ABSTRACT

MAHMUD, MARZANA MANTASHA. Application of Capacitive Micromachined Ultrasonic
Transducers (CMUTs) for Chem/Bio Sensing and Device Advances Enabling Acoustic
Angiography. (Under the direction of Omer Oralkan.)

Ultrasound is a noninvasive and non-destructive technique that is applicable for more
than its conventional uses in medicine and industry. In the past two decades extensive re-
search has been done enabling capacitive micromachined ultrasonic transducers (CMUTs)
in breakthrough applications for ultrasound technology in a diverse range of industries,
such as, high intensity focused ultrasound (HIFU), neuro-stimulation, dual-mode imaging,
ultrasonic power transfer, and chem/bio sensing. This dissertation first presents a CMUT-
based electronic-nose (e-nose) approach for detection of environmental and plant volatiles.
Then a biosensor for detection of human immune protein immunoglobulin G (IgG) based
on a CMUT is presented. Finally a novel CMUT structure is presented which facilitates a
superharmonic imaging modality called acoustic angiography.

Volatile organic compounds (VOCs) are pervasive in the environment and their real-time
continuous monitoring can facilitate better understanding of human health by combining
environmental factors with physiological conditions. The scope of wearable sensors for
detection of VOCs is evident as the accuracy of the sensor prediction depends on its prox-
imity to the VOC source along with the sensitivity and selectivity of the sensor itself. In this
section, we present a low-power wearable e-nose system based on a CMUT array. CMUTs
offer inherent benefits of excellent mass resolution, easy array fabrication, and integration
with electronics, which make them an appropriate choice as a transducer element for gravi-
metric e-nose systems. A five-channel CMUT sensor array was chemically functionalized
and was used for the detection of four volatiles, ethanol, toluene, p-xylene, and styrene. All
the channels of the sensor array achieved a low limit of detection (below 10 ppm), within
0.2—3% of OSHA-PEL time weighted average (TWA), for each volatile. For each test cycle, the

maximum frequency shift, the rate of adsorption, and the rate of desorption was extracted



as features. Linear discriminant analysis (LDA) was applied to visualize the discrimination
performance of the sensor array. The system performance was characterized using an
automated testing system. The presented sensor system can be used for identification of
volatiles with suitable pattern-recognition techniques.

The next part of the work explores the application of an e-nose system based on CMUTs
with real-time monitoring capability for detecting and discriminating plant VOCs. Plants
give off a unique profile of volatile organic compounds (VOCs) in response to abiotic and
biotic stresses. The ability to discern specific VOC profiles provides for the early detection
and subsequent treatment of insect infestation and pathogen infection. Preliminary results
show the almost instantaneous detection of the plant volatiles released systemically in
response to physical wounding of plant tissue.

Following chemical sensing, a gravimetric biosensor based on a CMUT is demonstrated.
Small membrane mass and high resonance frequency along with high quality factor of
CMUTs facilitate a highly sensitive biosensor system. The limit for the minimum detectable
loaded mass per unit area achieved in this work is 0.44 ag/ m?. Here we demonstrate a
selective human immune protein immunoglobulin G (IgG) sensor with hexamer peptide
ligand HWRGWV.

An improvement in the CMUT device design to increase the reliability of the devices
for sensing applications also enabled a unique dual-mode of operation of CMUT devices.
The final section demonstrates in detail the potential of using CMUTs for acoustic angiog-
raphy of microvasculature enabled by the novel device structure. It is known that when
ultrasound contrast agents (microbubbles) are excited with moderate acoustic pressure
around their resonance (2—4 MHz) they produce higher order harmonics (greater than 3"
harmonic) due to their nonlinear behavior. To date, the fundamental challenge has been
the availability of a transducer that can generate transmit signals to excite the microbub-
bles at low frequencies, and in the same cycle confocally detect harmonics in the higher

frequencies. We present a novel device structure and dual-mode operation of a CMUT



that operates with a center frequency of 4.3-MHz and 150% bandwidth in conventional
mode for transmitting and a center frequency of 9.8-MHz and a 125.5% bandwidth in
collapse mode for receiving. An output pressure of 1.7 MPa,,, is achieved on the surface of
a single unfocused transducer. The mechanical index at the transducer surface is 0.56. FEM
simulations are performed first to show the functionality of the proposed device and then
the device fabrication is described in detail. Finally, we experimentally demonstrate the
ability to detect the microbubble signals with good contrast and the background reflection
is adequately suppressed, indicating the feasibility of the presented approach for acoustic

angiography.
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CHAPTERL

INTRODUCTION

1.1 Motivation

The advancements in microfabrication technology have enabled the fabrication of capaci-
tive micromachined ultrasonic transducers (CMUTSs) as competing alternative technology

to traditional piezoelectric transducers. Over the past two decades CMUTs have gained
tremendous attention and are enabling breakthrough applications for ultrasound technol-
ogy. Some of the applications include medical imaging, high intensity focused ultrasound
(HIFU), dual-mode imaging, neuro-stimulation, ultrasonic power transfer, and chem / bio
sensing.

This dissertation primarily focuses on the application of CMUT as a chem  /bio sensor.
CMUTs are used as the transducer element for an electronic nose (e-nose) platform enabling
the identi cation of volatile organic compounds (VOCs) and a label-free biosensor platform.

A novel CMUT device structure is proposed to improve the reliability of the device. This

device structure offers compelling bene ts of dual-mode of operation both in conventional



and collapse modes and facilitates a superharmonic imaging modality called acoustic
angiography. The later part of this dissertation demonstrates the feasibility of acoustic
angiography with the novel device structure.

The electronic nose technology, popularly known as e-nose technology, is inspired by
the biological sense of smell and has facilitated unique solutions within the elds of environ-
mental monitoring, agriculture, food and beverage, manufacturing, biomedical, chemical
and pharmaceutical industries [1-5]. The principle of operation of e-nose devices mimic the
biological olfactory receptor function. The e-nose comprises of a multi-sensor array, with
each sensor in the array being different, and has partial speci city to various volatiles. The re-
sponse of the sensor array to an odor is unique within the array and generates an electronic

ngerprint which can be detected, identi ed and discriminated by appropriate pattern
recognition algorithms [6]. Analytical instruments such as gas chromatography-mass spec-
trometry (GC-MS) are still considered the “gold standard” technique for identi cation

of a gas mixture composition, but the analysis needs to be done of ine as samples need

to be collected prior to the investigation. Although these analytical platforms are highly
reproducible and accurate, they are very expensive, time-consuming; the instruments are
bulky and lack portability and require highly trained personnel for operation [7]. The devel-
opment and use of new sensor types with novel operational mechanisms, more effective
data analysis procedures and advancement of pattern recognition algorithms and analysis
software attribute to the most key advances in the development of e-nose instruments and
applications [8]. The operating principle of the sensors employed in e-nose instruments
can be broadly categorized as gravimetric, electrical and optical which allow character-
ization of analyte interaction based on mass, electrical properties (such as impedance,
conductance), and electron / photon properties, respectively [9]. The ideal gas sensor would
exhibit reliability, robustness, sensitivity, selectivity and reversibility ~ [10]. The binding of
gas molecules to the sensor device surface through one or more mechanisms including ad-

sorption, absorption, chemisorption and co-ordination chemistry is the basis of operation



of gas sensors. The selectivity and reversibility of the sensing system depends on the choice
of binding mechanism. For a highly selective system, chemisorption is preferred, however,
it results in poor reversibility due to strong binding strength. Selectivity is compromised
when weaker adsorptive interactions are preferred for good reversibility. In e-nose systems
selectivity is achieved by using an array of reversible but only partially-selective detection
layers with different chemical properties and application of pattern recognition techniques
to responses obtained from the sensor array [11]. The potential applications and range of
capabilities for each sensor technology is determined by the unique combination of their
advantages and disadvantages. Although each sensor type has certain merits for the analysis
of various gas analytes in speci ¢ operating situations, a common shortcoming amongst
these sensors types is the lack of speci city and high power consumption. CMUTs offer
inherent performance and manufacturing advantages, which make them desirable choice
over MEMS cantilevers and piezoelectric resonators [12]. The main advantage of CMUT as
a mechanical resonator is small plate mass and one side is backed with a vacuum-sealed
cavity. This improves the quality factor (Q-factor) signi cantly and the sensor achieves
excellent mass resolution. It also aids the process of chemical functionalization when the
layer is intended to be only on the topside of the device. There is no unintentional coating
at the backside of the device. Secondly, as a single CMUT resonator is composed of many
resonators (or cells) electrically connected in parallel, the motional impedance and thermal
noise is reduced. This also helps to achieve higher resolution for the sensor. The sensor area
is large which enhances the analyte capture rate and facilitates a practical sensor system.
Arrays of CMUT structures can be made to enable multichannel detection for improved
selectivity. In a multichannel sensor con guration, a reference channel can compensate for
any sensor response caused by factors other than the changes in the analyte concentration,
such as ambient temperature changes.

A limitation of CMUT-based sensors is that the operation of CMUTSs requires a high

dc-bias which causes trapped charges in the dielectric material resulting the device to



suffer from charging problem [13] and a gradual decrease in the resonant frequency is
observed over time. A novel CMUT device design is explored in this dissertation which
helps mitigate the dielectric charging effects. The structure is realized by improving the
CMUT design and introducing insulating spacers in the device cavities. These insulating
spacers help eliminate the charging issues associated with CMUT devices by limiting the
electric eld on the insulation layer and avoiding contact of the dielectric layer with the
bottom electrode. We have already demonstrated vacuum-sealed CMUTSs on insulating
glass substrates based on anodic bonding [14]. Now we pattern the cavities to implement
the glass spacers, which act as post structures within the cavity. This device structure also
enables reliable dual-mode of operation of CMUTs. The insulating glass spacers inside the
cavities prevent the direct contact of the top and bottom electrodes, and facilitate quick
release of the plate and switching back to collapse-mode. This novel CMUT structure is pro-
posed for use for acoustic angiography. Acoustic angiography is a super-harmonic contrast
imaging technique, which is based on the fact that when excited with a moderate acoustic
pressure near their resonance (2-4 MHz; around Ml of 0.5-0.7) ultrasound contrast agents
produce broadband content, which extends well past 15 MHz. By detecting the higher order
harmonic energy while transmitting at a low fundamental frequency, exquisite resolution
and tissue-contrast (microvasculature) sensitivity can be achieved. The fundamental chal-
lenge with this technique is that it requires transducers that can transmit a low-frequency
(LF) pulse and receive high-frequency (HF) harmonics. Our proposed scheme is to transmit
a low-frequency high-pressure pulse from a CMUT during release of the plate from collapse
(snapback) and then switch to collapse-mode to receive the high-frequency microbubble
harmonics in the same transmit-receive cycle. The transmit frequency for the excitation of
the microbubbles can be tuned by controlling the time between releasing the plate and

bringing it back to collapse.



1.2 Thesis Organization and Contributions

Chapter 1 presents the motivation of this work and the contributions of this dissertation.

Chapter 2 illustrates a highly sensitive and selective CMUT sensor array based wearable
e-nose system for environmental monitoring. The principle of detection of CMUT-based
sensors is gravimetric sensing. The rate of adsorption and desorption of VOCs are also taken
into account. Linear discriminant analysis (LDA) was applied to visualize the discrimination
performance of the sensor array.

Chapter 3 explores the ability of the developed sensors to detect plant volatiles. Plants
communicate through airborne messages, each of which actually is a bouquet of VOCs.
VOCs are released by plants to stimulate various responses in plants, such as to activate
defense in case of injury / harm. This concept was taken and experiments were designed
carefully to demonstrate the ability of CMUT-based sensors to capture plant responses.

Chapter 4 examines the prospect of CMUTSs for a highly sensitive, low-cost, portable, and
multi-channel biosensor array. Bio-sensing without the intervention of labeled molecules
is particularly advantageous. Selective sensing of IgG with a CMUT device functionalized
with a peptide ligand is demonstrated. The experiments are designed to get the bene t of
higher quality factor in air of a CMUT. For this, the sample is introduced in liquid form, but
measurements are performed in air.

In Chapter 5 a novel CMUT design was proposed, validated using nite element model-
ing and fabricated and shown to facilitate dual-mode of operation of CMUTSs. This mode of
operation is particularly advantageous for acoustic angiography and also mitigates dielec-
tric charging in CMUTs. The potential to use this CMUT structure for acoustic angiography
is experimentally validated in this chapter.

Finally, Chapter 6 concludes the work with a summary of contributions and lists direc-

tions for future work.
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CHAPTERZ

A Low-Power Wearable E-Nose System Based on a Capacitive
Micromachined Ultrasonic Transducer (CMUT) Array for

Environmental Monitoring

2.1 Introduction

With the emerging advances in analytical technologies the detection and speci c identi -
cation of volatile organic compounds (VOCs) has gained great interest. VOCs are a class of
low-molecular-weight organic chemicals with low boiling point and high vapor pressure

at room temperature which causes a large number of molecules to evaporate into the
atmosphere. VOCs are pervasive in the environment and can be man-made or naturally
occurring compounds. The main synthetic contributors of VOCs are industrial processes
that use solvents, (for example; printing, aerosol spray paints, adhesives, dry cleaning, wood
treatment etc.); synthesis of plastics, resins, and synthetic bers; inef cient combustion

from road traf c engines and evaporation from land Il sites, etc. [15-17]. Biological VOCs



can be found in exhaled breath, or in bodily uids such as blood, urine, or sweat and can be
used as biomarkers for assessment or detection of disease [18-2(]; and produced by plants
as in indicator of distress or insect infestation, etc. [21-23 .

The concentrations of VOCs are often low, the adverse symptoms develop slowly, and,
there are some well-known short- and long-term health effects such as headaches, dizziness
and nausea, allergic or immune effects, and in severe cases, damage to liver, kidneys, and
the central nervous system [17]. VOCs are generally nonreactive, and the negative effects
on human health depend on many factors including the level of exposure and the exposure
time. This necessitates continuous monitoring of VOC levels a person is exposed to. Accurate
tracking of VOC exposures could facilitate better understanding of the determinants of
human health as a combination of environmental factors and physiological conditions.

Currently, management of chronic health conditions mainly focuses on evaluation of a
limited number of metrics, mostly measured at the healthcare facility during patient visit.
Recommendations for treatment is provided based on the measured data and recorded
medical and behavioral history with very little data from the patient acquired in real-
time. The scope of wearable devices for real-time continuous monitoring of health and
environment is evident, and has the potential to create a paradigm shift in improving
healthcare by empowering patients and physicians to transition from managing illness to
managing wellness and outcomes [24]. For monitoring environmental exposures, stationary
sensor devices are not adequate as: 1) the sensor can be far from the source of the chemical,
thus limiting the accuracy of reading, and, 2) the exact total exposure to the chemicals for
an individual cannot be monitored  [25].

To successfully integrate these wearable devices into daily living routines, they should
be worn conveniently and do not require frequent charging. The National Science Foun-
dation Nanosystems Engineering Research Center for Advanced Self-Powered Systems of
Integrated Sensors and Technologies (ASSIST) [28], is developing core technologies for fun-

damental advances in energy harvesting, low-power electronics, and sensors with a focus
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Table 2.1 Summary of common gas sensing methods used in e-nose technology

[1, 26, 27

Sensor Type Advantages Disadvantages
High sensitivity High power consumption
MOS Fast response and recovery times Sensitive to humidity
Wide range of target gases Low sensitivity and selectivity
Room temperature operation Sensitive to humidity and temperature
Fast response Drift in response over time
CP
Wide range of conducting Limited lifetime
polymers available Can be saturated by certain analytes
High sensitivity
Complex circuitry required
Fast response and recovery time
SAW Relatively poor signal to noise ratio
Wide range of coating material available
Sensitive to temperature
Small size and broad applications
High sensitivity
Complex circuitry required
Fast response time
QCM Sensitive to humidity and temperature
Ease of fabrication
Relatively poor signal to noise ratio
Diverse sensing material available
High speci city for oxidized compounds Sensitivity to only oxygen and VOCs
_ _ Robustness in hazardous environment High temperature operation
Colorimetric
High sensitivity Short lifetime
Fast response time Complex circuitry
Delicate optics and electrical components
. Very high sensitivity Complex circuitry
Optical

Detect individual compound to mixture

Large size and low portability

Expensive to operate

CP, conducting polymer; MOS, Metal Oxides Semiconductor; SAW, Surface Acoustic

Wave; QCM, Quartz Crystal Microbalance.
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Figure 2.1 Conceptual diagram for multi-channel VOC-sensor use case.

on usability and actionable data to create leading-edge systems for high-value applications
such as healthcare and internet of things (IoT) (Fig. 2.1) [28].

Practically all small commercial VOC sensors are based on one of the following cat-
egories: 1) photo-ionization detectors (PID); 2) electrochemical sensors 3) metal oxide
(MOx) sensors; 4) optical sensors; and, 5) portable or micro-gas chromatography (  GC)
[29]. Although some of these approaches are well-characterized and offer high sensitivity
to VOCs, their size and power requirements still make it dif cult to use them in portable,
real-time monitors. Table 2.1 lists some of the advantages and disadvantages of these meth-
ods. The electronic nose (e-nose) systems, with multi-element sensor arrays provide the
ability to discriminate between VOCs and determining their concentrations [30]. An e-nose
is composed of a sensor array with each sensor in the array with varying selectivity and
sensitivity to the target gases. A unique response pattern, popularly termed as electronic

ngerprint, is generated due to the interaction of the volatile and the sensor array. A pattern

recognition software combined with the sensor array learns the sensor responses associ-
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ated with a speci c odor source [6]. The e-nose approach provides a potential solution to
the cross-sensitivity and weak selectivity of gases by individual sensors [31]. Acoustic res-
onators have gained popularity for e-nose systems as the principle of detection is based on
gravimetric detection [32, 33]. Mass is a primary feature of any target and the sensor output
linearly depends on the amount of adsorbed gas molecule and real-time sorption process
can be recorded as well [34]. Resonant sensors also offer the bene t of high noise immunity
owing to high-Q resonance and can achieve remarkable sensitivity and resolution, and
typically offer a wide dynamic range. Several acoustic resonators such as cantilevers [35-3§,
guartz crystal micro-balance (QCM) [39-41], surface acoustic waves (SAW)[42—-44], and
capacitive micromachined ultrasonic transducers (CMUTs)  [45-5( have been proposed
and investigated as gas sensors.

Our platform technology is based on the capacitive micromachined ultrasonic trans-
ducers (CMUTSs); which offer inherent performance and manufacturing advantages that
make them a desirable choice over MEMS cantilevers and piezoelectric resonators [12].
These advantages include: 1) design versatility and multi-element structure on a single die;
2) large number of vacuum-backed resonating membranes connected in parallel allowing
for reduced sensor thermal noise without degrading sensitivity; 3) use of well-established
micromachining processes and easy integration with electronics; 4) high mass resolu-
tion enabled by small membranes and high resonant frequency (in MHz); 5) lack of a
need for signi cant external instrumentation, allowing compact, low-power operation and
fast response [12, 45, 51]. Earlier, CMUTs have been used for the detection of dimethyl
methylphosphonate (DMMP) [51], relative humidity and C O, [52]. An array of four non-
speci ¢ of CMUT sensors was shown to adequately distinguish between six chemicals  [50],
and, a miniaturized chemical sensor platform based on CMUTSs, showing decent selectivity
was presented [48].

Previously, we have shown that we can achieve high sensitivity for toluene using a single

functionalized CMUT [46]. Then we have also demonstrated that using our fundamental
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fabrication process (described in  [53]) we can design and fabricate uniform CMUT arrays
and functionalize each element with different polymers  [54]. Next, we have presented the
platform sensor electronic system used in this work in  [25]. This work presents a compre-
hensive approach in demonstrating a highly sensitive and selective wireless low-power
multigas sensing system validated with chemical testing. A fully functionalized CMUT
array with ve unique functionalization layers is used and complete sensitivity and selec-
tivity analysis of this sensor array to four VOCs (ethanol, toluene, p-xylene, and styrene) is

performed.

2.2 Methods

2.2.1 Fabrication Process Flow

The CMUTSs used for all sensing application in this dissertation is fabricated using a simple
method for fabrication developed by our research group  [14]. This process involves using
of only three photolithographic masks to fabricate vacuum-backed CMUTs using anodic
bonding. Our substrate is a standard 0.7 mm thick, 100 mm diameter borosilicate glass
wafer (Boro oat ® 33, Schott AG, Germany). We chose this substrate as it has a high surface
quality with 0.7 nm rms roughness and warp less than 0.05%. Secondly this substrate's
thermal expansion coef cient is close to that of silicon, which allows minimum stress
during the bonding. The SOl waferis 2 0.5 m thick, N-type device layer doped with
0.001 0.005 Ohm.cm resistivity, 500 nm thick buried oxide layer (BOX) and a500  m thick
handle wafer with 1 10 Ohm.cm resistivity.

In the nal CMUT structure the vibrating plate is composed of a layer of single-crystal
silicon and a layer of silicon nitride. The metal bottom electrode is patterned and deposited
inside a vacuum-sealed, sub-micron cavity. To prevent electrical shorting in cases when
the plate comes in contact with the metal bottom electrode the silicon nitride layer in the

structure acts as an insulation layer.
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The fabrication process can be divided into four major steps:

2.2.1.1 Formation of Cavities and Bottom Electrodes

We begin our process with standard Piranha cleaning for removal of organics and other
gross particle contaminants from the surface. The borosilicate glass substrate is cleaned
with Piranha solution for 15 minutes. A negative AZ 5214E IR photoresist which is suitable
for lift off process is used to de ne the cavities and the cavities are formed by a combination

of dry and wet etching [Fig. 2.2(a), (b)]. Reactive ion etching (RIE) with SF 4 gas is used to
etch glass to achieve a 210-nm deep cavity, followed by a short 3-minute 10:1 buffered
oxide etch (BOE) step to etch 60-nm further. The wet etch step helps to create an undercut

to make the lift-off process easier after deposition of metal for the bottom electrodes. E-
beam evaporation was used to deposit 20 nm chromium and 120 nm gold and allowed to
accurately control the gap height to be 130 nm [Fig. 2.2(c)]. The cavity has a nal surface

roughness of approximately 2 nm after lift-off.

2.2.1.2 Formation of the Top Plate

The device layer of an SOl wafer bonded on glass forms the vibrating plate top plate. Prior
to bonding a 200-nm-thick layer of silicon nitride (acts as insulation layer) is deposited

by plasma-enhanced chemical vapor deposition (PECVD) on the device layer of the SOI
[Fig. 2.2(d)]. The anodic bonding is performed at 350 C and 1000-mTorr chamber tem-
perature and pressure, respectively, in a semi-automatic bonding system (Model EVG510,
EVG Group, St. Florian, Austria). The voltage is ramped at a rate of 20 V /min and kept
at the peak value of 700 V for 30 minutes to prevent insulation layer breakdown. After
bonding the handle wafer is ground down to 100 pm and then selectively etched with 10%

tetramethylammonium hydroxide (TMAH) at an elevated temperature of 80°C.
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Figure 2.2 Fabrication Process Flow. (a) Cleaning the borosilicate glass wafer and spin negative
photoresist for rst lithography, (b) De ning cavities by rst lithography step and forming the
cavities by etching, (c) Depositing Cr / Au to form bottom metal electrodes within the cavities,
(d) Forming the plate by bonding a SOI wafer on glass using anodic bonding,(e) Evacuating the
trapped gas by etching silicon on the pad locations, (f) Sealing cavities in vacuum by PECVD
nitride deposition, and (g) Final device structure after metal deposition and lift-off.

2.2.1.3 Opening the Pads and Sealing

This step allows access to the bottom electrode for forming bond pads and also the evacua-
tion of the trapped oxygen gas which results from the by-product of anodic bonding. We
open at the bottom pad locations [Fig. 2.2(e)] by etching using reactive ion etching (RIE).
Once the cavities are exposed, oxygen plasma is used for photoresist removal instead of
wet cleaning to prevent stiction of the plate on the bottom electrode in the cavities. PECVD

silicon nitride with a thickness of three times the gap height is deposited for an appropriate
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sealing [55] [Fig. 2.2(f)].

2.2.1.4 Formation of Contacts

After sealing, the wafer is covered all over with silicon nitride, which is subsequently etched
in the bond pad areas and on the active device area. A stack of 20-nm chromium and 130-
nm gold is deposited and lifted off in N-Methyl-2-Pyrrolidone (NMP) solvent to implement

the bond pads and metallization on the active device area [Fig. 2.2(g)].

2.2.2 CMUT Device Design and Characterization

The CMUT device is essentially a parallel plate capacitive structure that is electrostatically
actuated. A unit cell consists of a thin vibrating plate that is suspended over a patterned
metal bottom electrode deposited inside a sub-micron vacuum-sealed cavity and acts as
a mechanical resonator. A layer of conductive silicon and a layer of silicon nitride, which
acts as an insulation between the two electrodes in case of contact, together comprise
the vibrating plate. A CMUT element consists of hundreds of these unit cells connected
electrically in parallel [Fig. 2.3] to implement a large area transducer with the desired
motional impedance. Having n resonators connected in parallel decreases the motional
impedance by a factor of n, and the thermal noise is hence reduced by a factor of P n
[56]. On applying a DC bias across the top and bottom electrodes of the CMUT, the top
plate de ects down due to the electrostatic force of attraction which is balanced out by the
mechanical restoring force of the top plate. The resonant frequency is determined by the
material properties and dimensions of the plate and the applied bias voltage. For a circular

membrane, the resonant frequency ( f) can be estimated by [47, 57]:

v
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where t is the thickness, r is the radius, E isthe Young's modulus, v isthe Poisson ratio,
and m is the mass of the plate.

The CMUT arrays [Fig. 2.3(b)], with an operating resonant frequency designed to be
around 5 MHz, used in this study are fabricated by a simple three-mask process based on
anodic bonding [53]. First, the electrical input impedance of the CMUT devices are charac-
terized in air using a network analyzer (Model E5061B, Agilent Technologies, Inc., Santa
Clara, CA) with an internal DC supply available up to 40 V. Previously we have demonstrated
the uniformity in the resonant frequency of a six-element CMUT array [54]. The CMUT
shows two resonances, series and parallel, where the magnitude of the impedance is at
a minimum and a maximum, respectively. The characteristics of the CMUT is modeled
with a Butterworth-Van Dyke equivalent circuit model, consisting of four elements, R,
L, Cn, Co, which represent the loss and radiation, mass, inverse of stiffness, and static
capacitance of the resonant structure, respectively [58]. This equivalent circuit model of the
CMUT is used in the oscillator design which tracks the change in the resonant frequency of

the sensor in real time.

Figure 2.3 (a) Layout of a CMUT element consisting of a large number of cells connected in paral-
lel. (b) A six-element CMUT array. (c) lllustration of mass-loading principle for resonant chemical
sensor with functionalization layer.

18



2.2.3 Principle of Operation - Gravimetric Sensing

Gravimetric sensing is based on measuring the change in the resonant frequency of a
mechanical resonator induced by the adsorption of gas in its sensitization layer. The top
plate of the CMUT sensor is functionalized with a selective layer (for example, polymer)
and mass loading is caused by the gas adsorption into the layer causing decrease in the
resonant frequency [Fig. 2.3(c)]. The readout of a free-running oscillator, a closed-loop
system consisting of the resonator and a sustaining ampli er with a feedback capacitor,
tracks the frequency variation continuously. Two main parameters of the response of mass
sensors are: 1) mass sensitivity and, 2) limit of detection (LOD). The mass sensitivity of a
resonant sensor de ned as the frequency shift () induced by the mass loading( m)and
is mathematically expressed as [59]:

ifj_

—= (2.2)

f
m

NI

where f and m are the resonant frequency and the equivalent mass of the plate, respectively.
LOD is de ned as the minimum detectable concentration for a given sensor and analyte,
generally expressed in units of ppm or ppb. LOD is expressed in volume concentration ( C)

[12]:

2Mey m( )
K St ) s

C= (2.3)

where M ¢ is the effective mass of the mechanical resonator; K is the partition coef cient,
de ned as the ratio of gas adsorbed in the coating to gas in vapor phase; t and S are the
thickness and the surface area of the functional layer; is the density of pure gas; , is
the Allan deviation, which is a measure of short-term frequency stability of the electrical
oscillator;and () is the theoretical limit of detection in mass.

The inherent features of CMUTs offer the advantages of both large sensing area and a
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Figure 2.4 An optical image of the CMUT sensor array with ve channels functionalized with
various chemical layers (ZnPC channel has not been used in this study).

relatively low effective mass to minimize LOD. Large sensing area also enhances sensitivity.
An array of CMUTs functionalized with several different sensitizers partially selective to
various analytes can be utilized to differentiate between different vapors using multivariate

signal analysis.

2.2.4 Chemical Functionalization of CMUTs

We have functionalized ve CMUT elements with a variety of chemicals to form a sensor
array comprising of highly uncorrelated channels. The aim is to validate the capability of
multigas detection with a sensor array using functionalized elements with a variety of mate-
rials, preferably orthogonal to each other in their selectivity. This enables the demonstration

of comprehensive chemical testing with multiple target analytes using the complete minia-
turized wireless gas-sensing system based on a CMUT sensor array [25]. Fig. 2.4 shows
the optical image of the sensor array functionalized with various chemical layers. Diluted
polymer solutions, 0.1 wt % PIB in toluene, 0.1 wt % PDMS in EtOH, 0.1 wt % CuPc in chloro-
form were delivered using a hand-held pipetting device over each element. One element
was inkjet-printed using silver ink  [60] and one element was left bare, the device's top gold

surface acted as the sensing layer.
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2.2.5 Sensor System Overview

Previously we have reported on the low-power wireless gas sensing system based on CMUTs
with the capability of multichannel detection as a tool for identifying various VOCs with high
selectivity [25]. It is a complete and self-contained wireless digital system with a suf ciently
small form factor to tinto a wearable platform [61] and does not require any external
equipment for readout. The sensing unit comprises the chemically functionalized CMUT
array and a custom front-end integrated circuit (IC). The custom front-end integrated circuit

is designed and implemented to sustain the oscillation, read the oscillation frequency,
and communicate with a microcontroller. The system also includes an integrated PTH
sensor (BME280, Bosch Sensortec GmbH, Reutlingen, Germany). The PTH sensor is used
to monitor the environmental effects (humidity, temperature, and pressure) on the CMUT
sensor during testing. The sensor system is operated by a custom LabView (NI LabView
2018, National Instruments, Austin, TX, USA) program. The LabView program consists
of two modules, 1) measurement module that allows full operation of the CMUT sensor
system and data acquisition, and 2) gas ow controller module that provides complete
control of the test analyte generation in various concentrations and delivery to the test

chamber.

2.2.6 Experimental Setup

In our previous demonstrations, VOCs were generated by using using a permeation-tube-
based vapor generator (Model OVG-4, Owlstone Inc., Norwalk, CT, USA) [25, 46, 54. This
vapor generator is capable of generating sub-ppm concentration levels of VOCs and the
permeation tubes are typically calibrated gravimetrically. The time required for calibration
depends on the permeation rate of the chemical of interest. Even for chemicals with high
permeation rates, e.g., 1000's ng/ min, it can take several weeks for signi cant mass loss

over the time period to make an accurate determination of the permeation rate [62]. This
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Figure 2.5 (a) Schematic of the chemical test setup (b) Photograph of the measurement setup
showing mass ow contollers (MFCs), bubbler (B1), gas lines and CMUT sensor inside the test
cell. Figure inset shows top-view of sensor unit with functionalized CMUTs in a package.

process is particularly cumbersome for our chemical test measurements, in which we want
to test multiple different target gases at several different concentrations.

Therefore to facilitate our chemical testing, we have built a gas generation system that
can generate target analytes in the desired concentration ranges using both calibrated
gas tanks and a bubbler system [63] [Fig. 5.10(a)]. This system is completely computer
controlled and can be operated remotely once it is setup. Long-term measurements can be
easily monitored and controlled remotely which makes testing easier. The setup currently
has four parallel gas channels, which can be extended upto eight channels. There are a
total of four mass ow controllers (MFCs) (Model GE50A, MKS Instruments, Inc., Andover,
MA, USA) and seven solenoid valves (Model SV 121, OMEGA™ Engineering, Norwalk, CT,
USA) to control the ow of the gases on each channel and switch between desired channels.
The rst channel is used to carry dry air (carrier gas) for dilution and the second channel is
used for generating humidity via a bubbler (Kimble ® 652220-0000, DWK Life Sciences Inc.,
Milville, NJ, USA) to control the relative humidity levels inside the test cell during testing.
The third and fourth channels can be interchangeably connected to either a bubbler system

or calibrated gas cylinders containing the desired analytes. In this work, all chemical vapors
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were generated from calibrated gas tanks. The MFCs have an ethernet interface with the
TCP/IP MODBUS protocol, which is executed on the MFC's embedded controller. The
solenoid valves are connected to a 16-channel USB-controlled relay board (Model DAE-
CB/ R016-24V-USB-PCB, Denkovi Assembly Electronics Ltd., Rousse District, Bulgaria). The
test chamber was milled from a single block of polytetra uoroethylene (PTFE). It houses
the CMUT interface PCB with BLE (Bluetooth Smart) (Simblee RFD77101, RF Digital Corp.,
Hermosa Beach, CA, USA.) and the functionalized CMUT sensor array [Fig. 5.10(b)]. All
these interfaces are connected to a main computer. A custom Labview software allows fully
automated control of the gas ow to the test cell and the operation of CMUT sensor system
and the data acquisition.

A typical test cycle consists of 1) delivering a target analyte into the chamber for 10 min
and 2) ushing the analyte out of the chamber with clean air for 10 min, so that the response
returned to the baseline. For both phases, the relative humidity (RH) was maintained at
10% and a total ow rate of 200 ml /min was used for both phases to keep all the other
environmental conditions same. Since the maximum available concentration owing from
the tank is known, the concentration of the analyte is set to a desired level by providing
the dry air from the dilution channel. The temperature, pressure and humidity conditions

inside the test cell are kept constant and monitored continuously during the testing.

2.2.7 Sensor Response Processing

There are several possible sources of noise in a sensor system, mostly electronic components
or sensor related. Two types of noise commonly affecting the response of the sensor are:
1) high-frequency noise, primarily originating from the electronic components of the
instrumental setup, quantization and wireless transmission  [64], and, 2) baseline drift,
low-frequency noise that can possibly result from the dielectric charging in the insulation
layer of the CMUTs [13] or slowly changing environmental conditions such as humidity,

temperature, and pressure [25].
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Figure 2.6 Transient frequency shifts in response to various concentrations of (a) ethanol, (b)
toluene, (c) p-xylene, and, (d) styrene.
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Figure 2.7 Plot of maximum frequency shifts for various concentrations of (a) ethanol, (b)
toluene, (c) p-xylene, and (d) styrene to estimate sensitivity.
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In this work the raw sensor response was denoised using wavelet transform which
allows to preserve important signal features [65] and is ef cient for non-stationary signal
analysis [66, 67]. Wavelet transform has the ability to conserve the temporal locality of
sharp transitions within the time domain signal  [68]. It has been widely used in earlier
works [69—71]. This technique is suitable to apply to the response of gravimetric sensors
as the unique characteristic of interaction of the target gas with the sensitization layer is
well preserved and can be utilized to extract meaningful features for pattern analysis. After
signal denoising, the interpolation-based baseline correction technique  [72] was adopted
to eliminate the baseline drift in the sensor response.

After noise and drift removal, the maximum frequency shift was calculated for each
channel. In addition to maximum frequency shift, the average slope during adsorption and
desorption of the VOC into the polymer at were calculated at each concentration. The CMUT
sensor response is very fast (within minutes) and is able to capture the analyte-polymer
interaction almost instantaneously. The rate of adsorption and desorption provides useful

additional information for the selectivity analysis of the sensor performance.

2.3 Experimental Results

2.3.1 Sensitivity

Sensitivity is an important gure of merit of gravimetric sensors. It is de ned as the slope of

the output vs. input curve, that is, the relative frequency shift due to mass loading. A small

change in the mass of the plate, due to absorbed analytes in the functionalization layer on

the plate, results in a resonance frequency shift of the CMUT. From Eq. 2.2, higher mass

sensitivity causes a higher resonance frequency shift for the same amount of added mass.
The CMUT sensor array was subjected to various concentrations of ethanol (100 800

ppm), toluene (80 700 ppm), p-xylene (40 160 ppm) and styrene (20 60 ppm) and the

sensitivity of each functionalized channel is quanti ed. As described earlier in, section
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2.2.6, each test cycle consists of two phases, 1) introduction of test gas into the chamber
and, 2) ushing the chamber with clean air so that the frequency returns to the baseline.
As expected, the resonant frequency of CMUT drops upon being exposed to gas due to
adsorption of gas onto the functionalization layer and returns to baseline after the gas is
completely ushed out of the chamber. Fig. 2.6 shows the transient response of the sensor
array to each test gas at various concentrations and the sensitivity of each channel is listed
in Table 2.2. A gate time of 500 ms was used for each frequency sample, which corresponds
to a 1-Hz frequency resolution. The maximum frequency shift at each concentration is
plotted in Fig. 2.7. By taking the inverse of the slope of the linear- tted graph the volume
sensitivity (ppm /Hz) can be calculated. From this, the LOD for each functionalized CMUT
sensor channel can be estimated by taking into account the 1-Hz frequency resolution of
the system. The calculated LOD is listed in Table 2.3 and is within 0.2 3% of the OSHA
permissible exposure limit (PEL) given as a time-weighted average (TWA). The linearity in
sensitivity illustrates that for the tested concentration ranges, the coatings have not reached

saturation.

2.3.2 Selectivity

A limitation of the gravimetric method is that the sensors measure a change in mass and
the selectivity is set by the chemical functionalization layer. CMUTs offer the bene t of easy
array implementation. In an array structure different elements can be functionalized with
different materials, ideally orthogonal to each other, to improve the selectivity to different
chemicals by using classi cation algorithms applied on the multivariate data (e.g., [73]).
For example, the CMUT sensor channel coated with Ag showed the largest sensitivity to all

of the test analytes, ethanol, toluene, p-xylene, and styrene, thus the response of this sensor
alone would not provide suf cient information for detection. However, the response of

this sensor can provide additional information to enhance classi cation. The multivariate

response from the CMUT sensor array with broad and partially overlapping selectivities
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Table 2.2 Sensitivity of each functionalized CMUT to ethanol, toluene, p-xylene and styrene

Channel Ethanol Toluene p-Xylene Styrene
(Hz/ppm) | (Hz/ppm) | (Hz/ppm) | (Hz/ppm)
Au 0.552 0.397 1.554 2.101
PIB 0.274 0.23 0.609 1.24
PDMS 0.504 0.571 1.585 3.348
CuPc 0.311 0.388 0.75 1.807
Ag 1.161 1.133 3.325 4.452

Table 2.3 Limit of detection (LOD) of each functionalized CMUT to ethanol, toluene, p-xylene
and styrene

VOC OSHA PEL Limit of detection (LOD) (ppm)
TWA (ppm) [75] | Au | PIB | PDMS | CuPc | Ag
Ethanol 1000 1.8 | 3.7 2.0 32 | 0.8
Toluene 200 25| 44 1.8 26 | 0.9
p-xylene 100 06| 1.6 0.6 1.3 | 03
Styene 100 05| 0.8 0.3 05 | 0.2

generates a unique electronic ngerprint (Fig. 2.8) for each target gas and forms the basis
for characterizing a wide range of odors or volatile compound by pattern-recognition [74].

In a practical scenario, the chemical sensor would be exposed to a mixed gas environ-
ment and hence achieving selectivity through classi cation is important. As a rst step,
we demonstrate the selectivity of the CMUT sensor array by exposing it to four different
analytes, ethanol, toluene, p-xylene, and styrene, individually at different concentrations.
The performance of a gas identi cation system is generally improved by increasing the
number of sensor channels which add extra features for analysis. To visualize the selectivity
capability of the sensor array, the n-dimensional feature space must be projected to a
smaller subspace while maintaining the class-discriminatory information. For detection,
three main features are extracted: maximum frequency shift, the rate of adsorption and the
rate of desorption. Hence we obtain a 15-dimensional data for each target gas, using our
5-channel CMUT array.

Linear discriminant analysis (LDA) is chosen as a tool for dimensionality reduction. LDA

transforms the multidimensional vector signals from the devices in the array into a reduced
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Figure 2.8 Radar plots demonstrating that the CMUT sensor array have a unique response
electronic- ngerprint for each of the target analytes.
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dimensional space in a way that maximizes the distances between class-related vectors and
minimizes the scattering of the vector data corresponding to a single class [76-81]. Here
the LDA was performed using Scikit-learn machine learning library  [82]. Fig. 2.9 shows the
LDA plotted for the four target gases. The variance explained or the percentage separation
achieved by the discriminant function is calculated. The percentage separation achieved by
the rst discriminant function (LD1) is 85.2 %, by the second discriminant function (LD2) is
10.1%, and by the third discriminant (LD3) functionis 4.5 %. The LDA scores for each gas is
withintheir 95 % con dence ellipses. LDA takes into account the class information and tends

to aggregate with each target gas and hence performs better than principal component
analysis (PCA) for clustering. The LDA scores show that discrimination between each target
gas was almost achieved, except for some overlap between toluene and p-xylene. Due to
the structural similarity between toluene and p-xylene, their interaction with the polymer
coating maybe correlated and hence the contribution to the LDA solution for these two

gases have some similarity and are close to each other.

2.4 Discussion

2.4.1 Contributions of This Work

This work is a holistic approach in demonstrating a highly sensitive and selective wireless
low-power multigas sensing system validated with chemical testing. In our previous demon-
strations we have 1) presented sensitivity in the sub-ppm resolution with CMUT speci cally
designed and fabricated to operate in low-MHz frequency range  [46]; 2) showed that we can
design and fabricate uniform resonator arrays and functionalize adjacent channels with
different polymers [54]; and, 3) established a complete miniaturized wireless gas-sensing
system based on a CMUT sensor array for detection of VOCs [25]. The focus of this work is to
present a complete system as a ubiquitous tool for the detection and identi cation of VOCs

with multivariate data analysis. In this work we concentrate on the sensor performance
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Figure 2.9 LDA scores to visualize the discrimination performance of the sensor array for the test
gases. The ellipses surround 95% con dence intervals.

through chemical testing of four different gases. The availability of reliable and repeatable
target analytes for testing is crucial for accurate quanti cation of the sensor performance.
We have improved our test setup such that wide range of low-ppm concentration of gases
can be generated consistently without elaborative calibration needs. The entire system is
remotely operable once set up, which allows continuous testing even without the physi-
cal presence of the researcher in the lab. This is particularly useful for future exhaustive
tests and data acquisition required for pattern recognition methods to detect, analyze, and
guantify gases and mixtures, and to achieve high measurement accuracy. Necessary signal
pre-processing steps for noise and drift removal from the sensor response and feature
selection to achieve high selectivity by the sensor array has been performed. The resulting
LDA plot shows good separability between the four gases and indicates the ability of the
sensor array to detect and distinguish individual chemicals. LDA is a basic classi cation

method compared with more sophisticated algorithms such as neural networks, random
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