultrasonic waves. In the reception mode, when an incident acoustic wave hits
the surface of the biased CMUT, the capacitance between the electrodes is changed and

induces a current which can be converted to a voltage signal and be measured.

electrode
membrane

vacuum cavity

insulator

substrate / bottom electrode

Fig. 2.1: Schematic of basic CMUT cell structure

2.1.1 CMUTs for Ultrasound Imaging

Conventionally, almost all ultrasound imaging is realized by piezoelectric
transducers. Based on the piezoelectric effect, a piezoelectric probe converts an electrical
pulse into mechanical vibration and generates ultrasound into the medium; the reverse is

true when it is as a receiver. Lead-zirconate-titanate ceramic (PZT) is the most commonly
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used piezoelectric material due to its high electromechanical conversion efficiency [21].
Fig. 2.2 shows the structure of a typical single-element piezoelectric probe. It consists of
a piezoelectric crystal (PZT), a matching layer, a backing layer, a metal housing, and an
acoustic lens. PZT inherently has a much higher acoustic impedance (Zrzr = 34 MRayl)
than tissue (Zissue = 1.5 MRayl). Hence, a matching layer is required for impedance
matching to ensure sufficient ultrasound transmission [22]. The vibration of PZT often
lasts for several cycles and stops gradually after the electrical excitation. This
phenomenon is termed ‘ringing effect’. It reduces the bandwidth and thus the axial
resolution of the transducer. The backing layer is used to reduce excessive vibration by
absorbing mechanical energy. The dissipation of the acoustic power, however, leads to a
compromised transducer sensitivity. An acoustic lens is layered on top of the matching
layer. It focuses ultrasonic waves and improves the imaging resolution. Although
piezoelectric technology has been dominating the market, it has certain limitations. For
example, high-density piezoelectric transducer arrays are difficult to manufacture
because the fabrication uses mechanical dicing methods to define the array elements and
scaling down the elements is very challenging. In addition, the multiple structural layers
typically lead to a bulky probe, making it unsuitable for miniaturized imaging

applications such as intravascular imaging and endoscopic imaging.



e Acoustic lens
Matching layer———"

Piezoelectric

crystal

/

Backing layer

Metal case —

Coaxial
cable

Fig. 2.2: Structure of a single-element piezoelectric probe

As a relatively new transducer technology, CMUTSs provide several advantages over
piezoelectric transducers. First, the acoustic impedance of CMUTSs inherently matches to
the surrounding medium, so matching layers are not required [23]. Second, CMUTs are
generally fabricated from a silicon wafer using standard integrated circuit (IC)
manufacturing techniques, thus benefiting from all the capabilities that IC technology has.
One of these attractive abilities is that CMUTs can be seamlessly integrated with
electronics [24]-[27], resulting in improved noise performance and receive sensitivity
[27]. Moreover, micromachining techniques enable CMUTSs to be fabricated into arrays
and single elements with a wide range of sizes and shapes, which can be difficult with
conventional piezo-based processing techniques. In terms of acoustic performance,
CMUTs can easily achieve a fractional bandwidth of over 100%, while that of
piezoceramic-based transducers is typically limited to 60% to 80% [7]. The fractional
bandwidth is the bandwidth of a transducer divided by its center frequency [28]. A wider

fractional bandwidth corresponds to a shorter acoustic pulse and thus a better axial
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resolution. Furthermore, CMUTSs have been reported to have a higher receiving
sensitivity than the piezoelectric counterpart [29]-[31]. With all these features, CMUTSs
have been considered as a strong alternative to piezoelectric transducers in the ultrasound
imaging field.

2.1.2 CMUTs for Bio/Chemical Sensing
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Fig. 2.3: Working mechanism of CMUT as a gravimetric sensor.

In addition to the area of ultrasound imaging, CMUTs have also gained increasing
interests in bio/chemical sensing in recent years. CMUTs can be functionalized with
sensing materials and be used as gravimetric sensors due to the nature of their resonating
structure. Their working mechanism is shown in Fig. 2.3. The added mass of adsorbed
analyte induces a resonance frequency shift of the sensor and can be detected. CMUTs
have been demonstrated as highly sensitive and reliable bio/chemical sensors by several
research groups [10], [12], [14], [32]. First, CMUTs have a high mass sensitivity due to
the light weight (sub-nanogram level) of the resonating membrane. Second, as other
gravimetric sensor types are often comprised of a single resonating structure, the multi-

resonator structure of CMUTs not only enhances the device reliability but also reduces
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the motional impedance and thus minimizes the thermal noise [11]. Third, the closed and

flat surface of CMUTs eases coating of the functional layer, which is essential to make

the gravimetric sensors selective to a specific analyte. Moreover, an array with several

CMUT elements can be easily fabricated and integrated with circuits, allowing multi-

analyte sensing in a miniaturized footprint [33]. The analytes that have been studied

include acetone, isopropanol, methanol [10], carbon dioxide [34], [35], sulfur dioxide

[14], dimethyl methylphosphonate (DMMP) [11], [12], [36], [37], and benzyl methyl

ketone (BMK) [32]. Yet, more potentials of CMUTs are to be explored in the sensing area.

2.1.3 Fabrication Methods
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Fig. 2.4: Sacrificial release process for CMUT fabrication [9].
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For both ultrasound imaging and bio/chemical sensing applications, one of the major
advantages of CMUTs is their microfabrication process. It benefits not only a
miniaturized footprint, but also enhanced performance. Two techniques are usually used
for CMUT fabrication: the sacrificial release process [9] and the wafer bonding process
[38].

The sacrificial release process is the first technique that is adopted to fabricate
CMUTs [9]. Fig. 2.4 depicts the process flow. It starts with a highly doped silicon wafer
(step a). First, a silicon nitride (SisNa4) etch-stop layer is deposited on the substrate with
low pressure chemical vapor deposition (LPCVD) (step b). Polysilicon is generally used
as the sacrificial layer, which is deposited in two steps. The first layer of polysilicon is
deposited with LPCVD (step c), then patterned and dry etched for the channels (step d).
The etching stops at the underneath SisNa4 layer. Then the second thin layer of polysilicon
is deposited with LPCVD (step e). The thickness of the second polysilicon layer defines
the thickness of the etch channels, while the total thickness of the sacrificial layer (the
first and the second polysilicon layer) determines the thickness of the CMUT cavities. A
photolithography and dry etch step, which is not shown in the cross-section view of the
process flow, is performed to define the membrane shape and the etch channels after the
second polysilicon deposition. Subsequently, the SisN4 membrane is deposited by
LPCVD (step f). Since another layer of SisN4 will be deposited to seal the cavities, the
thickness of the SisNa4 here is not the final thickness of the membrane. The next step is to

open etch holes on the etch channels with photolithography and dry etching (step g),
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followed by the membrane release step with potassium hydroxide (KOH) wet etching
(step h). The cavities are then sealed with another deposition of LPCVD SizNg4 (step i).
The last process is to create contact pads for the top and bottom electrodes. The SisN4
layer is patterned and etched to expose the bottom electrodes (step j). Finally, the
aluminum layer is deposited by sputtering, patterned by photolithography, and wet etched

to achieve the top and bottom bonding pads (step k).

o il
 — iz
(d) Si Si0, Al

Fig. 2.5: Wafer bonding process for CMUT fabrication.

The wafer bonding process [38] is relatively new and has become a dominant
technique for CMUT fabrication. Fig. 2.5 depicts the flow of a typical CMUT wafer
bonding process. The fabrication begins with a highly conductive prime silicon wafer,
which later serves as both the substrate and the bottom electrode. A layer of wet thermal
oxide is grown on the substrate (step b). The cavities are then patterned using a

photolithography and oxide reactive-ion etching (RIE) step (step c¢). Next, a silicon-on-
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insulator (SOI) wafer with a conductive silicon device layer is bonded with the patterned
substrate (step d). The bonded wafer pair is then annealed for hours to enhance the
bonding strength. While the bottom silicon substrate is protected by the thermal oxide,
the top silicon handling layer is removed through tetramethylammonium hydroxide
(TMAH) etching, followed by wet etching of the buried oxide layer with buffered HF
(BHF) (step e). Subsequently, the areas for interfacing of bottom electrodes are revealed
through two dry etching steps of the silicon and SiO: (step f). The silicon device layer is
patterned and etched with deep reactive-ion etching (DRIE) to partially reveal the bottom
electrodes. Another purpose of the silicon etching step is to create isolation trenches
between the CMUT elements. Next, a lithography patterning and oxide RIE step is made
to fully expose the bottom electrodes (step f). Finally, an aluminum electrode layer is
deposited by sputtering, followed by a wet etching process to form the metal contact pads
(step ).

While process variations of both fabrication techniques have been reported, it is
widely accepted that the wafer bonding process is superior to the sacrificial release
process [9]. The most straightforward advantage of the wafer-bonded CMUT technique
is the reduction in masks and processing steps, and consequently a lower cost and higher
yield. Better control of the cavity depth is also achieved with the wafer bonding process
due to the absence of the wet sacrificial release process. Additionally, wafer-bonded
CMUTs have no etched holes and channels for the membrane release. As a result, a higher

sensitivity is obtained due to the increased active area.
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2.2 Resonant Humidity Sensors

Humidity detection has been playing an important role in increasing applications such
as chemical industry processing, pharmaceutical processing, intelligent control of the
living environment, and soil moisture monitoring [15], [16]. To monitor the moisture, a
humidity sensor is essential. An ideal humidity sensor should have such features as high
sensitivity, fast response and recovery, good reproducibility and reversibility, and low
cost. According to the sensing type, humidity sensors are categorized into capacitive [39],
resistive [40], optical [41], and gravimetric sensors, among which the gravimetric ones
based on mass-loading effect offer such advantages as high sensitivity and fast response.
Gravimetric humidity sensors include quartz crystal microbalances (QCMSs) [42]-[44],
surface acoustic wave (SAW) sensors [17], film bulk acoustic resonators (FBARs) [18],
micro-cantilevers [19], and a potential candidate - CMUTSs. Each of them will be briefly
introduced below.

2.2.1 Quartz Crystal Microbalances (QCMs)
(a) (b)

_ electrodes
A"

quartz ’,"
Fig. 2.6: Schematic of a QCM: (a) 3D view; (b) cross-sectional view.

QCM is the most popular and mature gravimetric sensor, known for its good stability
and sensitivity. Fig. 2.6 shows the configuration of a QCM sensor, which consists of an

AT-cut quartz crystal disk with a metal electrode on each side. QCMs typically operate
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in bulk thickness shear mode and possess resonance frequencies between 5 to 20 MHz
[45]. They are able to measure a mass change on the nanogram scale [46], [47]. The mass
sensitivity of QCMs is proportional to the square of the resonance frequency. Therefore,
higher sensitivity can be achieved by thinner crystals which operate at higher
fundamental resonance frequencies. However, thinning down quartz crystals beyond the
normal ranges imposes fabrication challenges and leads to extremely fragile devices [48].
Another drawback of QCMs is that the crystals are off-chip components and are not IC-
compatible. As a result, the sensing system is usually bulky.

2.2.2 Film Bulk Acoustic Resonators (FBARS)

e <
electrodes
A4

SiO2

Si

Fig. 2.7: Schematic of an FBAR.

FBAR is another type of bulk acoustic wave (BAW) based device. A schematic of
an FBAR is shown in Fig. 2.7. It consists of a piezoelectric layer sandwiched between
two electrodes and mounted on a suspended membrane, which is usually SiO> [45] and
SisNs [49]. FBAR has a similar working principle to QCM. The major differences
between them are the material and dimension of the piezoelectric layer. Zinc oxide and
aluminum nitride are the commonly used materials for FBARs due to their superior

piezoelectric properties such as high electromechanical coupling coefficient, high
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acoustic velocity, and low acoustic loss. FBARs also differentiate from QCMSs on the
membrane structure, which is completely isolated from the substrate such that the
acoustic energy loss is minimized [50]. FBAR devices typically have a piezoelectric layer
thickness of only a few microns and hence resonate at very high frequencies between 500
MHz and 5 GHz [45]. As a result, they usually have much higher sensitivity than QCMs.
Moreover, FBAR devices are produced by thin-film technology, which is promising for
array and IC integration. However, FBARs currently have a very low fabrication yield
due to some practical challenges such as the lengthy back etching of the bulk substrate.
The hardly predictable combined residual stress of the membrane and the piezoelectric
film also makes it difficult to design and fabricate FBARs [20]. Consequently, most of
the reported FBARs work as single elements. Moreover, FBARs suffer from a low quality
factor due to the high energy loss [51]. As a newcomer in the sensing field, FBAR is
expected to be a great candidate for sensing applications providing the challenges can be
addressed.

2.2.3 Surface Acoustic Wave (SAW) Sensors

piezoelectric substrate

sensing layer

input IDT output IDT

delay path

Fig. 2.8: Schematic of a SAW sensor.
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SAW device is another alternative of acoustic wave-based gravimetric sensors.
Unlike QCMs and FBARs that use bulk acoustic waves, SAW devices utilize acoustic
waves confined to the surface of the structure. Fig. 2.8 shows the commonly used two-
port configuration of a SAW sensor. Two sets of interdigital electrode transducers (IDTs)
are separated by a delay path and located on top of a piezoelectric substrate. With a signal
applied to the input IDT, the acoustic wave is emitted over the delay line to the output
IDT, where the mechanical wave is converted to an analyzable electrical signal. The
sensing film is deposited on the delay path. As the acoustic energy concentrates on the
surface of the device within only one or two wavelengths, subtle surface perturbations
such as mass loading and electric loading will have a considerable impact on the wave
and induce a frequency shift. As a humidity sensor platform, SAW device offers several
advantages such as high sensitivity and fast response [17]. The weaknesses of SAW-
based humidity sensors include the lack of thermal stability and CMOS-compatibility
[51].

2.2.4 Microcantilevers

sensing film

]
cantilever

Fig. 2.9: Basic structure of a microcantilever.

Microcantilevers are among the simplest MEMS-based resonators. The basic
structure of a microcantilever resonator is shown in Fig. 2.9. It is like a microscale diving

board that moves up and down. The operating mechanism of microcantilevers varies as
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the sensor structure. One option is actuating the structure piezoelectrically and measuring
the resonance frequency by piezoresistors [52]. Microcantilevers are fabricated with
MEMS technology. Therefore, they are available as miniature multi-channel structures
for selective sensing. However, the low quality factor of microcantilevers has limited the
sensor resolution [12]. To address this problem, approaches such as downsizing
cantilevers to the nanoscale are under active investigations [53].
2.25 CMUTs

CMUT is expected to be an outstanding alternative as a humidity sensor platform.
The CMOS-compatible fabrication process of CMUTSs enables easy integration with
electronics and allows miniaturization of selective sensing systems by implementing tiny
multi-element sensor arrays, which is difficult for conventional QCM and SAW sensors.
Compared with microcantilevers, CMUTSs have advantages such as a higher quality factor
and ease of functionalization due to their closed and flat membrane surface. One of the
objectives of this work is to develop CMUT-based humidity sensors and evaluate their

potential in this area.

2.3 Sensing Materials

It is known that the sensing performance of a resonant gravimetric sensor is
determined by both the transducer itself and the functional material. Therefore, selection
of the sensing material is of vital importance. The general requirements for a sensing

material include high sensitivity, rapid response and recovery, good reversibility, and
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prolonged environmental stability. Meanwhile, the material should also have such
features as good adhesion to the substrate, ease of processing, and low cost. At present,
the most commonly used materials are polymers and metal oxides, while some other
materials are under active development.
2.3.1 Polymers

Polymers and polymer-based composites have a history of over 40 years as humidity
sensing materials [54]. They have exhibited good mechanical and adhesive properties
that control the longevity of the sensors [51]. Some of the reported hygroscopic polymers
include cellulose derivatives [55], poly-methylmeth-acrylate (PMMA) [56], and
polyvinylidene fluoride (PVDF) [57]. The high capacity and rapid diffusion of
amorphous polymers make them attractive for humidity sensing applications due to their
high sensitivity and fast response [54]. Moreover, some polymers such as Nafion have
excellent chemical stability, which allows them to be operated in the atmosphere with
organic vapors and dust [51]. Other advantages of polymers include simple fabrication
and low cost [58].
2.3.2 Metal Oxides

Metal oxide films can also be utilized as hygroscopic layers. At present, some metal
oxides such as Al.O3 [59], ZnO [60] and TiO2 [61]-[63] have been applied to QCM and
SAW-based sensors. However, their application in humidity sensing is much less
common than polymers because of their inferior hygroscopic capability. For SAW-based

humidity sensors, the metal oxide sensing layer can interact with water vapors and induce
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a considerable change in the electrical conductivity, which helps improve the humidity
sensitivity. An advantage of metal oxides is their stability in corrosive environment.
However, metal oxides usually have inadequate adhesion to the substrate when using
low-temperature processes, which limits their applications [51].
2.3.3 Other Materials

Some other materials have also been studied for gravimetric humidity sensors. With
high sensitivity being one of the most critical characteristics, microporous materials that
have large surface areas and high adsorption capacity are adopted. Some of these
materials are black phosphorous [64], carbon nanotubes (CNTSs) [65], and metal-organic
framework materials (MOFs) [66], [67]. Particularly, in the recent decade, graphene
oxide (GO) has been emerging as a superior material for moisture sensing and has been
adopted for QCM [42]-[44] and SAW-based humidity sensors [17]. It is an oxidized
product of graphene and it has such reactive oxygen functional groups as carboxyl,
hydroxyl, and epoxy. These oxygen groups render GO hydrophilic and make it an
excellent hygroscopic material. Moreover, GO is easily accessible and low-cost [41]. Due

to these advantages, GO is selected as the sensing material throughout this thesis.
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Chapter 3 CMUT Modeling

Modeling of CMUTs is of critical importance because it helps predict the
performance of the device at the design stage. In this Chapter, the analytical model and
the finite element analysis (FEA) model of a CMUT are introduced. Both models assume
that the membrane of the CMUT is conductive <100> oriented single crystal silicon,

which also serves as the top electrode.

3.1 Mass-Spring-Damper Model

Fig. 3.1: CMUT mass-spring-damper model

The mass-spring-damper model is used to derive some important CMUT parameters
such as the resonance frequency and the pull-in voltage. The model simplifies the CMUT
membrane as a rigid plate supported by a spring and a damper anchored on a substrate,
as depicted in Fig. 3.1. This model assumes the top plate is limited to a small piston-like
displacement, i.e., the plate does not deform. It is not true in practical situations because

the membrane displacement generally peaks at the center and decreases towards the
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clamped edge. Therefore, an adjusted plate area is required to ensure the accuracy of the
model. To derive the equivalent plate area, we assume that the actual membrane and the
plate displace the same volume under the same condition. Fig. 3.2 displays the CMUT

with a deformed membrane and the equivalent circular plate.

(a) PR B S (b)
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Fig. 3.2: CMUT with deformed membrane and equivalent plate: (a) CMUT; (b) equivalent plate.

As the membrane satisfies the thin plate condition 10<2a/t <100, where a is the

membrane radius and t_ is the membrane thickness, the membrane deformation can be

analyzed by thin plate theory [68]. Using the deflection shape function based on the plate

theory, we can get the membrane deflection as [69]

r2Y  pat 2\
w(iry=w,|1-—| = 1-— 3.1
( ) pk£ aZj 64D0{ aZJ 1 ( )

where r is the distance from the center, w,

is the maximum displacement of the
membrane, P is the uniform pressure that deflects the membrane. D, is described as

D, -l _ 3.2
Do12(1-0%) (3.2)
where E, t,, and v are the Young’s modulus, thickness, and Poisson’s ratio of the

membrane material, respectively. It has been proved that the peak displacement w,

equals to 46% of the CMUT gap height d, just before pull-in occurs, under the

conditions that the deflection is small compared to the membrane thickness and the
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atmospheric membrane displacement is negligible [69]. These simplifying assumptions
are true with high-frequency devices. The near-pull-in instance is analyzed here because
it is where the CMUT gets the highest efficiency [23]. In this case, the volume deflected
by the membrane can be calculated as

0.46d,
d'SP_I 27rw(r )dr— Wy r A =—=2 = ra®, (3.3)

where A =za® is the area of the membrane.

For the equivalent piston-like plate, the pull-in occurs when the displacement is 1/3
of the gap height [23]. Hence the volume displaced by the plate is

1 1
Vdisp :§d0A2§d0ﬂa§ﬁ ) (3.4)

where A=raZ is the area of the equivalent plate. By equating (3.3) and (3.4), we can
get the equivalent radius a,, of the plate in the mass-spring-damper model

a, =0.68a. (3.5)

In addition to the equivalent radius, other parameters such as the spring constant K,

and equivalent mass m, for the mass-spring-damper model are also obtained based on

plate theory. The average displacement over the entire membrane is obtained to be 1/3 of

the peak displacement:

pk ' .

1 ra
W,y = E'[O 2zrw(r)dr =
According to Hooke’s Law, the linear spring constant K, can be written as

F  Peza® 1927D,
kS = = = 3 . (37)

The resonant angular frequency of the membrane can be derived by plate theory as [69]
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where p,, isthe density of the membrane. The resonant angular frequency derived from

the mass-spring-damper model is

Dy =, [—. (3.9)

S

Combining Eqg. (3.7) — Eg. (3.9), we can get the relationship between the mass of the

equivalent plate m, and the mass of the membrane m:

m, = _1.84xa’t, p, —1.84m. (3.10)
2

According to Eg. (3.2) and Eq.(3.8), the resonance frequency in air for the clamped

circular membrane can be written as

; _ @ _ 0.47t | E
0T a2 o (1_02) . (3.11)

It is quite straightforward that the resonance frequency of the membrane is proportional

to the membrane thickness and inversely proportional to the square of the membrane
radius.

When operated in immersion, where the diameter of the membrane is much smaller
than the acoustic wavelength (a < 4) and the damping effect from the medium cannot

be neglected, the resonance frequency of the membrane becomes [70]

0.47t, E
a’ A\ p, (1-0?
- (1-v") , (3.12)
\/1+O.67'0a
Pl

where p is the density of the medium. It can be seen that the same membrane has a
lower resonance frequency in immersion than in air.
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After obtaining the parameters from plate theory, we can substitute them into the

mass-spring-damper model. When a DC bias voltage V. is applied across the electrodes,

an electrostatic force is generated to pull the membrane towards the substrate. Assuming

no other external forces exist, the equation of plate vibrating motion can be expressed as

2
d X+b%+FS+Fe:O, (3.13)

m_
° dt? dt

where x is the displacement of the plate, b is the damping coefficient, F

, 1S the spring
force, and F, is the electrostatic force. At the equilibrium position, the first two terms

become zero, and the spring force is balanced with the electrostatic force. The capacitance

of the parallel plate capacitor is given by

, (3.14)
where ¢, is the permittivity of vacuum. The energy stored in the parallel plate capacitor
is

O\

W = :
2 2(d,-x) (3.15)
The electrostatic force exerted on the plate can be calculated as
dw &,AV,
Fo=r—=—0t—"% (3.16)

Tk 2(dy-x)°
The spring force, which is also referred to as the mechanical restoring force of the plate,
is linearly proportional to the displacement
F =—kX. (3.17)
At the equilibrium state, Eq. (3.13) can be simplified as

g,AV,

F+F = 5
2(dy —x)

S e

—kx=0. (3.18)
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From Eq. (3.18), the relationship between the voltage and the plate displacement is solved

2k .x
V. = / A;O (dO —x). (3.19)

As the bias voltage increases, the electrostatic force will eventually overcome the

as

mechanical restoring force, and the membrane will abruptly collapse into the substrate.
The pull-in voltage (or collapse voltage) represents this transition voltage. The plate
displacement x; at the collapse point can be found by equating the derivative of the

voltage to zero (dV, /dx=0) and is calculated as x; =d,/3. By substituting the

calculated displacement into Eq. (3.19), the pull-in voltage is obtained as [23]

X
V= ot (3.20)
0

Note that the above calculations assume that the membrane is conductive and no
insulation layer is introduced. In practical devices, an insulating layer such as SiO2 and

Si3Na is deposited on the substrate and the membrane may be a non-conductive material

with an extra metal electrode layer on top. Thus, the gap height d, between the top and
bottom electrodes should be replaced by the effective gap d in the above equations.

The effective gap is given by [23], [71]

tt
Oy =g+ 4, (3.21)
& &

m 1

where t and ¢, are the thickness and relative dielectric constant of the membrane,

t. and &, are the thickness and relative dielectric constant of the insulating layer.
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3.2 FEA Model

3.21 2D FEA Model

medium

vacuum. | Si membrane

TaSiO,

Fig. 3.3: FEM of the simplified CMUT with COMSOL.

In addition to the analytical model, the FEA model is also useful for analyzing
CMUTs. The FEA model provides a more time-consuming yet a more accurate method
for predicting the performance of CMUTs. COMSOL Multiphysics is used for the FEA
simulation. Fig. 3.3 shows the axisymmetric 2D FEA model of a CMUT cell in the
medium. The simplified 2D model consists of the silicon membrane, the vacuum cavity,
and the silicon oxide insulating layer of the CMUT, and the medium. The substrate of the
CMUT is omitted to reduce the computational complexity. Boundary conditions have
been set to eliminate the effect of this simplification. The insulation layer is fixed and its
bottom surface is grounded, as with the situation where the substrate exists. The diameter
of the medium is set as three times the membrane diameter in the simulation. This size is
determined as a compromise between the computational time and accuracy according to

our previous experience in comparing the simulation results and experimental results. A
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larger dimension of the medium will improve the calculation accuracy at a price of a
longer computational time. Future research will seek to quantify the rate of change in
accuracy with the increasing diameter of the medium.

The material properties used for FEA simulations are listed in Table 3.1. Unlike the
well-studied silicon and SiO,, GO has a very wide range of mechanical and dielectric
properties depending on how it is produced. It is hence difficult to determine all the
properties of GO from single literature. In the FEA simulations, its material properties
are reasonably chosen from different resources [72]-[74].

Table 3.1 Material properties

Parameters <100> Si SiO2 GO
Young’s modulus (GPa) 130 70 25

Poisson’s ratio 0.28 0.17 0.28
Density (kg/m?) 2329 2200 200
Relative permittivity - 4.2 100

Table 3.2 Parameters of the simulated CMUT

Parameter Value
Resonance frequency 10 MHz
Membrane thickness 2 um
Membrane diameter 52 um
Cavity depth 200 nm
Thickness of insulation layer 300 nm
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Fig. 3.4 Relationship between the maximum membrane displacement and the sweeping frequency:

(@) in air; (b) in water.

Here, a CMUT with ten MHz in-air resonance frequency is simulated. The design
parameters of the CMUT is listed in Table 3.2. Using a frequency sweep, the resonance
frequency of the CMUT is found where the membrane displacement reaches the
maximum. Under a bias voltage of 40 V, the simulated relationship between the
maximum membrane displacement and the sweeping frequency is shown in Fig. 3.4. Both
the in-air and in-water situations are analyzed. The resonance frequencies of the CMUT

are 10.47 MHz and 4.82 MHz when the medium is air and water, respectively, which
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shows a good agreement with the analytical model calculations (10.81 MHz and 4.97
MHz, respectively). It is observed that when working in water, the CMUT has a much
smaller membrane displacement, a lower resonance frequency, and a wider bandwidth.
This is attributed to the higher damping in water.

3.2.2 Effect of Functional Layer

In order to investigate the resonating performance of the CMUT after
functionalization, a GO layer is built on top of the membrane. The thickness of the GO
film is determined to be 100 nm, which is much thinner than the membrane thickness,
simulating practical situations. Essentially, the GO becomes a structural layer of the
CMUT and vibrates simultaneously with the membrane. As the CMUT is targeted for
humidity sensing in the room environment, only the in-air situation is simulated. Fig. 3.5
shows the simulated influence of the GO film on the CMUT. Fig. 3.5 (a) indicates that
the GO film causes a decrease in membrane displacement and an increase in the
resonance frequency. The lower resonating amplitude is due to the extra damping
introduced by the GO layer. The influence on the resonance frequency is twofold. For
one, the GO film adds to the effective thickness of the CMUT membrane, thus increases
the resonance frequency. For another, it adds an extra mass to the membrane and hence
decreases the resonance frequency. Which effect dominates the frequency shift mainly
depends on the mechanical property and the dimension of the GO layer. In this simulation,
the effect of the thickness increase overwhelms the effect of the mass loading and results

in the rise of the resonance frequency. Fig. 3.5 (b) presents the ‘spring softening effect’
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of the CMUT. The resonance frequency decreases as the bias voltage increases. It can be
seen that the functionalized CMUT always has a higher resonance frequency than the

original device despite the change in the DC bias.
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Fig. 3.5: Simulated influence of the GO film on the resonating performance of CMUT: (a)

membrane displacement vs. frequency; (b) resonance frequency vs. bias voltage.

3.2.3 Mass Sensitivity
The FEA model is also used to evaluate the mass sensitivity of the CMUT sensor.

The mass of the GO layer mg, is calculated to be 0.04 ng, which is 0.43% of the mass

m of the Si membrane. Because the loaded mass on the membrane is generally much
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smaller than m in practical sensing applications, only the small mass loading case
(Am<<m) is analyzed. The loaded mass is simulated by increasing the density of the
GO layer. The relative mass loading is defined as the multiples of m., . Fig. 3.6 presents
the frequency shift as a function of the relative mass loading under various bias voltages.
When increasing the relative mass loading from 0 to 10, the resonance frequency
decreases for 224 kHz at a 10 V bias voltage, showing a mass sensitivity of 0.56 Hz/fg.
As the bias increases from 10 V to 80 V, the mass sensitivity degraded slightly. This is
because the membrane is more stringent at a higher bias and hence the extra mass causes
a smaller frequency shift. Nonetheless, the effect of the bias voltage on the mass

sensitivity is very small.
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Fig. 3.6: Influence of the bias voltage on the mass sensitivity of CMUT sensor.
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Chapter 4 Development of a Novel
CMUT-based Concentric Dual-
Element Ultrasonic Transducer

4.1 Revisiting Motivation

Ultrasound has been used for a wide range of applications including medical imaging
and non-destructive testing (NDT). The core of an ultrasound imaging system is the
ultrasound transducer, which transmits acoustic pulses into the medium and receives
echoes for image reconstruction. While piezoelectric transducers are currently
dominating the ultrasound market, CMUTSs have emerged as a promising alternative in
the last three decades [6], [8], [9], [23], [75]. CMUTs provide many advantages over
piezoelectric transducers in both fabrication techniques and acoustic performance. In
terms of fabrication, CMUTSs have CMOS compatibility, the capability of building highly
dense arrays, and flexibility of forming various sizes and shapes. Regarding the acoustic
performance, CMUTs offer a wider bandwidth and a higher receive sensitivity.

Despite these attractive features, CMUTs inherently suffer from low output pressure
due to the limited effective membrane and deflection areas [9]. Recent research showed
that the overall sensitivity of CMUTs is 10 dB lower than the comparable piezoelectric
transducer, mainly due to the inferior transmission performance [76]. Efforts have been
made to increase the output pressure of CMUTs. About 6 dB increase in the transmit

pressure was achieved by operating the CMUT in the collapse-snapback mode, in which
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the CMUT membrane was collapsed onto the substrate and then released to maximize the
volume displacement [77]. However, reliability issues can be a problem for the collapse-
snapback mode due to frequent membrane and substrate contact [78]. Optimized CMUT
geometry designs featuring improved fill factor and transmission efficiency, such as
rectangular membrane configurations, have also been reported [79]. The dual-electrode
CMUT structure, which separates the transmit and receive electrodes by locating the
transmit electrodes near the edges and the receive electrode in the center, has
demonstrated a 6.8 dB increase in the maximum output pressure [78]. CMUTs with
piston-shaped membranes have also been developed to enhance both transmission and
reception performance [80]. Added with an extra mass in the center of the membrane,
piston CMUTSs provide a more uniform membrane displacement and higher output
pressure than conventional flat-membrane CMUTSs. While more research is ongoing, the
consensus is that CMUTSs are currently not yet able to compete with piezoelectric
transducers in term of transmission power, which limits CMUTSs’ performance in depth
of penetration. This motivates us to find a solution that can harness the promising benefits
of CMUTSs while ensuring the overall sensitivity of the transducer.

In this chapter, a hybrid dual-element transducer, which incorporates a piezoelectric
transducer and a CMUT element, is introduced. The dual-element prototype utilizes a
commercial piezoelectric probe for ultrasound transmission and a custom CMUT for

reception. As a result, high transmission power of the piezoelectric element and high
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receive sensitivity of the CMUT are combined to provide enhanced overall sensitivity.

Moreover, improved axial resolution is achieved due to the wide bandwidth of the CMUT.

4.2 Sensor Design

/" Annular CMUT:
Riy=3.4 mm
— Ryt = 4.5 mm
Circular piezoelectric
transducer

]

J\> Rpiczo = 3 mm

Fig. 4.1: Schematic of the concentrically aligned dual-element transducer.

Success in contrast-enhanced ultrasound imaging has been achieved with the
concentric dual-element design, which consists of a high-frequency (30 MHz) circular
and a low-frequency (2 MHz) annular piezo-based elements [81], [82]. We have chosen
to adopt a similar geometric layout largely due to the fact that this confocal configuration
provides identical beam axis and focal point between the transmitter and receiver [83].
As shown in Fig. 4.1, a circular piezoelectric transmitter and a ring-shaped CMUT
receiver were concentrically aligned and integrated. An unfocused 2.25 MHz 6 mm-
diameter commercial piezoelectric probe (Olympus 13-0204-S-SU) was selected as the
transmitter. 2.25 MHz is a commonly used frequency for both medical diagnosis (i.e.

abdominal imaging) and NDT. The smallest diameter available by the vendor, 6 mm, was
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chosen to maximize the fabrication yield of the annular CMUT because smaller aperture
sizes are less susceptible to contaminations during the fabrication process.

Table 4.1 Dimensions of the annular CMUT

Parameter Value
Inner radius 3.4 mm
Element
Outer radius 4.5 mm
Membrane diameter 76 um
Membrane thickness 2 um
Cell
Cavity depth 250 nm
Thickness of insulation layer 250 nm

Based on the selected piezoelectric probe, the CMUT receiver was designed
accordingly. In order to achieve an optimal sensitivity, the intended natural focus and
resonance frequency of the CMUT element should be the same as those of the
piezoelectric element. The designed dimensions of the annular CMUT is shown in Table
4.1. The inner radius of the CMUT annulus was designed to be 3.4 mm to keep the two
elements close while also allowing a 400 jum tolerance for misalignment. The outer radius
was dependent on the desired natural focal depth, which was calculated to be 14 mm. A
well-established rule for annular arrays consisting of multiple concentric ring-shaped
elements was employed to determine the outer radius of the CMUT - elements with equal
areas share the same natural focus [84]. This rule should be valid for our case as the dual-

element design can be considered a two-element annular array. The outer radius was
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designed to be 4.5 mm such that the CMUT had an area equivalent to the piezoelectric
probe. Ultrasound beam simulations were performed using the fast object-oriented C++
ultrasound simulator (FOCUS) [85], [86]. Fig. 4.2 displays the simulated -8 dB and -17
dB pressure fields of both the circular and annular elements. The natural focus of both
elements is 14 mm, which validates the design. The side lobes of the acoustic beams are
highlighted in the figure. It can be observed that the annulus generates higher-level side
lobes than the circular plate. Simulations show that the first side lobe level of the annulus
Is -8 dB, compared to -17 dB of the circular element. Associated with the side lobes are

fluctuations in the acoustic signal, which will be discussed in the Results section.
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Fig. 4.2: Simulation of pressure profiles of the two elements with equal area: (a-b) circular element

with a radius of 3 mm; (c-d) annular element with an inner radius of 3.4 mm and an outer radius of

4.5 mm.
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The CMUT cells that comprise the annular element were designed to resonate at
around 2.25 MHz. The membrane of the CMUT came from the silicon device layer of an
SOl wafer. Based on the availability of commercial SOI wafers, a 2 pm-thick membrane
was chosen. Given the resonance frequency, the membrane radius of the CMUT cell was
determined to be 38 um via FEA simulations. The cavity depth was designed to be 250
nm for the CMUT to operate in the non-contact mode. The thickness of the insulating
layer was a trade-off between the sensitivity and dielectric breakdown voltage. A thinner
insulating layer is desired for better sensitivity, while a sufficient thickness is required to
avoid breakdown of the device. The insulating wet thermal silicon dioxide was grown in
our facility with a dielectric strength of around 300 V/um [87]. Its thickness was selected
to be 250 nm. Consequently, the breakdown voltage was around 75 V, which was safe

for the CMUT to be biased within 60 V.
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4.3 Sensor Fabrication

Si Si0, Al
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Fig. 4.3: Fabrication flow of the annular CMUT.

The CMUT was fabricated pursuant to the direct wafer bonding process, followed
by a singulation process for the annulus. The wafer bonding process was selected due to
its exceptional yield, uniformity and process control [38]. Fig. 4.3 depicts the detailed
process flow of the annular CMUT. The fabrication process started with a 100-mm 0.001-
0.005 ohm-cm <100> silicon wafer, which later served as both the substrate and the
bottom electrode. A 500 nm layer of wet thermal oxide was grown on the bottom wafer

at 1100 °C (step a). The 250 nm deep cavities were patterned using a photolithography
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step and RIE (step b). Next, a 100 mm 0.01-0.02 ohm-cm <100> SOI wafer with a silicon
device layer thickness of 2 um was prepared for wafer bonding with the bottom wafer.
The thicknesses of the BOX layer and the handling layer are 0.6 pm and 500 pm,
respectively. Before the wafer bonding process, a standard RCA 1 cleaning (based on 5
parts deionized water, 1 part 27% ammonium hydroxide and 1 part 30% hydrogen
peroxide) [88] was performed on both the SOI wafer and the patterned bottom wafer to
remove organics and particles on the wafer surfaces. Direct fusion bonding (AML AWB-
04 aligner wafer bonder) was conducted between the two wafers at a 2500 N downward
force after a 10-minute plasma treatment (step c¢). The bonded wafer pair was then
annealed at 1100 °C for an hour to enhance the bonding strength. While the bottom silicon
substrate was protected by the thermally grown oxide, the top silicon handling layer was
removed through TMAH etching, followed by wet-etching of the BOX layer with BHF
(step d). Subsequently, the silicon device layer was patterned and etched with DRIE to
create isolation trenches between the devices (step e). Another purpose of this step was
to partially reveal the bottom electrodes for interfacing and open a 200 um-wide annular
via for singulation of the annulus. Next, a lithography patterning and oxide RIE step is
made to fully expose the bottom electrodes and the annular via (step f). A 400 nm-thick
aluminum electrode layer was then deposited by sputtering, followed by a lift-off process
to form the metal contact pads (step g). At this point, the CMUT device was produced.
The next step was to create the central hole for the packaging. Silicon DRIE (Oxford

PlasmalLab 100 ICP 380 DRIE system) was used to through etch the substrate (step h).
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The Bosch process [89], popular for its capability of creating vertical sidewalls, was
chosen for DRIE.

The through-wafer etching process was one of the most critical and challenging steps
in the fabrication, making selection of the DRIE mask material crucial. We took into
account the device compatibility and fabrication yield/risk. Two layers of masks were
chosen - a 50 nm sputtered Cr layer and an 11 um-thick photoresist layer atop (Electronic
Materials plc AZ9260). In addition to the function as a mask, the thick photoresist was
also used to pattern the underlying Cr. Both Cr and the photoresist offered high selectivity
over silicon (Si : photoresist = 40 : 1, Si : Cr > 2000 : 1) and protected the devices from
ion bombardment in the DRIE process. After the through-wafer etching process, the
photoresist was completely bombarded away. Then, the Cr mask was removed by wet
etching. Fig. 4.4 (a) shows the through-etched CMUT. Note that three asymmetric tethers
with a width of 100 um were designed to maintain connections between the annular
CMUT and the central substrate (see Fig. 4.4 (b)). The tethers prevented the central
substrate from falling into the plasma chamber. Finally, the central circular substrate was

manually removed with a tweezer, as shown in Fig. 4.4 (c).
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(b)

tether

©

Fig. 4.4: Through-etched CMUT: (a) CMUT on a chip carrier; (b) magnification of the tether; (c)

annular CMUT with central substrate removed.

4.4 Device Characterization

A Laser Doppler Vibrometer (Polytec OFV-5000, DD-300 displacement decoder)
was used to test the functionality and the in-air resonance frequency of the CMUT. Using
a frequency sweep with a function generator (Tektronix AFG3022B), the in-air resonance
frequency of the CMUT was determined by measuring where the maximum membrane
displacement occurred. Given a 50 V bias and a 10 Vpp AC continuous sinusoidal signal,
the CMUT reached the in-air resonance at 5.15 MHz with a maximum displacement of

50 nm.
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Fig. 4.5: Hydrophone measurement and frequency spectrum of the piezoelectric probe: the center

frequency is 2.34 MHz and the -6dB bandwidth is 42%.

Transmission test: To study the immersion performance of the CMUT and the
Olympus piezoelectric element, both the transmission and reception tests were carried
out in vegetable oil, which provided electrical insulation between the electrodes of the
CMUT. The transmission performance of the piezoelectric probe was first characterized
to analyze the output pressure and the frequency spectrum. A pulser/receiver
(Panametrics NDT 5073PR) was used to drive the probe. The acoustic signal was picked
up by a hydrophone (Onda HGL-0200), which was placed at 22 mm away from the

transducer and connected to a digital oscilloscope (Agilent DSO7104B) through a pre-
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amplifier (Onda AH-2010). The hydrophone was aligned to the center of the piezoelectric
probe by adjusting its position to achieve a maximum receiving signal amplitude while
keeping it 22 mm away from the probe. Fig. 4.5 shows the acoustic output captured by
the hydrophone in both the time and frequency domain. Using the sensitivity of the
hydrophone-pre-amplifier combination provided by the manufacturer (0.322 mV/kPa),
the output pressure of the transducer was calculated to be 302 kPa according to the
maximum peak-to-peak output voltage. The center frequency and the -6 dB fractional
bandwidth of the probe, determined from the frequency spectrum, were 2.34 MHz and
42%, respectively. Note that the measured center frequency and bandwidth were very
close to that provided by the manufacturer, which were 2.24 MHz and 43%, respectively.
Then, the transmission test of the CMUT was conducted under the same conditions as
the piezoelectric probe. The CMUT was biased at 20 V. Fig. 4.6 depicts the CMUT output
signal in both time and frequency domain. The output pressure was measured to be 68
kPa. The frequency spectrum revealed a center frequency of 2.63 MHz and a -6 dB
bandwidth of 131%. The measured center frequency of the CMUT was slightly higher
than the predicted value (2.25 MHz). We hypothesize that the frequency difference
resulted from the thickness uniformity of the membranes because there was an up to 0.5
jam thickness variation in the device layer of the commercial SOl wafer. Comparison of
the transmission tests between the piezoelectric probe and the CMUT is presented in
Table 4.2. Compared to the piezoelectric transducer, the CMUT has approximately triple

the bandwidth and one-fifth the output pressure. It can also be observed that the -6 dB
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frequency range of the CMUT completely covers that of the piezoelectric probe. In other

words, the frequency spectrums of the two transducers excellently matched as designed.
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Fig. 4.6: Hydrophone measurement and frequency spectrum of the CMUT: the center frequency is

2.63 MHz and the -6dB bandwidth is 131%.

Table 4.2 Comparison between the piezoelectric probe and the CMUT in the pitch-catch tests

Parameters Piezoelectric probe CMUT
Center frequency (MHz) 2.34 2.63
-6 dB bandwidth 42% 131%
Output pressure (kPa) 302 68
Receive sensitivity (mV/kPa) 4.28 22.57
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Reception test: To characterize the receive sensitivity of the two elements, a 6 mm-
diameter circular CMUT which was fabricated in the same batch with the annular CMUT,
was used for ultrasound transmission. First, the output pressure of the circular CMUT
was characterized with the hydrophone placed 22 mm away. When the circular CMUT
was biased at 20 V and excited by the same pulser as in the above transmission test, the
output pressure of the pre-amplifier was measured to be 65 kPa. Note that the circular
CMUT generated a very similar acoustic signal to that of the annular CMUT. Its center
frequency and the -6 dB bandwidth were measured to be 2.59 MHz and 122%,
respectively. Then, the Olympus piezoelectric transducer, which was connected to the
oscilloscope through the pulser/receiver (Panametrics NDT 5073PR), was substituted in
lieu of the hydrophone for ultrasound reception. Fig. 4.7 shows the ultrasound signal
detected by the piezoelectric probe. The maximum peak-to-peak output voltage of the
pulser/receiver was determined to be 278 mV, which translated to a receive sensitivity of
4.28 mV/kPa. Subsequently, the Olympus probe was replaced by the annular CMUT
biased at 20 V. The incident acoustic signal to the CMUT induced a current and was
converted to a voltage using a transimpedance amplifier with a gain of 20 kQ. The CMUT
captured signal is presented in Fig. 4.8. The maximum peak-to-peak output voltage of the
amplifier was measured as 1.467 V. Accordingly, the receive sensitivity of the CMUT-

transimpedance amplifier combination was calculated to be 22.57 mV/kPa.
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Fig. 4.7: Reception test using a 6 mm - diameter circular CMUT for ultrasound transmission: acoustic

signal detected by the piezoelectric probe in both time domain (top) and frequency domain (bottom).
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Fig. 4.8: Reception test using a 6 mm - diameter circular CMUT for ultrasound transmission: acoustic

signal detected by the annular CMUT in both time domain (top) and frequency domain (bottom).

4.5 Results

The round-trip (transmit and receive) measurements of the Olympus piezoelectric

probe and the integrated piezo-CMUT dual-element prototype were performed for

comparison.
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Fig. 4.9: Pulse-echo test of the piezoelectric transducer.

Piezo-only test: The piezoelectric transducer was first tested. A 9.5 mm-thick
aluminum reflector was placed 22 mm away from the transducer. The same
pulser/receiver was used to excite the piezoelectric transducer and feed the echo to the
digital oscilloscope. Fig. 4.9 shows the signal reflected from the aluminum block and
received by the piezo probe. F1 and B1 represent the interface echo (or front wall echo)
and backwall echo, respectively. B2-B5 are the second to fifth backwall echoes which
have been reflected within the test block. Two successive backwall echoes represent a

round trip in the block.
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Fig. 4.10: Integration of the CMUT and the piezoelectric probe (a) photograph of the integrated

dual-element prototype (b) transducers before integration (c) the hybrid transducer in oil.

Piezo-transmit-CMUT-receive test: The piezoelectric probe was then integrated with
the annular CMUT via a custom plastic housing, as shown in Fig. 4.10. The CMUT was
mounted on the trough on the front side of the laser-graved housing, while the piezo probe
was inserted in the hole from the back side. Note that there was a 1.6 mm gap between
the surface of the piezo probe and the CMUT resulting from the thicknesses of the CMUT
and the housing. Although ideally the two elements should be seamlessly integrated, the
1.6 mm gap was negligible compared to the -6 dB depth of field of the transducers
(approximately 35 mm calculated from Fig. 4.2). After integration, the CMUT was wire
bonded to the circuit board for external electrical connections. Next, the round-trip
experiment was performed with the piezo-CMUT hybrid prototype. The hybrid

transducer was immersed in oil, with the same aluminum reflector 22 mm away. The
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pulse applied to the piezoelectric transmitter remained unchanged. The CMUT was
biased at 20 V and connected to the oscilloscope through the transimpedance amplifier.
The piezo-transmitted ultrasound was reflected by the aluminum block and received by

the CMUT. Fig. 4.11 presents the received echo.
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Fig. 4.11: Measurement for the piezo-transmit-CMUT-receive test.

Table 4.3 Comparison between the piezo-only and the piezo-transmit-CMUT-receive measurements

Parameters Piezo-only Piezo-transmit-CMUT -receive
-20 dB pulse length of F1 (us) 2.26 1.68
SNR (dB) 15.08 23.63

Quantitative comparison between the piezo-only and the piezo-transmit-CMUT-
receive measurements are presented in Table 4.3. The -20 dB pulse length (pulse length
where the output pressure is 10% of the maximum) of F1 reflects the axial resolution of
the detection. A shorter pulse length indicates a higher axial resolution. The CMUT-

involved measurement showed a pulse length of 1.68 us and a 25.58% enhancement over
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the piezo-only test. The round-trip sensitivity was compared using the signal-to-noise
ratio (SNR). The piezo-only experiment measured an SNR of 15.08 dB, while the piezo-
transmit-CMUT-receive test showed an improvement of 8.55 dB.

In addition to the improved axial resolution and sensitivity, undesired signal
fluctuations were observed with the dual-element prototype. In particular, the amplitude
of the fifth backwall echo B5, which was supposed to be the lowest among all those of
the backwall echoes due to acoustic attenuation, was calculated to be 15% higher than
that of B4 (see Fig. 4.11). The variation was possibly induced by the side lobes of the
annular CMUT, which corresponds to the simulation results in the Method section. A
reasonable explanation is that the chance of picking up interfering signals by the side
lobes increases as the acoustic signal reflects within the aluminum block several times.
Side lobes are known to be inevitably higher for annular transducers than circular ones
[90]. However, it is possible to suppress them by several strategies such as reducing the

ratio of the inner radius to the outer radius of the annular transducer [91].

4.6 Summary

To address the limitation of CMUTSs’ low output pressure, a hybrid dual-element
ultrasonic transducer was proposed. It incorporated two transducer technologies by using
a circular commercial piezoelectric element for ultrasound transmission and an annular
CMUT element for reception. To the best of our knowledge, this is the first-ever reported

integration of the piezoelectric transducer and the CMUT. The hybrid transducer
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combined the broad bandwidth and high receive sensitivity of the CMUT and the high
output pressure of the piezoelectric transducer to improve the overall sensitivity and axial
resolution. The annular CMUT was designed, fabricated, and concentrically aligned with
the piezoelectric probe via a custom housing. Immersion characterization revealed that
the CMUT had a center frequency of 2.63 MHz, a -6 dB fractional bandwidth of 131%,
and a receive sensitivity of 22.57 mV/kPa, compared to 2.34 MHz, 42% and 4.28 mV/kPa
of the piezoelectric probe. The round-trip measurements showed that the hybrid dual-
element transducer improved the axial resolution by 25.58% and the SNR by 8.55 dB
over the commercial piezoelectric probe. Potential applications of this hybrid transducer
include, but are not limited to, detection of pipeline cracks and the delamination of aircraft

structures.
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Chapter 5 Development of a Highly
Sensitive CMUT-based Humidity

Sensor

5.1 Revisiting Motivation

CMUTs have been proven to be a promising bio/chemical platform in the last decade.
Compared to other gravimetric-based sensors, their advantages include high mass
sensitivity, reliability, miniaturization, ease of functionalization, and capability of
selective sensing. However, their potential for humidity sensing is less explored. In 2012,
Lee et al. applied a 50 MHz CMUT to detect water vapors using mesoporous silica thin
film as the sensing material. A sensitivity of 2 kHz/%RH was reported in an RH range of
0% to 80% [92]. In 2014, this group developed a multichannel oscillator for the sensing
system and improved the RH sensitivity to 2.6 kHz/%RH between an RH level of 0% to
20% [13]. It is well known that the mass sensitivity of a resonant gravimetric sensor is
determined by both the transducer itself and also the sensing material. In the recent
decade, GO has been emerging as a superior material for moisture sensing due to its
excellent hygroscopic property and low cost. It has been widely adopted for other types
of gravimetric sensors like QCMs [42]-[44] and SAW sensors [17].

In this chapter, a CMUT-based humidity sensor functionalized with GO is introduced.
The objective is to demonstrate the efficiency of combining the mass-sensitive CMUT

and the moisture-sensitive GO. The CMUT humidity sensor is designed and fabricated
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with microfabrication techniques and coated with a GO thin film. The analysis on the
sensitivity, the repeatability, the response/recovery time, and the hysteresis
characteristics are presented to prove that the CMUT humidity sensor can serve as a

strong candidate for humidity sensing.

T —m

yvacuum ¢ ‘d\'it_\'

msulator

substrate / bottom electrode

£ .
graphene oxide

vacuum cavity

msulator

substrate / bottom electrode

Fig. 5.1: Schematic of (a) CMUT structure; (b) working mechanism of the CMUT humidity sensor.
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5.2 Operational Principle and Design

As shown in Fig. 5.1 (a), a basic CMUT cell structure is a parallel-plate capacitor
with a vacuum cavity in between and the resonating membrane anchored around.
Superimposed by a DC voltage, when an AC voltage is applied across the two plates, the
membrane vibrates. The vibration amplitude is maximized as the frequency of the AC
voltage equals the resonance frequency of the CMUT. For a CMUT with circular
membranes, the resonance frequency is determined by Eq. (3.11).

After coating of the GO thin film, a resonance frequency shift of the CMUT is
expected. Whether the shift is positive or negative mainly depends on the mechanical
property and the dose of the GO. As depicted in Fig. 5.1 (b), the working principle of the
CMUT humidity sensor is based on the mass-loading effect, where the additional mass
of water molecules loaded on the GO film causes a resonance frequency shift. If the added
mass is small compared with the mass of the membrane, the mass sensitivity can be
expressed as [32]

f, 1
7

1
S=—=-=-0 , 5.1
2moca (5.1)

According to Eq. (5.1), a higher mass sensitivity requires a higher resonance
frequency and a lower mass, both of which can be achieved by a smaller radius. However,
given a membrane thickness, the radius is limited by the fabrication capabilities and the

SNR level when the resonance frequency becomes impractically high. Therefore, both
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the performance and practical conditions need to be considered while designing the
CMUT humidity sensor.

A circular CMUT with a diameter of 2 mm was designed to facilitate the deposition
of the GO thin film. A single sensor contains 850 CMUT cells. The resonance frequencies
of the reported CMUTSs for gravimetric detection range from 1.8 MHz to 50 MHz [11],
[12], [14]. In this work, the in-air resonance frequency of the CMUT was moderately
designed to be around 12 MHz as a compromise between the mass sensitivity and the
fabrication yield. A thinner membrane is usually desired for a higher mass sensitivity due
to its lighter weight. Here, the thickness of the membrane was selected as 2.2 um
depending on the availability of SOI wafers. Using the FEA simulation, the radius of the
membrane and the cavity depth were determined to be 26 um and 250 nm according to

the selected resonance frequency and membrane thickness.

56



5.3 Sensor Fabrication
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Fig. 5.2: Process flow of the CMUT.

The CMUT was fabricated using the direct wafer bonding process. Fig. 5.2 depicts
the process flow. The fabrication started from a 100 mm 0.001-0.005 ohm-cm < 100 >

prime silicon wafer, which was grown with a 500 nm SiOz layer by wet thermal oxidation.
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In step (a), the oxide layer on the substrate was patterned and etched with cavities. Then
a 100-mm 0.001-0.005 ohm-cm < 100 > SOI wafer with a device layer thickness of 2.2
um was prepared for wafer bonding. An RCA-1 cleaning was done on both the bottom
wafer and the SOI wafer before the bonding to ensure the surface cleanness and also
render the wafer surfaces hydrophilic. Then the wafers were bonded in vacuum after a
10-minute plasma treatment (step b). In step (c), the CMUT membrane was released by
removing the handling layer and the BOX layer. Then, the membrane was patterned and
etched with DRIE to define the CMUT elements (step d). Subsequently, the bottom
electrode was exposed through a lithography patterning and RIE etching step (step ). In
step (), a 30 nm chromium and 100 nm aluminum bi-layer electrode was deposited using
e-beam evaporation, followed by a lift-off process to form the metal contact pads. The
fabricated CMUT is displayed in Fig. 5.2 (g).

The 1 mg/mL GO dispersion was prepared by dispersing the commercial GO
powder with DI water and then treating it with ultrasonic bath for an hour. To
functionalize the CMUT, 5 pL of GO dispersion was drop-casted on the CMUT
membrane using a microliter syringe. The GO thin film was formed after the water was
evaporated in room temperature. Since multilayer GO is a metastable material [93], the
sensor was kept in room temperature for three weeks until its structure and chemistry

properties became stable.
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5.4 Apparatus
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oo 93.6%
DC Bias RH
Saturated salt solutions ————— =SS ==
CHsCOOK MgCl KNOs

Fig. 5.3: Schematic diagram of the humidity sensing experimental setup.

Fig. 5.3 shows the schematic diagram of the experimental setup. Note that all the
measurements were performed at the room temperature (~25 °C). Saturated salt solutions
were used to generate different levels of RH. Potassium acetate (CH3COOK), magnesium
chloride (MgCl2), potassium carbonate (K2COs), sodium chloride (NaCl), potassium
chloride(KClI), and potassium nitrate (KNO3z) provided an RH of 22.5%, 32.8%, 43.2%,
75.3%, 84.3%, and 93.6%, respectively [94]. Via a bias tee (PSPL5530B, Tektronix), the
CMUT humidity sensor was biased by a DC power supply (GPR-11H30D, GW Instek)
and excited by the vector network analyzer (VNA). The VNA (TTR503a, Tektronix) was
used to measure the S11 parameters [95] of the CMUT humidity sensor at each RH level,
which were converted into electrical impedances for analyzing the resonance shift. The
relationship between the electrical impedance and the Si1 parameter is expressed by

1+5,;
ref 1_ Sll

z-27 . (5.2)

where Z_, isthe system impedance and equals to 50 Q.
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5.5 Device Characterization

The laser-doppler vibrometer test was first carried out to test the vibration and the
in-air resonance frequency of the CMUT before the functionalization. The CMUT was
biased at 70 V and excited by a 10 Vpp AC continuous sinusoidal signal. Using a
frequency sweep, the resonance frequency of the CMUT was measured to be 12.40 MHz
with a + 0.2 MHz variation across 10 randomly picked cells. Fig. 5.4 displays a 2-D scan

image of the CMUT membrane displacement. Variations in the membrane displacement

were observed due to the distinguished resonances of the cells.

Fig. 5.4: Vibrometer displacement measurement of the CMUT at a 70 V DC voltage and a 10 Vpp

AC signal at 12.40 MHz.

| L
DC_I_L__J

I bias tee

Fig. 5.5: Schematic of the setup for electrical impedance measurement.
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The electrical input impedance of the CMUT was characterized by the VNA. Fig.
5.5 shows the schematic of the electrical layout for the test. The Si1 parameters of the
CMUT were measured at various DC voltages, then converted into electrical input
impedances. Fig. 5.6 (a) and Fig. 5.6 (b) show the impedance magnitudes and the parallel
resonance frequencies of the CMUT at different bias voltages, respectively. Due to the
spring softening effect [23], the resonance frequency decreased as the DC bias voltage
increased. When biased at 70 V, the measured resonance frequency of the CMUT was

12.315 MHz, which was close (0.6% variation) to the result from the vibrometer test.
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Fig. 5.6: (a) Measured impedance magnitude of the CMUT; (b) resonance frequencies at various

bias voltages.
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A field emission scanning electron microscope (SEM, JSM 7200-F, JEOL) was used
to characterize the surface morphology of the GO thin film, which is shown in Fig. 5.7.
It can be seen that the uniformity of the coating was imperfect. Many clusters of GO
nanoflakes were randomly distributed. This was caused partially by the non-uniform
nature of the drop-casting technique and partially by the high concentration of the GO
dispersion. The non-uniform film may result in improved sensitivity of the sensor due to
the increased space for water molecule capture, but also degraded reversibility because
the clusters can trap water molecules during desorption process. Other coating techniques
such as spin coating and inkjet printing may be investigated for a more uniform coating
in the future. This will be discussed in the last chapter of the thesis. After GO deposition,
the impedance test showed a slight increase in the resonance frequency of the CMUT

humidity sensor. Specifically, the resonance frequency increased from 12.20 MHz to

12.865 MHz when biased at 80 V.

Fig. 5.7: SEM images of the GO morphology (a) 10 um; (b) 1 pum.
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5.6 Humidity Sensing Results
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Fig. 5.8: (a) Resonance frequency response of CMUT humidity sensor at various RH levels;

(b) resonance frequency response in three different measurements.

The humidity sensing performance of the CMUT humidity sensor was characterized
using the setup shown in Fig. 5.3. The resonance frequency shift Af of the CMUT was
analyzed at various RH levels before and after GO coating. Fig. 5.8 (a) displays the
resonance frequency response when increasing the RH level from 22.5% to 93.6%. The

frequency shift was negligible without GO coating due to the ultra-smooth silicon
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membrane of the CMUT, which was not a good moisture adsorbent. After coating of the
GO sensing layer, the humidity sensitivity was improved drastically. It is also observed
that the resonance frequency shift was small at low RH levels (<43.2%), and large at high
RH levels (>43.2%). An explanation was that the added mass of the GO film came from
the adsorption of water molecules, which mainly concentrated on the surface of the film
at low humidity levels, and penetrated into the interlayer of the film at high humidity
levels, inducing a higher mass increase and thus a higher frequency shift [96].
Specifically, the sensitivity was calculated to be 2.9 kHz/%RH between the RH level of
22.5% and 43.2%, and 11.5 kHz/%RH between 43.2% and 93.6%. Table 5.1 presents a
comparison between the CMUT in this work and other gravimetric humidity sensors
reported in literature. The CMUT-based humidity sensor is found to exhibit a superior
RH sensitivity over most of the competitors. In order to test the repeatability of the sensor,
three measurements were conducted under the same condition in three different days. Fig.
5.8 (b) displays the resonance frequency responses of the three tests. It was found that the
variation became larger with the increased RH level. The repeatability error reached the

maximum of +4.51% at the RH of 93.6%.
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Table 5.1 Comparison between the CMUT sensor in this work and other reported gravimetric

humidity sensors

Sensor Resonance Range of RH Sensitivity
Reference Sensing material
type frequency (MHz) (%) (kHz/%RH)
225-432 29
Thiswork  CMUT 12 GO
43.2-93.6 115
[13] CMUT 50 mesoporous silica 0-20 2.6
10-80 3.17-16.19
[17] SAW 392 GO
80-90 42.08
[97] SAW 200 sol-gel SiO2 30-93 8.3
) ) 20-50 2.2
[98] FBAR 1400 zinc oxide
50 - 95 8.5
[18] FBAR 1250 GO 3-70 5
[42] QCM 10 GO 6.4-935 up to 0.022
[99] QCM 10 GO/poly(ethyleneimine) 11.3-97.3 0.027
1 47%RH 47% RH
[
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Fig. 5.9: Dynamic frequency shift of the CMUT humidity sensor with the RH level switching

between 47% and 75.3%.

The time-dependent frequency response of the CMUT humidity sensor was tested

by switching the sensor between the laboratory ambiance (47% RH) and a 75.3% RH

environment provided by NaCl solution. The resonance frequency of the CMUT in the
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laboratory atmosphere was first recorded as the baseline. Then the frequency shift was
monitored by the VNA and recorded by a LabVIEW program. The dynamic frequency
response of the sensor, as shown in Fig. 5.9, indicated that the CMUT humidity sensor
had fast response-recovery performance. The response time and recovery time (defined
as the time for reaching 90% of the steady state) were measured to be 10 s and 4 s,

respectively.
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Fig. 5.10: Humidity hysteresis curve of the CMUT humidity sensor.

Hysteresis due to water molecule adsorption is a common phenomenon for humidity
sensors [100]. The humidity hysteresis characteristic of the CMUT humidity sensor was
investigated by measuring its resonance frequency response with the RH increased from
22.5% t0 93.6% and then decreased back to 22.5%. Fig. 5.10 shows the tested hysteresis
curve. Compared to the frequency shift in the humidity-ascending response curve, a
decline in the frequency shift was observed in the humidity-descending response curve.
It is also observed that the hysteresis level was slightly higher at lower RH levels (<43.2%)

and peaks at 43.2% RH. The possible reason for the hysteresis was that the water
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molecules were trapped in the deep layer of the GO film and were difficult to desorb

when decreasing the RH from high humidity levels [17].

5.7 Summary

This chapter presents a highly sensitive CMUT-based humidity sensor with GO
sensing film. The CMUT transducer with a diameter of 2 mm and an operating frequency
of 12 MHz was fabricated by the direct wafer bonding technique. To validate the design,
both the laser vibrometer and the VNA were adopted to characterize the resonant
properties of the fabricated device. A GO thin film was then coated as the water vapor
adsorbing layer on the resonating membranes of the CMUT. The humidity sensing
performance of the CMUT humidity sensor was evaluated through the electrical
impedance analysis over an RH range of 22.5% to 93.6%. Frequency shifts caused by the
added mass of the absorbed water molecules was observed in the measurements.
Particularly, the sensor exhibited a humidity sensitivity of 2.9 kHz/%RH at low RH levels
and 11.5 kHz/%RH at high humidity levels. It also showed decent repeatability with a
maximum repeatability error of £4.51% and a short response/recovery time of 10 s/4 s.
Benefit from the MEMS technology and the water-sensitive GO, CMUTSs have shown to

be a strong candidate for miniaturized and highly sensitive humidity sensing platform.
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Chapter6 CMUT Humidity Sensors
Fabricated with Nitride-to-Oxide
Wafer Bonding Technology

6.1 Revisiting Motivation

In the last chapter, the CMUT-based humidity sensor functionalized with GO
showed an excellent sensitivity of up to 11.5 kHz/%RH between an RH level of 22.5%
to 93.6%. The moisture-sensitive GO significantly enhanced the humidity sensing
performance of the CMUT due to its abundance of oxygen-containing groups. Although
the CMUT-based humidity sensor was more sensitive than most of its competitors, there
is still a need to further improve its sensitivity. This work aims to improve the RH
sensitivity by introducing the nitride-to-oxide wafer bonding technology for fabrication
of CMUT sensors. Previously, the CMUT was fabricated by the standard wafer fusion
bonding technique, which bonded an SOI wafer with a thermally oxidized bottom wafer.
The resonating membranes of CMUTs came from the silicon device layer of the SOI
wafer. Employing SOI wafers can lead to several issues. First, obtaining commercial SOI
wafers with a thin device layer at the sub-micron level can be difficult. This limits the
flexibility of sensor design and performance optimization. Moreover, the poor thickness
uniformity of the device layer can degrade sensor performance, despite the high cost of
SOl wafers. A solution is to avoid the use of SOl wafers by adopting thin SisN4 resonating

membranes for CMUTSs. The SisNa4 layer can be grown by LPCVD, so its thickness can
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be customized. As a result, thinner and lighter membranes can be easily achieved for a
higher mass sensitivity. In general, CMUTSs with SisNs membranes are fabricated by the
sacrificial release process [9], which produces stiction during the releasing process. As
such, the CMUT sensitivity often has to be compromised in order to reduce stiction by
making a larger gap between the membrane and the substrate.

In 2009, our group reported a nitride-to-nitride wafer bonded CMUT with promising
acoustic and electrical results [101]. In this process, a chemical mechanical polishing
(CMP) step was required to smoothen the surface of both the bottom and top wafers
before wafer bonding. More recently, we developed a nitride-to-oxide wafer bonding
process [102] and fabricated a CMUT for the collapse-mode operation [103], where the
membrane was in contact with the substrate. The new wafer bonding technique requires
a CMP step solely for the top wafer. When compared to conventional SOI-based wafer
bonding processes, it reduced the number of photomasks from four to three for CMUT
fabrication. As a result, the fabrication cost was reduced without compromising the
performance.

In this chapter, highly sensitive CMUT humidity sensors that were fabricated by the
nitride-to-oxide wafer bonding process is reported. The CMUTs are functionalized by
GO with three different concentrations. Based on the first-generation CMUT-based
humidity sensor presented in Chapter 5, this chapter aims to improve the RH sensitivity

and device uniformity, and reduce the fabrication cost and operating voltage. The
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humidity sensing performance of the CMUT sensors is investigated by measuring their

RH sensitivity, repeatability, dynamic response, and hysteresis characteristics.

6.2 Sensor Design

Eq. (5.1) indicates that a smaller radius results in a higher mass sensitivity. Apart
from the mass sensitivity, the operating voltage is another design criterion for CMUTSs.
It is estimated from the pull-in voltage Vpi. By substituting Eq. (3.2), Eq. (3.7) and Eq.

(3.21) into Eq. (3.20), we can get the relationship between Vpi and the CMUT dimension

L e y
. oC . .
. goa' (1—02) (6.1)

It can be seen that a lower pull-in voltage requires a larger radius, which contradicts to

and material properties as

the high mass sensitivity. An optimum solution should ensure mass sensitivity while
maintaining the operating voltage in an acceptable range. One way to achieve that is to
control the pull-in voltage by selecting a suitable membrane material, which is typically
limited to silicon or silicon nitride due to the fabrication process of CMUTs. Nonetheless,
the influence of material properties is small compared to that caused by the changes in
the CMUT dimension. A more effective way to design a small cavity depth. However, it
poses huge fabrication challenges when the radius gets too small and the cavity needs to
be extremely shallow, for instance, under 50 nm. At such a small scale, the fabrication
error tolerance will be very small because the cavity-to-cavity variation can have a

significant impact on the device performance. Another alternative is to employ thin
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membranes for CMUTSs. Although it is possible to achieve thin silicon membranes at the
sub-micron level, it is often difficult due to the limited availability of commercial SOI
wafers. The uniformity of the thin device layer of SOI wafers may also be a problem. To
this regard, SisN4 membrane is a good choice because it is easy to obtain thin LPCVD
Si3sN4 layers at the sub-micron level. Moreover, SisNs layers grown by the LPCVD
process naturally have an excellent thickness uniformity, which is favorable for a high
quality factor. This further explains why the nitride-to-oxide bonding process is more
suitable for CMUT sensing applications than the conventional SOI-involved process.
Here, 3 mm-diameter circular CMUTs with SisN4 membranes were designed. The
critical design parameters are presented in Table 6.1. The CMUTSs were designed with an
in-air resonance frequency of 10 MHz and a membrane thickness of 520 nm. The
membrane radius was then uniquely optimized via FEA simulation. The DC operating
voltage was designed to be under 50 V and the cavity depth was determined accordingly.

Table 6.1 Design parameters of the CMUTs.

Parameter Value
Resonance frequency 10 MHz
Membrane thickness 520 nm
Membrane diameter 30 um
Cavity depth 180 nm
Electrode thickness 100 nm
Operating voltage <50V
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Number of cells 5380

6.3 Sensor Fabrication
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Fig. 6.1: Process flow of the CMUT.
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The CMUTs were fabricated using the nitride-to-oxide wafer bonding process,
which required only three photomasks. The process, as shown in Fig. 6.1, started with
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two 100-mm 0.001-0.005 ohm-cm <100> silicon wafers, which later served as the bottom
wafer and top wafer, respectively. In step (a), a 600 nm SisN4 layer was deposited on the
top wafer using the LPCVD process and a 500 nm SiO; layer was thermally grown on
the bottom wafer. In step (b), the bottom wafer was etched with cavities by RIE. In order
to achieve an ultra-smooth surface for a successful wafer bonding [101], [102], [104], the
top wafer was treated with a CMP process to reduce the surface roughness to sub-
nanometer scale. In step (c), the wafers were cleaned in RCA 1 and RCA 2 baths [88] for
5 minutes each, followed by another 5-minute RCA 1 cleaning and a 10-minute oxygen
plasma treatment. Then the wafers were fusion bonded under a 2500 N compressive force
for 20 minutes. Subsequently, the wafer pair was annealed at 1100 <C for an hour to
strengthen the bonding. In step (d), the backside SisNa4 layer and the silicon handling layer
of the top wafer were removed by RIE and TMAH etching, respectively. Next, a
lithography and RIE step was performed to expose the bottom electrode (step (e)). In step
(), the electrode contact pads, formed by 20 nm of chromium and 80 nm of aluminum,
were deposited using an e-beam evaporation and a lift-off process.

In this fabrication process, a CMP process before wafer bonding is of crucial
importance. For a successful bonding, it is critical to ensure that the root-mean-square
(RMS) surface roughness of the wafers is within 10 Arms [105]-[107]. The thermally
oxidized prime silicon wafer and the LPCVD SisNg layer naturally meet this requirement.
However, the wafer bonding kept failing without the CMP process. Based on our previous

experience in fabrication, the thermal oxide grown in our facility is safe for bonding.
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Therefore, a roughness characterization on the LPCVD SisNa4 layer was performed using
atomic force microscopy (AMF). Fig. 6.2 and Fig. 6.3 display the AFM scan of a 520 nm
— thick LPCVD SizN4 layer without and with CMP, respectively. In a scanning area of
100 nm * 100 nm, the surface roughness of the nitride layer without CMP was only 4.7
ARMS, even smaller than that with CMP. However, there existed lots of randomly
distributed large bumps on the surface without CMP. The bumps have varied heights and
noticeable areas of vacancies between them. The possible reason for the failed wafer
bonding was that the effective bonding area had been significantly reduced by these
bumps. After CMP, on the contrary, although the RMS surface roughness slightly
increased and countless nanopillars were introduced, these nanopillars were extremely
small in diameter and very densely positioned. The effective bonding area was
considerably increased. As a result, the bonding was very successful and a fabrication

yield of over 90% was achieved.
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25 50 75 100 nm

Fig. 6.2: The AFM scan showing the surface roughness of a 520 nm LPCVD Si3N4 layer without

CMP: (a) 3D view; (b) top view.
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2.9 nm

25 50 75 100 nm

Fig. 6.3: The AFM scan showing the surface roughness of a 520 nm LPCVD Si3N4 layer with CMP

(a) 3D view; (b) top view.

After fabrication, the CMUTs were functionalized by drop-casting 6 uL of GO
dispersion on the membranes using a microliter syringe. This volume of GO dispersion
was determined such that it was able to cover the whole area of the CMUT membranes.
The GO thin films were formed after water evaporation in room temperature. To
investigate the influence of the GO concentration on the sensor performance, GO
dispersions with a concentration of 0.5 mg/ml, 0.25 mg/ml and 0.1 mg/ml were prepared

for three CMUTSs. The corresponding CMUT humidity sensors were labeled as CMUT-
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1, CMUT-2, and CMUT-3, respectively. After coating of the GO thin films, the sensors
were kept in room temperature for three weeks until its structure and chemistry properties

became stable.

6.4 Device Characterization

Before functionalization of the CMUTSs, a laser vibrometer measurement was
performed to test their resonance frequencies and cell-to-cell uniformity. Using a
frequency sweep with a function generator, the in-air resonance frequency of the biased
CMUT-1 was determined at where the membrane displacement reaches the maximum.
Fig. 6.4 (a) shows the 2D scan image of the membrane displacement when CMUT-1 was
biased at 35 V and excited by a 1 Vpp 10.20 MHz continuous sinusoidal signal. In order
to test the cell-to-cell uniformity, the resonance frequencies of 20 cells in a row were
measured. Fig. 6.4 (b) displays the resonance frequencies at a bias voltage of 20 V, 30V,
and 40 V. A maximum variation of 0.11 MHz (~1%) was observed between the cells,

showing an outstanding device uniformity.
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Fig. 6.4: Laser vibrometer test of CMUT-1: (a) 2D scan of the membrane displacement at a 35 V
bias voltage and a 1 Vpp 10.20 MHz continuous sinusoidal signal; (b) resonance frequencies of 20

cells at different bias voltages.

The electrical input impedance of CMUT-1 was first characterized. The pull-in
voltage Vpi of the CMUT-1 was measured to determine the operating bias. By gradually
increasing the DC bias, the pull-in voltage was measured to be 60 V, at which an abrupt
resonance shift was identified. The impedances before and after the functionalization
were measured at various bias voltages and are shown in Fig. 6.5 (a) and Fig. 6.5 (b),

respectively. It is observed that the phases of impedances were always negative after
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functionalization. This mainly resulted from the capacitive characteristics of the CMUT
sensor. It might also mean that the device had a weak resonance. Nonetheless, the CMUT
can still serve as an effective humidity sensor because the resonance frequency or
frequency shift can be clearly determined from the amplitude of impedance. Fig. 6.5 (b)
also indicates the decrease in quality factor after functionalization, which was due to the
extra energy dissipation induced by the GO film. This may degrade the resolution for
humidity sensing. Similar results were found with CMUT-2 and CMUT-3, the
impedances of which are shown in Fig. 6.6 and Fig. 6.7, respectively. It is also observed
that the performance of CMUT sensors coated with lower-concentrated GO was less

affected by the functionalization.
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Fig. 6.5: Electrical impedance measurement of CMUT-1: (a) without GO; (b) with GO.
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Fig. 6.8 presents the parallel resonance frequency of the CMUTS as a function of the
bias voltage. Taking CMUT-1 as an example, the resonance frequency showed a good
agreement with that from the laser vibrometer test. As the bias voltage increased, the
resonance frequency decreased due to the spring softening effect. It is also observed that
the resonance shifted to higher frequencies after coating the GO thin film, which was
attributed to the increased effective thickness of the resonating membranes. Among the
three sensors, CMUT-1 got the largest frequency shift as expected due to the highest

concentration of GO.
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The morphologies of GO films were examined by SEM. Fig. 6.9 (a-e) presents the
surface morphologies of GO films coated on the CMUT membranes (Fig. 6.9 (a)) and a
silicon substrate (Fig. 6.9 (b-e)). It is noticed that the GO film with a higher concentration
was more tortuous. Fig. 6.9 (f) and Fig. 6.9 (g) show the cross-section views of a CMUT
cell without and with GO coating, respectively. Because taking cross-section images
required permanent damaging of the CMUT and we had limited number of dummy
samples, only a CMUT coated with 0.5 mg/mL GO was used for the imaging. The

measured thickness of the GO film was around 175 nm.
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Fig. 6.9: SEM images of: morphologies of (a) GO on the CMUT membranes, (b) GO nanosheet, (c)

0.5 mg/ml GO, (d) 0.25 mg/ml GO, (e) 0.1 mg/ml GO; cross-section views of a CMUT cell (f)

without GO coating, (g) with GO coating.
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6.5 Apparatus
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Fig. 6.10: Schematic diagram of the humidity sensing experimental setup.

Fig. 6.10 shows the schematic diagram of the experimental setup for humidity
sensing. The RH levels of 11.3%, 22.5%, 32.8%, 43.2%, 52.9%, 75.3%, 84.3%, and 93.6%
were generated by saturated salt solutions of lithium chloride (LiCl), potassium acetate
(CH3COOK), magnesium chloride (MgCl>), potassium carbonate (K>.CO3), magnesium
nitrate (Mg(NOs).), sodium chloride (NaCl), potassium chloride(KCI), and potassium
nitrate (KNO3) , respectively [94]. For the SOI-based CMUT humidity sensor presented
in Chapter 5, LiCl (RH 11.3%) and Mg(NOs). (RH 52.9%) were not used for the humidity
sensing tests. It was because the two salts were out of stock at the time of purchasing and
some unexpected problem with the order resulted in a very long leading time. Hence, |
decided to perform experiments without testing the two RH levels. Later on, the SOI-
based CMUT used in Chapter 5 broke down during a pull-in test. So the two RH levels
were not tested. Here for the SisNs-based CMUTSs, all ordered salts have arrived and an

RH level from 11.3% to 93.6% were measured. Note that all measurements were
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performed at room temperature. The CMUT sensors were biased at 0.6-Vpi during the

humidity sensing tests. The frequency shifts of the sensors were analyzed from the Si;

parameters measured by the VNA.

6.6 Humidity Sensing Results and Discussion

Table 6.2 Humidity sensing performance of the CMUT sensors.

Label of sensors CMUT-1 CMUT-2 CMUT-3
GO concentration (mg/ml) 0.5 0.25 0.1
Humidity sensitivity RH 11%-43% 5.6 4.7
3.5
(kHz/%RH) RH 43%-93% 15.3 8.7
Maximum repeatability error (%) +23 +16 +22
Response/recovery time (s) 11/3 15/3 10/3

The humidity sensing performance of the three CMUT sensors was characterized by
measuring the frequency shifts as a function of the RH level. Fig. 6.11 (a) displays the
frequency responses as the RH level increased from 11.3% to 93.6%. The sensing
performance of the sensors is summarized in Table 6.2. It is observed that the sensor with
a lower GO concentration produced a lower RH sensitivity but yet better linearity. For
both CMUT-1 and CMUT-2, the frequency shifts were smaller at RH levels below 43.2%
and increased at higher RH levels. Based on this transition, their humidity sensitivities
were calculated in the two ranges. CMUT-1 and CMUT-2 achieved a sensitivity of up to

15.3 kHz/%RH and 8.7 kHz/%RH, respectively. In contrast, CMUT-3 had an
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approximately linear frequency response, with a sensitivity of 3.5 kHz/%RH. The reason
for the discrepancy in sensitivity is quite straightforward. A lower concentration of GO
leads to less adsorption of water molecules and thus smaller frequency shifts. Regarding
the linearity, CMUT-1 and CMUT-2 had thicker GO films, within which the water
molecules could penetrate into the interlayer at high humidity levels and result in larger

frequency shifts [96], whereas the water adsorption mainly took place on the surface of

CMUT-3.
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The repeatability of the sensors was examined by performing three humidity sensing
measurements under the same experimental condition in different days. The testing
results are shown in Fig. 6.11 (b). The repeatability error was calculated as the ratio of
the maximum deviation in frequency shifts to the full-scale frequency shift. All the three
CMUT sensors exhibited excellent repeatability, with a maximum repeatability error of
+ 2.3%, = 1.6%, and + 2.2%, respectively.

To characterize the dynamic responses of the CMUT sensors, their resonance
frequencies in the laboratory ambiance (29% RH) was used as the benchmark. The
dynamic frequency shifts were recorded by the VNA and the Labview program while
alternating the sensors between the ambiance and the 75.3% RH environment provided
by the saturated NaCl solution. During the switching, the sensors were kept in the
ambiance for about 32 s and in the 75.3% RH environment for a little longer time of 42
s to allow sufficient water adsorption. The switching time was controlled in 1 s after
repetitive practices. Fig. 6.12 shows the time-dependent responses of the sensors. All the
sensors exhibited fast response-recovery performance. The measured response/recovery
time for CMUT-1, CMUT-2, and CMUT-3 was 11/3 s, 15/3 s, and 10/3 s, respectively.
It is observed that the frequency shifts between 29% RH and 75.3% RH were smaller in
the dynamic tests than that shown in Fig. 6.11, and the discrepancy was the most evident
with CMUT-1, which employed the highest concentration of GO. The inconsistency was
likely induced by two factors. The first one was the different environment in the

laboratory ambiance and in the bottle with saturated salt solutions. Subtle alternations in
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the environment such as pressure change might have affected the sensing results. The
second cause might be the different ways of switching between RH levels. Instead of
increasing and decreasing the RH level gradually, the sensors were moved directly
between a low and a high RH environment in the dynamic tests, leading to inadequate
desorption of water molecules and thus smaller frequency shifts.

The humidity hysteresis of the sensors was examined by gradually increasing the
RH level from 11.3% to 93.6% for water adsorption and then decreasing back to 11.3%
for water desorption. The frequency shifts were monitored by the VNA. Fig. 6.13 shows
the hysteresis curves of the three sensors. The humidity-descending curves were observed
to be slightly lagged behind the humidity-ascending curves for all the sensors, possibly
caused by the trap of water molecules in the interlayer of GO films during the desorption
process [17]. The level of hysteresis reaches the maximum at the RH level of 43.2%,

43.2%, and 32.8% for CMUT-1 to CMUT-3, respectively.
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6.7 Summary

This chapter presents CMUT-based humidity sensors that were fabricated by the
nitride-to-oxide wafer bonding technology. In contrast to conventional wafer bonding
CMUT processes that use expensive SOl wafers to produce resonating membranes, the
proposed process employs LPCVD SisN4 as the membrane material, which provides
thinner and lighter membranes and thus more sensitive CMUT resonators. Furthermore,
additional benefits such as reduced fabrication complexity and more controllable
membrane thickness are possible. Ten MHz CMUTSs were designed and fabricated. The
device uniformities and resonance frequencies were characterized by a laser vibrometer
and a VNA. Three CMUTs were functionalized by GO with a dispersion concentration
of 0.5 mg/ml, 0.25 mg/ml, and 0.1 mg/ml. Over an RH range from 11.3% to 93.6%, the
sensors showed a maximum RH sensitivity of 15.3 kHz/%RH, 8.7 kHz/%RH, and 3.5
kHz/%RH, respectively. The CMUT coated with the highest concentration exhibited the
highest sensitivity. Decent repeatability and a short response/recovery time were
achieved by all the CMUT sensors. This work demonstrates that CMUT sensors realized
by the nitride-to-oxide wafer bonding technique are promising for highly sensitive
humidity sensing. Due to their exceptional mass sensitivity, the developed fabrication

process can also be suitable for constructing CMUTSs for other bio/chemical applications.
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Chapter 7 A Multi-Resonance CMUT
for Sensing Applications

7.1 Introduction

The last two chapters have demonstrated the benefits of CMUT as a strong humidity
sensor. In some cases, however, being sensitive to only one specific analyte like humidity
is not good enough. A sensing system is sometimes desirable to discriminate diverse
chemical vapors. Currently, one of the most popular solutions for that is the electronic
nose system, which uses an array of multiple sensors. Each sensor is functionalized by a
specific film that is selectively sensitive to one analyte. By extracting and analyzing the
multi-channel signals, it is possible to identify or classify chemical vapors [108], [109].
Microcantilever- [110], [111], QCM- [112]-[114] and SAW-based [115]-[117] sensors
have been implemented for such purposes. However, due to the increased complexity in
readout circuits and modification processes, these sensing platforms suffer from the large
footprint, high cost and power consumption, and degraded long term stability [109].

To overcome these limitations, virtual sensor arrays have been investigated in recent
years as an alternative to the multi-sensor array scheme. A virtual sensor array uses a
single sensor to generate multiple independent outputs simulating an array [118]. The
sensor is functionalized by a sensing material with diverse responses to different analytes.
Data analysis on the multi-dimensional responses can provide similar results as achieved

by the physical multi-sensor arrays. To date, multi-frequency virtual sensor arrays based
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on piezoelectric resonant sensors such as QCM [119]-{121], SAW [122], and bulk
acoustic wave resonators [108] have been realized. These sensors employed signals at
multiple resonant orders/harmonics to produce diverse responses on different analytes.
They have achieved relatively high sensitivities and also the promising capability of
distinguishing various analytes. However, due to the intrinsic coupling between harmonic
signals, the frequency-dependent responses of these resonators are not completely
independent, and hence limiting their ability of vapor discrimination [108]. Moreover,
constructing piezoelectric-based resonant sensors with multiple independent resonances
is challenging because of the manufacturing constraints.

In this chapter, a single-chip multi-resonance CMUT is proposed as a new alternative.
As indicated in Eq. (3.11), the resonance frequency of a CMUT can be adjusted by
varying the radius of the membrane. Using microfabrication technology, it is easy to
implement multiple membrane radii or resonance frequencies on a single-chip CMUT.
Because CMUT cells with different resonances are free of internal coupling, they are able
to generate completely independent responses for sensing applications. In addition, the
flexible choice on the membrane sizes enables almost arbitrary resonance designs,
compared to sorely the fundamental and harmonic signal detections for the piezoelectric-
based resonators. All these features make CMUT a powerful alternative as a virtual
sensor array for vapor discrimination. The feasibility of multi-size structured CMUTSs has
recently been demonstrated for medical imaging applications [123], [124]. These arrays

consist of interlaced low frequency (LF) and high frequency (HF) sub-arrays that are
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electrically insulated and separately operated. In this work, we propose a dual-resonance
CMUT with LF (10 MHz) and HF (14 MHz) cells electrically connected in parallel.
Using a frequency sweep, two independent resonances can be detected simultaneously
and be used for gravimetric sensing. Due to time and experimental condition constraints,
the multi-resonance CMUTs were used for humidity sensing only and not used for vapor
discrimination. The multi-resonance design still owns its advantages over single-
frequency configurations when used for detection of a single analyte. Multiple responses
can be produced instead of one, providing more reliable and accurate sensing results.

In this chapter, design, fabrication, and characterization of the multi-resonance
CMUT are elaborated. The humidity sensing performance of the GO-modified CMUT
sensor is examined by measuring its RH sensitivity, repeatability, dynamic response, and

hysteresis characteristics.

7.2 Operational Principle and Design

Fig. 7.1 (a) shows the structure of the dual-resonance CMUT humidity sensor. It
consists of many electrically connected cells with two different radii. Functionalized by
GO, when the mass of adsorbed water molecules is added on the membranes, two
independent frequency shifts will be induced at the resonances. According to Eqg. (5.1),
the HF cells have a higher mass sensitivity and hence a larger frequency shift. Based on

the distinguished frequency shifts, two frequency-dependent responses can be achieved
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when the sensor is exposed to various RH levels. The two responses provide more

accurate sensing and potentially can be used for discrimination of two chemical vapors.
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Fig. 7.1: (a) Structure of the dual frequency CMUT; (b) working mechanism of the dual frequency

CMUT humidity sensor.
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Table 7.1 Design parameters of the dual-resonance CMUT.

Parameter Value

Resonance frequencies 10 MHz / 14 MHz
Membrane thickness 520 nm

LF membrane diameter 30 um

HF membrane diameter 25 pm

Cavity depth 180 nm

Electrode thickness 100 nm

Number of LF cells 1260

Number of HF cells 1188

A 1 mm * 25 mm rectangular CMUT with SisNs membrane were designed for
humidity sensing. The critical design parameters are presented in Table 7.1. The LF
resonance of the CMUT was selected to be 10 MHz. The HF resonance was designed as
a synthetical consideration of the sensing performance, the operating voltage, and the
fabrication complexity. In terms of the sensing performance, a largely separated pair of
dual frequencies is favorable because it generates more distinguishable responses. The
downside is that it requires a longer frequency sweeping time during the sensing process
if we want to keep the resolution of detection. As the LF and HF cells are biased and
excited simultaneously during operation, they should ideally have equal pull-in voltages
to ensure the SNR at both resonances. To achieve this objective, Eq. (6.1) suggests that

an efficient way is to create a shallower cavity depth for the HF cells. However, making
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cavities with various depths on a single chip requires extra photomasks and patterning
and etching steps, which increases the fabrication complexity and cost. A solution is to
choose two close resonances such that the corresponding CMUT cells can have the same
cavity depths and also close pull-in voltages. Although close resonances may cause
crosstalk and degrade the identifiability of the two responses, a compromise can be
reached upon careful consideration. Here, the HF resonance was chosen to be 14 MHz as
a trade-off between the sensing performance and the fabrication complexity.

Given the designed resonances and the membrane thickness of 520 nm, the
membrane radii were uniquely determined via FEA simulation. The DC operating voltage
was designed to be under 50 V and the cavity depth was determined accordingly. The

final CMUT was composed of 1260 LF cells and 1188 HF cells.

7.3 Sensor Fabrication

The process flow of the dual-resonance CMUT is depicted in Fig. 7.2. The CMUT
was fabricated using the same nitride-to-oxide wafer bonding process as introduced in
Chapter 6. The only modification is that cavities with two different radii were created
simultaneously in step (b). Fig. 7.2 (g) shows the fabricated device. The CMUT was
functionalized by drop-casting 8 L GO dispersion with a concentration of 0.1 mg/ml.
This concentration was selected because it provided reasonably high sensitivity and also
relatively less damping to the sensor as proved in Chapter 6. The sensor was then kept in

room temperature for three weeks before it served as a humidity sensor.
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7.4 Device Characterization

Fig. 7.3: Vibrometer displacement measurement of the dual frequency CMUT at a 30 V bias

voltage: (a) without AC excitation; (b) with a 1 Vpp AC signal at 9.94 MHz; (c) witha 1 Vpp AC

signal at 13.72 MHz.
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Before functionalization of the CMUT, a laser vibrometer test was carried out to
check the mechanical vibration and resonance frequencies of the cells, as well as the
crosstalk between the two resonances. First, 20 LF cells and 20 HF cells were randomly
chosen for the resonance test. The resonance frequencies were measured to be 9.94 MHz
and 13.72 MHz, respectively, with a maximum variation of £1.1%. Fig. 7.3 shows the
2D scan images of the membrane displacements when the CMUT was biased at 30 V and
excited at different AC signals. In Fig. 7.3 (a), no membrane vibration was observed
without AC excitation. It can be seen from Fig. 7.3(b) and Fig. 7.3 (c) that membranes of
the LF and HF cells reached the maximum displacements near their resonances,
respectively, and there was no evident crosstalk between the two resonances. Small
variations in the displacement amplitude were observed. This was attributed to the
resonance variation between the cells. The vibration measurement proved the complete
independence between the two frequencies, which is favorable for vapor discrimination
applications.

The electrical input impedance of the CMUT was characterized by the VNA. The
pull-in voltages of the LF cells and the HF cells were measured to be V; | =62V and
Vpi_HF =TV, respectively. Fig. 7.4 (a) and Fig. 7.4 (b) show the impedances at various
bias voltages before and after functionalization of the CMUT, respectively. To avoid the
collapse of any cells, the operating voltage was determined based on the pull-in voltage
of the LF cells. The maximum bias in this test was 40 V, which was 0.65-V; | and

0.51-V; . Both resonances were clearly identified from a single frequency sweep. It
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can be seen that the LF resonance was always stronger than the HF resonance. This was
because the dual frequency CMUT had a larger number of LF cells and the operating
voltage was closer to the pull-in voltage of the LF cells. It is also observed that the coating
of GO film has slightly damped the resonation of the CMUT and also degraded the quality

factor. Nevertheless, the resonances were still easily detectable because the loaded

damping was small.
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Fig. 7.4: Electrical impedance measurement of the CMUT: (a) without GO; (b) with GO.

Fig. 7.5 shows the parallel resonance frequencies of the CMUT as a function of the
bias voltage. Before functionalization, the resonances had a good agreement with that
measured from the laser vibrometer characterization. At the bias of 30 V, for instance,

the measured resonance frequencies were 10.08 MHz and 13.82 MHz from the
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impedance test, very close to 9.94 MHz and 13.72 MHz from the vibrometer test. The
spring softening effect was observed at both resonances. After coating of the GO film,
the resonances arose slightly due to the increased effective membrane thickness and the

resonance shift was larger at the HF resonance because of the higher sensitivity.
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Fig. 7.6: SEM images of the CMUT: (a) without GO; (b) with GO.

Fig. 7.6 (a) and Fig. 7.6 (b) present the SEM images of the CMUT without and with

GO coating, respectively. Cells with different resonances can be clearly visualized. A
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cluster of GO was observed in Fig. 7.6 (b). This was not desirable because it was formed
by many layers of GO nanosheet and might cause trapping of water molecules, which

might degrade the reversibility of the sensor.

7.5 Results and Discussion
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Fig. 7.7: Humidity sensing measurements of the dual frequency CMUT: (a) frequency shifts as a

function of RH; (b) frequency responses in three measurements.

The humidity sensing measurement was performed using the setup shown in Fig.
6.10. The CMUT sensor was tested at a biased voltage of 35 V at room temperature. The

frequency shifts of both resonances were characterized. Fig. 7.7 (a) displays the
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frequency responses as the RH increased from 11.3% to 93.6%. The sensing performance
of the sensor is summarized in Table 7.2. The sensor showed distinguished sensitivities
at the two resonances. Similar to the results in Chapter 6, the sensor at both resonances,
had larger frequency shifts at higher RH levels due to the adequate adsorption of water
molecules. Accordingly, the RH sensitivity was calculated in the RH ranges of 11% - 43%
and 43% - 93%. The maximum sensitivities at the LF and HF resonances are 4.6
kHz/%RH and 6.4 kHz/%RH, respectively. The higher sensitivity of the HF cells was
attributed to their smaller membrane radius, as indicated in Eq. (5.1). Fig. 7.7 (b) shows
the responses of three tests on different days. The CMUT humidity sensor exhibited
outstanding repeatability at both the LF and HF resonances, with a maximum
repeatability error of +3.7% and +2.7%, respectively.

Table 7.2 Humidity sensing performance of the dual frequency CMUT sensor.

Resonance LF HF

Humidity sensitivity RH 11%-43% 2.1 25

(kHz/%RH) RH 43%-93% 4.6 6.4
Maximum repeatability error (%) +3.7 +27
Response/recovery time (s) 11/4 12/5

The dynamic response of the CMUT was characterized by switching the sensor
between the laboratory ambiance (22% RH) and the 75.3% RH environment. The
resonance shifts were recorded by the VNA and the Labview program. In order to

enhance the sampling rate, the LF and the HF resonance shifts were measured separately.
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Fig. 7.8 shows the dynamic response of the sensor. The measured response/recovery time

at the two resonances was 11/4 s and 12/5 s, respectively.
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HF resonance.

The humidity hysteresis of the CMUT sensor was examined by gradually increasing

the RH level from 11.3% to 93.6% and then decreasing back to 11.3%. Hysteresis still
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remained a problem for the sensor due to the trapped water molecules in the interlayer of
the GO film. The level of hysteresis was similar at the two resonances and reached the
maximum at 43.2% RH. Coating a thinner and more uniform layer of GO film will

possibly suppress the hysteresis.

7.6 Summary

This chapter reports a multi-resonance CMUT fabricated by the nitride-to-oxide
wafer bonding technology. With the ultimate goal of implementing vapor discrimination,
this sensor was solely used for moisture sensing due to time constraints. A single-
resonance CMUT is eligible for humidity detection but not for vapor discrimination. The
multi-resonance CMUT (10 MHz/14 MHz) was designed and fabricated to overcome this
limitation. The basic idea was to utilize the frequency dependency of the mass sensitivity.
By implementing two resonances in a single sensor, two distinct responses can be
achieved for selective sensing. Characterizations on the CMUT membrane vibration
showed that the two resonation states were able to function completely independent. The
CMUT was then functionalized by 0.1 mg/mL GO and applied for humidity sensing. It
generated two isolated responses at two resonances, with a maximum sensitivity of 4.6
kHz/%RH and 6.4 kHz/%RH, respectively. It also exhibited decent repeatability and
rapid response/recovery. Compared to sensors that can only produce a single response,
the multi-resonance CMUT could significantly decrease the chance of false alarms and

potentially be used for vapor discrimination.
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Chapter 8 Summary and Future Work

8.1 Summary of Contributions

CMUT was initially proposed for air-coupled NDT applications in the early 1990s.
Since then, it has gained tremendous interests and has been considered as the next-
generation of acoustic imaging transducers which may compete with piezoelectric
transducers [6]. Because many attractive features of CMUTSs, the compact size in
particular, address several challenges met by conventional piezoelectric transducers,
most of the ongoing CMUT research focuses on medical imaging applications. Yet,
CMUTs have certain limitations with low output pressure being one of them. Part of the
thesis aims to provide a solution to this issue.

The first contribution of this thesis is developing a novel hybrid ultrasound
transducer which may offer a new perspective for ultrasound imaging applications. By
integrating an annular CMUT and a circular piezoelectric probe, the benefits of the two
transducer technologies are combined for enhanced sensitivity and resolution. The
fabrication process of the annular CMUT is presented and a concentric configuration is
proposed for its integration with the piezoelectric probe. Potential variations of the hybrid
configuration have been discussed for promising medical imaging applications. This
work is presented in Chapter 4.

Chemical sensing is a relatively new area for CMUTs. Although CMUT-based

humidity sensing is even less studied, it can be expected that CMUTSs inherit all benefits
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that have been achieved from other chemical sensing applications. Such advantages
include the high mass sensitivity, reliability, ease of functionalization, and minimized
array configuration. This thesis first looked into the feasibility of using GO film to
functionalize CMUTSs for highly sensitive humidity sensing, then dedicated to further
improving the sensing performance by developing new CMUTSs.

The second contribution is developing a highly sensitive CMUT-based humidity
sensor that uses GO as the sensing layer. The efficiency of incorporating the mass-
sensitive CMUT and the moisture-sensitive GO is studied for the first time. The CMUT
sensor generates a higher RH sensitivity than most of other reported gravimetric humidity
sensors. It also shows excellent repeatability and fast response/recovery. This work is
presented in Chapter 5.

The third contribution is proposing the nitride-to-oxide wafer bonding process to
fabricate CMUT-based humidity sensors for enhanced sensing performance. Compared
to the conventional SOI-based fabrication method, this process offers reduced fabrication
complexity and cost, improved sensitivity, and superior device uniformity. The high
sensitivity of the fabricated CMUTSs is demonstrated through humidity sensing tests. The
proposed fabrication process is not only suitable for humidity sensing, but also for other
chemical sensing applications. This work is presented in Chapter 6.

The fourth contribution is developing a multi-resonance CMUT for sensing
applications for the first time. The functionalized CMUT is able to generate two

independent frequency responses to each specific analyte, showing great potential for
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chemical vapor discrimination. It has the same capability as the multi-sensor arrays but
requires much simpler operation and sensing circuits. Moreover, in applications where
only one analyte such as water vapor needs to be detected, the multi-response CMUT can
provide more accurate and reliable results than single frequency measurements. This

work is presented in Chapter 7.

8.2 Future Work

8.2.1 CMUTs for Medical Applications

In Chapter 4, the study contributes to the initial investigation of integrating the
piezoelectric transducer and the CMUT. This idea can be further extended for medical
applications. Variations of the hybrid transducer can be pursued in the future. A potential
variation is a transducer that consists of a multi-element CMUT ring array and a
piezoelectric-based circular element or ring array. By using the CMUT array for
conventional B-mode imaging and the piezoelectric transducer for high-power
therapeutic purposes such as hyperthermia and drug delivery, the hybrid transducer
would be suitable for image-guided therapy.

An even more promising variation of the hybrid transducer will be composed of a
LF ( f,= 1 to 5 MHz) piezoelectric transmitter and a HF ( f, 22, ) CMUT receiver. It
is believed that the ultra-broadband transducer will offer new perspectives for harmonic
imaging, which enhances visualization of blood vessels by transmitting ultrasound at the

fundamental frequency fL and receives at two or higher times of the transmit frequency
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[81], [125]. The wide bandwidth of CMUTs is particularly valuable for high-order (>2"%)
harmonic imaging, because it allows detection of multiple harmonic components so as to
improve the SNR [81]. However, the exploitation of CMUTSs for harmonic imaging is
currently limited by their inherent nonlinearity. The acoustic pulse generated by CMUTSs
contains an undesirable 2" harmonic component due to the dependence of electrostatic
force on the square of the applied voltage and the membrane displacement [126], [127].
The unwanted harmonic signal pollutes the nonlinear response of the explored media and
thus deteriorates the image quality [126], [128]. An alternative transducer for harmonic
imaging can be the hybrid transducer that uses a piezoelectric probe for ultrasound
transmission and a CMUT for harmonic reception. Consequently, the nonlinearity is
avoided and the wide bandwidth of the CMUT is employed for high SNR harmonic
imaging.
8.2.2 CMUTs for Sensing Applications

This thesis has laid the foundation of CMUT-based humidity sensors. The focus of
this work is mainly on the sensor development for humidity sensing. While the ultimate
goal of this research program is to fulfill a highly sensitive, reliable, and portable CMUT-
based sensing system that can discriminate multiple chemical vapors including moisture,

a few things can be pursued beyond this thesis in the future.

8.2.2.1 Optimization on CMUT Design

Due to consideration of the fabrication yield and the condition of the equipment at

the time of fabrication, the CMUTs were designed conservatively. Their potential is not
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fully developed yet. Further improvement can be made by optimizing the design. First,
the mass sensitivity of the CMUTs can be enhanced by increasing the resonance
frequency and decreasing the membrane radius. Second, the operating voltage of the
CMUTs can be minimized for portable sensing applications. The minimum operating bias
of the CMUTs in this thesis is 35 V. Although a bias voltage of 20 V should also be
applicable, the price will be the degraded SNR and resolution of detection. As mentioned
in Chapter 6, an effective way of minimizing the operating voltage can be decreasing the
cavity depth and membrane thickness. The third improvement in the future is to develop
multi-element CMUT arrays and CMUTSs with more than two resonances as electronic
nose systems. A dual-resonance CMUT has been presented in Chapter 7. However, the
maximum number of chemicals that can be discriminated is only two at a time. By
implementing more resonances in a CMUT or more elements in a CMUT array, it is

possible to detect and distinguish more types of chemicals.

8.2.2.2 Optimization on Sensing Material

GO has been used as the sensing material throughout this thesis and it has shown
excellent performance on moisture adsorption. However, it has also caused a relatively
high level of hysteresis. A possible reason for the hysteresis is that the coated GO film is
not optimized for a good thickness and uniformity. The thicker the sensing film, the more
chance that water molecules will be trapped in the interlayer, which deteriorates the
reversibility. The thickness of GO film can be reduced by simply diluting the GO

dispersion. But reducing the concentration will decrease the sensitivity of the sensor. The
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concentration of GO dispersion employed in this thesis ranges from 0.1 mg/ml to 1 mg/ml.
An optimal dose of GO dispersion can be investigated in the future to find a balance

between the sensitivity and the reversibility.

Fig. 8.1: SEM image of the CMUT showing non-uniform coating of GO film.

The coating method of the GO film in this thesis is drop-casting, which is known for
its uncontrollable uniformity. Fig. 8.1 displays the SEM image of a CMUT membrane
drop-casted with the 0.1 mg/ml GO dispersion. A large bump is observed and it is several
times thicker than the average GO thickness. A badly controlled drop-casting might result
in countless bumps, which generates a considerable volume to trap water molecules and
leads to notable hysteresis. To improve the uniformity of the sensing film, other coating
techniques such as spin coating and inkjet printing can be investigated.

Another cause of the hysteresis might be the strong interaction between GO and
water molecules. It is known that the sensitivity and the reversibility of a material are a
pair of contradiction. Because a high sensitivity requires strong adsorption of water

molecules, whereas good reversibility needs the interaction to be weak such that the
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device can rapidly return to its original status. Therefore, it is worth studying more other
sensing materials such as nanostructured polymers for an optimal trade-off between the

sensitivity and the reversibility.
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