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Abstract

The design and implementation of micro-/nano-structures as active components has
become an increasingly popular scheme for the development of electronic devices and
systems in pursuit of unprecedented device performance and unique system function-
ality. In particular, cooperative actuation of active structures assembled in parallel
results in emerging concepts of electromechanical devices and systems with tunable
characteristics enabled by exploiting all the degrees of design freedom available to
the active components. Engineering such micro-/nano-structures requires precise and
scalable fabrication with resolution down to the nanometer-scale, often beyond the ca-
pabilities of conventional processing techniques. Exploring these opportunities could
contribute substantially to the understanding of fundamental physical phenomena and
the upsurge of novel device structures and concepts, as well as pushing the frontier
of nanoscale fabrication and metrology.

In this thesis, challenges and opportunities in engineering active micro-/nano-
structures for electromechanical actuation are explored through two case studies,
a tunneling nanoswitch and an acoustically-active surface, which aim to present
paradigms for high-performance electromechanical devices and systems designed
based on cooperating active micro-/nano-structures.

The tunneling nanoswitch utilizes molecules as active nanoscale springs. An en-
semble of such molecular springs takes the form of a self-assembled molecular layer
sandwiched between ultra-smooth bottom electrodes and an active top nanoparticle
contact. This nanoswitch operates by electromechanical modulation of the current
tunneling through the nanometer-scale molecular switch gap. This unique mechanism
enables the device to demonstrate a low turn-on voltage (under 3 V) and a short delay
(2 ns) simultaneously, which are among critical challenges facing nanoelectromechan-
ical (NEM) switches. Significantly, the molecular layer and the top nanoparticle
contact serve as two degrees of design freedom with which to independently tailor
static and dynamic device characteristics, thereby enabling a path towards sub-1-V
switching in the GHz regime for electromechanical logic.

The acoustically-active surface depends on widely distributed, microstructured



piezoelectric transducers as active components. One example of such an acoustic sur-
face is a PVDF film embossed with active micro-domes in an array. Existence of these
freestanding micro-domes actuating in parallel significantly enhances the acoustic per-
formance and allows our acoustic surface to achieve a unit-area sensitivity of 0.2075
mPa/(V-cm?), which well outperforms existing flexible loudspeakers. The acoustic
response can be further improved by engineering the profile and dimensions of the
micro-domes. In addition, coordinating actuation of the micro-domes based on adap-
tive amplitude and phase control could enable directional audible sound generation,
currently unavailable based on standalone commercial loudspeakers. The outstanding
acoustic performance, attractive features (wide-area, thin, flexible, low-cost and even
transparent), and unique functionality make the acoustic surface promising for broad
emerging application scenarios.

Creating high-performance active structures in these case studies has motivated
our development of novel processing techniques, including scalable manipulation of
nanomaterials and low-cost, high-precision micro-embossing of polymer thin films.
The highly uniform, mechanically tunable molecular junctions and the wide-area,
phased acoustic micro-transducer array provide promising platforms for scientific
studies of fundamental physical phenomena and innovations in diverse electronic de-
vices and systems.
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Chapter 1

Introduction

1.1 Active Micro-/Nano-Structures

Active structures in a device or system refer to the functional components that un-
dergo changes in their structure, state and/or properties during their use, thereby
rendering the device or system active in one or multiple ways. They could be a
molecular structure in a chemical sensor [1], a metal-oxide-semiconductor structure
in a modern processor [2]|, a nanoscale crystal in a light-emitting device [3], or a
moving cantilever in an electromechanical switch [4], with physical dimensions rang-
ing from one nanometer to a few millimeters. The ensemble of these active micro-
/nano-structures decides or significantly contributes to the functionalities and the
macroscopic characteristics of respective devices and systems.

Active micro- /nano-structures have played an increasingly significant role in the
design of electromechanical devices, such as sensors [5], actuators 6], resonators [7],
switches [4] and memories [8]. The advantages they bring exhibit at different scales.
For micro-/nano-scale devices, employing molecules and nanomaterials as active
nanostructures results in unique device concepts [9,10] and unprecedented perfor-
mance [11]. At a larger scale, adding active micro-/nano-structures with specific
profiles to the surface of bulk materials may bring about additional tunabilities on
the macroscopic properties [12] of conventional electromechanical devices; adaptive

control on the actuation of active structures in an array may induce unique function-
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ality to electromechanical systems [13].

This thesis seeks to demonstrate the merits of employing active micro-/nano-
structures for electromechanical actuation in two representative scenarios. At the
nanoscale, a tunneling electromechanical switch is developed using molecular springs
and nanoparticle moving contact. These nanostructures induce tunabilities on the
static and dynamic behavior of the switch, and thereby enable simultaneous low-
voltage, high-speed switching, which used to be a longstanding challenge facing na-
noelectromechanical (NEM) switches. For macroscale application, a wide-area acous-
tic surface is developed based on an array of piezoelectric micro-domes. It can be
mounted on various objects and render them acoustically active due to unconstrained
actuation of the active microstructures. Designing the profile and dimensions of
the domes allows performance tuning for the acoustic surface. Moreover, additional
functionality such as beam forming may be achieved when these microstructures are

addressed as individual functional units and coordinated in certain ways.

1.2 Nanoelectromechanical Switches

1.2.1 Overview

For the past few decades, the continuous scaling of metal-oxide-semiconductor (MOS)
field-effect transistors (FETS) has brought about significant performance gains and
increased complexities to the integrated circuits and systems at a greatly reduced
manufacturing cost. However, significant challenges including increased static leakage
current, increased power dissipation, short channel effects, and so on are encountered
as the critical dimensions of transistors kept shrinking [14]. Though new technologies
including FinFET, metal gate/high-k dielectrics have been developed to mitigate
the operating challenges of CMOS circuits [15], the OFF-state leakage current and
the thermionic limit of 60 mV/dec subthreshold slope are fundamental issues that
limit the energy-efficiency of nanoelectronic circuits based on complementary metal-

oxide semiconductors (CMOS). This is driving interest in emerging beyond-CMOS
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technologies [4,16-21] that have the potential to overcome these fundamental limits.

NEM switches have received broad attention as a candidate energy-efficient
beyond-CMOS technology for years. For a normally-off type conventional NEM
switch (Figure 1-1), the electrodes are physically separated in the OFF-state. As
a result, a NEM switch features near-zero OFF-state leakage and thereby negligible
standby power consumption [4]. When a gate voltage is applied, an electrostatic
force is induced on the active element to move it towards the stationary electrode.
A gate voltage higher than a threshold value (namely the pull-in voltage) causes the
attractive forces (including electrostatic force and van der Waals force) to suddenly
overwhelm the restoring force from the deformed electrode, consequently making the
active electrode into ohmic contact with the stationary electrode (i.e., ON-state). The
transition between the ON-state and the OFF-state usually defines a several-orders-
of-magnitude contrast in the drain current, and the abrupt switching behavior results
in a low subthreshold swing for a NEM switch. These may allow the NEM switch to
operate with a much lower voltage compared with CMOS devices and thus ultra-low
dynamic power consumption in circuit [15]. In contrast to the normally-off type, a
NEM switch can also be configured as the normally-on type, which has the source
and drain electrodes initially in contact and relies on an applied gate voltage to pull
them apart. A proper combination of these two types of NEM switches enables basic
and complicated logic computation with a greatly reduced number of devices com-
pared to conventional CMOS technology [22,23|. Besides, the transition between the
ON-state and the OFF-state depends on mechanical motion of the active electrode
rather than the diffusion and drift of electrons and holes. Therefore, NEM switches
are intrinsically less sensitive to temperature [24,25| and various interference (e.g.,
high-dose radiation, microwaves and external electromagnetic fields) [26,27], which
makes them favorable for applications in harsh environments. These aforementioned
fundamental merits make NEM switches promising energy-efficient logic devices to
complement or substitute CMOS in the thriving Internet of Things (IOT) [15], where

reducing energy consumption is one of the key challenges.
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(a) OFF-State

(b) ON-State
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Figure 1-1: Schematic representation of a typical three-terminal NEM switch (a) in
the OFF-state and (b) in the ON-state.

1.2.2 Key Challenges

The rapid advances of micro-/nano-fabrication techniques along with increasing diver-
sity of materials available have enabled various designs of NEM switches, in terms of
device architecture (e.g., cantilever architecture, relay architecture), electrode layout
(e.g., vertical, lateral) and electrode material (e.g., metal, ceramic, nanomaterials).
This has led to a wide distribution of device performance for NEM switches reported

to date.

Similar to semiconductor devices, the actuation voltage and the switching delay
are significant metrics to evaluate the performance of NEM switches. In addition,
the device reliability is also a big concern, as NEM switches operate by deforming
the active electrode to make frequent contact with the stationary electrode. Though
NEM switches enjoy intrinsic advantages over semiconductor devices, there are a
few key roadblocks facing NEM switches before they can fulfill their promise as a
beyond-CMOS candidate technology for energy-efficient computing.
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High actuation voltage

In modern integrated circuits and systems, the power dissipation from charging and
discharging parasitic capacitors in the circuit usually dominates the dynamic power
consumption, which is proportional to the square of the actuation voltage. Therefore,
the actuation voltage is critical to the dynamic power consumption. The minimum
voltage to turn on a NEM switch is limited by its pull-in voltage (usually 5-50 V),
when no DC bias is applied. The large actuation voltage and the resulting high dy-
namic power consumption greatly undermine the advantage of NEM switches over
semiconductor devices in the OFF-state leakage. Reducing the pull-in voltage, there-

fore, has been the focus of researches in this field for decades.

The pull-in voltage corresponds to the drive voltage to achieve the critical switch
gap, below which the nonlinear attractive forces (including the electrostatic force
and surface adhesive force) suddenly overwhelm the linear restoring force from the
deformed electrode. A smaller switch gap in the OFF-state leads to enhanced attrac-
tive forces as well as reduced displacement required for the active electrode to turn
on, which thereby lowers the pull-in voltage. Electrostatic force microscopy enabled
characterization of a nanoswitch based on a single-walled carbon nanotube (CNT)
bundle, and a 2 V actuation voltage was demonstrated when the air gap was reduced
to 6.5 nm [28]. In a lateral design, a multi-walled CNT acted as a mask for self-
aligned patterning of the side electrodes, which led to a small switch gap and a 3.6
V pull-in voltage [29]. The smallest pull-in voltage (400 mV) reported so far for bias-
free NEM switches was achieved by a so-called pipe clip structure [21]. The success
was largely attributed to a fabricated 4-nm-thick air gap, a small contact and a large
overlap area between the active electrode and the stationary electrode to induce a

high electrostatic force.

Reducing the stiffness of the active electrode is also effective in lowering the pull-in
voltage, through geometry tuning and/or material selection for the electrode. How-
ever, the decreased restoring force as a result of the more compliant moving contact

may cause the NEM switch to be more susceptible to stiction failure. A U-shaped
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NEM switch with 5 pm dual silicon (Si) nanowires was able to demonstrate an aver-
age pull-in voltage of 1.12 V but only survived 12 cycles [30]. A lateral NEM switch
based on an ultrathin, long silicon carbide (SiC) nanowire active electrode as well
as a small switch gap exhibited a minimum actuation voltage at 1 V level, but the
subthreshold swing was large [31].

Although achieving a low pull-in voltage without sacrificing the device reliability
still remains a challenge, introducing an auxiliary body electrode and applying a DC
bias may allow NEM switches to operate under a small gate voltage, as an additional
electrostatic force is induced by the DC bias to bring the active electrode close to
the stationary electrode and reduces the switch gap. In this scenario, the minimum
actuation voltage without observing any stiction failure under a proper DC bias is
limited by the hysteresis of the I-V characteristic. The hysteresis originates from
the instability from the pull-in phenomenon, and NEM switches without the abrupt
switching behavior usually exhibit little or no hysteresis [31-33|. In addition to re-
ducing the switch gap and/or increasing the stiffness of moving electrode to achieve
a lower hysteresis, a small contact area and an antistiction molecular coating on the
electrodes can significantly lower the surface energy and thereby reduce the hysteresis.
Sub-50 mV logic has been demonstrated by a NEM relay that features small dimple
contacts, an antistiction coating on the surface of the electrodes, and a large body
electrode to apply >10 V DC bias [34]. High uniformity in device performance is
essential to ensure reliable switching at such a low voltage when an identical DC bias

is applied to all NEM relays in an integrated circuit.

Large switching delay

The switching delay characterizes the computational capability of logic devices. Un-
like semiconductor devices, NEM switches operate based on mechanical motion of
active electrodes and therefore exhibit high switching delays (usually above 100
ns) [25,35], which is a great weakness compared with semiconductors. In order to
reduce the switching delay, a small switch gap is favorable, as the time needed to close

and open the gap is short. Besides, a large gate area results in a large electrostatic
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force that drives the moving component to switch on quickly; a stiff active electrode
brings about a large restoring force and is thus favorable for fast switch-off. Reducing
the mass of the active electrode is another effective way to achieve fast switching.
In addition to these design considerations to tune the switching speed, operating the
switch with an increased voltage leads to a higher acceleration and a shorter turn-on
delay at a cost of unfavorably higher dynamic power consumption.

Nanomaterials have become increasingly popular to be employed as the active
electrodes due to their small dimensions, light-weight feature and high stiffness. To
date, NEM switches based on small gaps and nanomaterial-based active electrodes
have been developed to achieve a fast switching speed. A turn-on delay of 10 ns was
demonstrated by a NEM switch with a multi-walled CNT cantilever [36], when a ~25
V drive voltage was applied. In another design that utilized a graphene cantilever, 25
ns was reported under a similar drive voltage [37]. These low turn-on delays suggest
a 100 MHz operation regime for NEM switches employing nanomaterial-based active
electrodes, which is much faster than classical NEM switches based on cantilever or
relay architectures [24,35]. The highest switching speed reported so far was achieved
by a nanoswitch based on a suspended single-walled CNT [33|. A 2.8 ns delay was

experimentally measured under a drive voltage as low as 5 V.

Poor device reliability

Poor reliability has been a longstanding challenge facing NEM switches. To make
NEM switches a viable technology, prevalent failure modes must be studied, which
will inform designs of NEM switches to greatly extend the lifecycles. In general,
NEM switches of all kinds risk either structural failure or permanent stiction. In
many cases, structural failure is caused by stress-induced fracture or fatigue |24, 31,
38,39]. In other cases, surface wear, ablation, and even burn-out of electrodes can be
attributed to transient or accumulative Joule heating induced by electrical discharge
or high contact resistance [40]. Though the electrodes may survive structural damage,
repetitive switching is likely to cause severe heat generation to weld the electrodes

and thus leads to permanent stiction [30,41]. At the nanoscale, poor heat dissipation
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exacerbates these heating-induced issues. For non-memory nanoswitches, another
prevalent cause for permanent stiction is the strong van der Waals interaction |33,
42| between electrodes in contact. When the van der Waals force is higher than
the restoring force from the deformed electrode in the ON-state, the electrodes in
contact cannot be separated even under zero voltage, and the NEM switch fails due to
permanent stiction in this case. Though reducing contact area may lower the surface
adhesive force and thus the probability of stiction failure, NEM switches based on
nanoparticles such as CNTs are still susceptible to permanent stiction, and it has
been revealed that stiction-free design window to maintain a low actuation voltage
shrinks as the size of the NEM device scales down [43].

To avoid structural failure, metals with superior mechanical and thermal proper-
ties (e.g., tungsten) can be used as electrode materials [35], and protective coating
with a thin oxide layer [40] or noble metals (e.g., platinum) [44] results in enhanced
hardness, better heat and wear endurance as well as improved resistance to air expo-
sure, corrosion and chemicals for the electrodes. To deal with concerns for permanent
stiction, a stiff active component in a non-memory design is desired but could lead
to a high actuation voltage. Besides, a NEM switch can be designed to work in non-
contact mode [45] to eliminate the stiction issue. Another versatile approach to avoid
stiction is through modifying the contact interface. This includes changing the ma-
terials [36,46-48] or the roughness [49] of contact surfaces. Surface modifications by
chemical approaches have also been explored [49]. Particularly, coating a monolayer
of fluorinated molecules onto the surface of metal electrodes can effectively reduce

the surface energy and avoid direct contact between metal electrodes [34].

Scalable manufacturing

Nanoparticles and nanoparticle ensembles are attractive building blocks for designing
NEM switches, as they enable ultra-small device pitches and bring about enhanced
performance over their classical counterparts. However, circuit-level operation of
nanomaterial-based NEM switches has not been demonstrated so far, primarily due

to the absence of a universal and scalable manufacturing technique [4].
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In general, the deposition of nanoparticles is constrained to just a few meth-
ods. Nano-manipulators [38, 46, 50| have been widely used to position individual
nanoparticles, but such a method is not suitable for scalable manufacturing. An-
other straightforward approach is by randomly dispensing nanoparticles first and
then finding individual nanoparticles for subsequent processing [29]. However, the
demanding sorting process and the stochastic distribution of nanoparticles cause
great challenges for circuit layout. Although the affinity between some nanoparti-
cles and specific chemical terminations of pre-patterned molecular layers has been
leveraged to achieve self-assembled nanoparticles after dispensing nanoparticle sus-
pension [51], the yield for trapping individual nanoparticles on each spot was unclear.
Another self-aligning approach is catalytic chemical vapor deposition (CVD). The
pre-patterned catalysts on the substrate determine the position and orientation of
synthesized nanoparticles. Though this method has enabled controlled deposition of
individual CNTs [8,33,52|, ensembles [48,53] or even arrays at the wafer-scale [54], it
may not be suitable for nanoparticles that are not compatible with CVD process (such
as many metallic nanoparticles). A more versatile approach to deposit nanoparticles
is AC dielectrophoretic trapping [45,55-58]|. A high-frequency AC electric field in-
duces a strong dielectrophoresis force that overcomes drag force and Brownian motion
to trap nanoparticles onto the electrodes, given a proper contrast in the dielectric con-
stant between the nanoparticle and the suspension liquid. Though high-yield scalable
trapping has been demonstrated with long Si nanowires [58], the yield for trapping
other kinds of nanoparticles with much reduced dimensions has not been reported. So
far, a versatile and scalable method for nanoparticle deposition and assembly with a

high yield receives broad interest and great demand, but still remains an open issue.

1.2.3 Outlook

Over the past two decades, great effort has been expended to address individual
challenges for NEM switches. Ultra-low operating voltages and short turn-on delays
were demonstrated separately based on high-performance nanomaterials and delicate

device architectures; a NEM switch that simultaneously achieves a low operation volt-
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age and a high-speed switching, however, is still absent. The simultaneous achieve-
ment of low-voltage and high-speed switching requires both reversible modulation of
a nanometer-scale switch gap and an ultra-small, lightweight active component. To
define a stable and reversible nanometer-scale switch gap, molecules can be incor-
porated into NEMS design as active nanostructures. Beyond working as a simple
anti-stiction spacer, the self-assembled molecular monolayer is able to define a stable
1~3 nm thick switch gap and each molecule could function as a nanoscale spring to
allow reversible modulation of the gap. Additionally, nanoparticles make perfect can-
didates for miniaturized, lightweight active electrodes for NEM switches and thereby
enable ultra-fast switching. Significantly, the coexisting molecules and nanoparticles
in a device architecture may serve as two degrees of design freedom to independently
tailor the static and dynamic characteristics of NEM switches. This further represents
a universal strategy to achieve enhanced performance for diverse electromechanical

devices and systems.

Assembling nanomaterials into functional devices requires nanometer-scale or even
atomic precision in processing. Therefore, novel nanofabrication techniques that com-
bine chemical synthesis, surface engineering, self-assembly and manipulation of nano-
materials are indispensible for precisely defining the active nanostructures. Particu-
larly, development of these nanofabrication techniques in a versatile and scalable fash-
ion has become more important than ever, given the growing diversity and amount of
active nanostructures in the design of nanoelectronic devices nowadays. Advances in
this field will greatly increase the throughput and thereby allow statistical learning
of device behavior, optimization in the device performance, and large-scale device

integration into circuits and systems.
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1.3 Acoustically-Active Surfaces

1.3.1 Overview of Acoustic Transducers

Acoustic transducers are vibration-based electromechanical devices operating in the
audio, ultrasound or infrasound frequency range that are able to convert between
sound vibrational energy and electrical energy. According to the type of electroa-
coustic transduction, acoustic transducers are mainly categorized into speaker (emit-
ting sound using electrical energy), microphone (receiving sound and turning it into
measurable electrical signal) or ultrasonic transducers (transmitting ultrasound and
receiving reflection).

Loudspeakers can be designed based on different mechanisms. The most preva-
lent types include electrodynamic speakers [59|, piezoelectric speakers [60-62], elec-
trostatic speakers [63], magnetostrictive speakers [64], etc. A dynamic speaker utilizes
a moving coil driven by electromagnetic force to displace a diaphragm and generate
sound. Such a speaker can produce high sound level with great accuracy within a
certain frequency range. Two or more dynamic drivers are usually employed in the
same commercial loudspeaker to evenly cover a wide audio frequency range. A piezo-
electric speaker works based on converse piezoelectric effect. The applied electric field
induces strain in a pre-polarized piezoelectric diaphragm and thereby causes it to de-
flect. These speakers are compact and cost-effective, but typically have an inferior
low-frequency response compared to dynamic speakers. An electrostatic speaker uses
a thin, charged metal membrane as the diaphragm, which is displaced by an electro-
static force induced by a high electric field. These speakers provide good linearity and
low distortion, but the diaphragm excursion is limited due to structural constraints
(i.e., small separation between the diaphragm and the stationary electrode for high
electrostatic force). A magnetostrictive speaker produces sound by magnetic-field-
induced vibration of magnetostrictive materials, and typically has large driving force,
low distortion, and good robustness.

Among microphone technologies based on diverse mechanisms, condenser micro-

phones (also known as capacitor microphones or electrostatic microphones) are the
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most widely used type. A condenser microphone could be built based on a thin con-
ductive film as diaphragm [65], which is deflected by incident sound. This causes a
change in the capacitance formed between the diaphragm and the stationary plate. As
the charge remains nearly constant within the timeframe of the capacitance change,
the acoustic pressure incident on the microphone can be sensed by the alternating
voltage signal across the capacitor. In another type of condenser microphone, the
diaphragm is replaced by a polarized ferroelectric material and DC-bias is no longer
required. However, the performance of these inexpensive electret-condenser micro-
phones is not comparable with that of DC-polarized condenser microphones in terms
of noise level and quality. A dynamic microphone has a similar structure to a dynamic
loudspeaker. Vibration of the diaphragm induced by incident sound moves a coil in
the magnetic field built by stationary permanent magnet and produces a varying volt-
age across the coil by electromagnetic induction. Similar to a dynamic loudspeaker,
a dynamic microphone with a single diaphragm does not respond linearly to the en-
tire audio frequency range. As a result, several diaphragms responsive to different
frequencies are combined in a dynamic microphone. A piezoelectric microphone re-
lies on a piezoelectric film or plate as the active component. Incident sound induces
charge across the electrodes based on the piezoelectric effect, and the charge can be
sensed after amplification and correlated to the acoustic pressure. These microphones

usually have high impedance and are sensitive to handling noise.

Ultrasonic transducers typically refers to devices that are capable of both transmit-
ting ultrasound and sensing the echo. According to this limit, ultrasonic transducers
are mainly piezoelectric-type or condenser-type. When separate transmitters and re-
ceivers are allowed in specific scenarios, other types of transducers may also apply.
For instance, magnetostrictive transducers can produce ultrasound as transmitters,
but they are unable to sense the echo. Ultrasonic transducers provide highly accurate
point-to-point distance measurement based on the time-of-flight between the trans-
mitted ultrasound and the echo, assuming a known speed of sound in the medium.
Moreover, an array of ultrasonic transducers can be employed for motion detection,

and locating or imaging objects.
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1.3.2 Prospects for Acoustically-Active Surfaces

The upsurge of IOT has created fast-growing demands and in the meantime more
stringent requirements for acoustic transducers. Their applications are no longer
constrained to simple sound generation and sensing, or distance measurement, but
start to penetrate into scenarios such as industrial automation, artificial intelligence,
robotics, smart homes, intelligent transportation, consumer electronics and biomedi-
cal engineering, where sound may act as an important medium for sensing and com-
munication (Figure 1-2). Even in conventional scenarios, growing interests in free-field
active noise cancelling and personal entertainment create demand for array of speak-
ers and microphones coordinated with adaptive algorithms to realize beam forming
and directional sound generation in the audio frequency range, which is beyond the
reach of commercial loudspeakers or stereo audio systems at present. Therefore, mul-
tifunctional acoustic films that integrate arrays of diverse acoustic transducers may
cater to the demand in the aforementioned scenarios. When these films are designed
to be wide-area, transparent, paper-thin, flexible and robust, they can be mounted
on the surfaces of various objects in an inconspicuous way and thereby render them
acoustically active. The possibility of manufacturing these acoustic thin films in mass

volume at low costs further adds to their popularity.

Active noise cancelling

Active noise cancelling is a method of reducing unwanted sound (noise) based on
destructive interference through emitting a sound wave with the same amplitude but
inverted phase to the noise. When the anti-noise speaker is positioned at/near the
noise source, full-space noise reduction can be achieved but requires anti-noise sound
with the same audio power level as the noise. A more energy-efficient approach is
to reduce the noise locally, e.g., commerical noise-cancelling earbuds/headphones.
Specifically, the noise signal is captured by microphone(s) located at the user’s ear.
An anti-noise signal is produced based on the adaptive algorithms [66,67|, and further

amplified to achieve desired attenuation at the user’s ear. However, reducing ambient
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noise in the free field is more complicated and expensive than in a small cavity (e.g.,
a user’s ear) due to several reasons. First, the larger volume allows more frequency
components to have nodes in the protected zone compared to in a small cavity, which
increases the difficulty of reducing high-frequency noise. For instance, a 1 kHz noise
may be perfectly cancelled at one spot but reinforced at ~17 cm away along its
direction of propagation. Second, multiple speakers with the same orientation may
be insufficient to produce anti-noise sound to match the 3D noise pattern in the zone
to be protected, especially when multiple frequency components are involved. Third,
microphone(s) may not be available at spots of interest (users’ ears), and the case

could be even worse when the spots are not stationary (e.g., a moving person).

Wide-area, pixelated acoustic surfaces arranged along different orientations are
more likely to realize noise cancellation in the free field, leveraging sufficient design
freedom offered by the large amount of acoustic transducers deployed over a wide area.
Specifically, the transducers may be divided into three groups to perform different
roles, acting as ultrasonic transceivers to locate user’s ears, or as microphones to

detect sound at different spots in the surrounding area to reconstruct the noise at
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Figure 1-2: Application prospects of acoustically-active surface technology
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the ears, or as loudspeakers to produce anti-noise sounds according to the adaptive
cancellation algorithm. Such free-field active noise control has great prospects for
both commercial and residential application scenarios. Reducing noise in aircraft and
automobile cabins greatly improves the comfort of travelling. When acoustic surfaces
are mounted on windows, curtains and/or walls in an apartment/office, noise from
traffic and construction on the street, or renovation from neighbor apartments/offices

can be well isolated, thereby creating a quiet environment for work, study and rest.

Smart homes

In a smart home scenario, various interconnected sensors and remotely-controllable
appliances allow users to live with convenience, quality, security and cost-efficiency.
A wide-area acoustic wallpaper with an acoustic transducer array could contribute
to the concept of a smart home from multiple aspects, including entertainment, com-
munication and home security.

Widely-deployed acoustic surfaces inherently create a surround-sound audio sys-
tem in a cost-effective way. In addition, the large number of transducers can be
grouped into blocks of loudspeakers through external electrical connections. When
their dimensions are comparable or larger than the wavelength respective to the pitch
of music, directionality of sound generation could enable personal entertainment with-
out disturbing others. The same concept extends to other public scenarios such as
offices, vehicles and aircrafts, etc. Microphones and loudspeakers from ubiquitous
acoustic wallpapers also provide device-free communication among family members
in different rooms and convenient voice control of smart appliances and robots vir-
tually anywhere in a house. Acoustic surfaces mounted on the door and exterior
of the house substantially contribute to the home security system. Visitors can be
recognized as friends or strangers by comparing their voice patterns [68,69] with the
library in the home security system. The transducer arrays on the acoustic wallpa-
pers installed on the exterior of the house are capable of detecting moving objects.
The home security system further analyzes the data and alerts the owner instantly if

there is a high security risk (e.g., detecting signs of an imminent break-in).
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Contactless matter manipulation

The transducers in an array on an acoustic surface are able to function as phased
ultrasound emitters to generate acoustic radiation forces, which can be utilized to
trap, levitate and position particles in various media [70-72]. The so-called “acoustic
tweezers” provide unique characteristics including high trapping forces per unit power
and abilities to manipulate various materials (e.g., biomolecules, cells, organic and
inorganic nanomaterials) with dimensions ranging from sub-1-micrometer scale to
centimeter scale [70,73,74].

The capability, versatility, and efficiency of this technique, enabled by wide-area,
pixelated acoustic surfaces, give rise to broad application prospects. Nanoparticles
in suspension can be selectively trapped and positioned independently to realize 3D
assembly into diverse patterns |75], which provides a novel approach to build func-
tional devices or systems using nanoscale blocks. This technique has also enabled an
attractive platform in biomedical engineering for separation and manipulation of cells
and particles, which have different densities and compression strengths, for life science
research and diagnosis in medical clinics [73,76]. The inherent capability of ultra-
sound to act through skin and tissue even allows noninvasive in-vivo treatments |77],
which could be realized using a paper-thin pixelated acoustic surface adhered on skin.
Additionally, acoustic radiation forces can be utilized to create microgravity environ-
ment for melting and solidifying materials confined only by surface tension |78]. This
container-less processing is contaminant-free and permits solidification in undercooled
melts, thereby resulting in unique microstructures and unusual properties. In addi-
tion, a wide-area acoustic surface could enable volumetric displays, where levitated

voxels are moved by acoustic waves in high speed and form holographic images in

3D [13,72].

Autonomous navigation

Ultrasonic transceivers have been widely adopted for ranging based on time-of-flight or

measuring velocity of target objects based on Doppler effect. Ultrasonic transducers,
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as common proximity sensors, play an important role in current automobile driver-
assistance systems (e.g., parking assist, adaptive cruising) and potentially in future
autonomous driving as well [79]. A sound navigation and ranging (Sonar) system
for automobile is cost-effective, independent on weather, and much more compact
compared to alternative technologies based on radio waves (Radar) or light (Lidar).
Particularly, acoustic surfaces with ultrasonic transducer arrays may bring about a
few key advantages to the Sonar system. Paper-thin, transparent acoustic surfaces
mounted on the exterior of vehicles cause the minimum appearance change. The
great amount of ultrasonic transducers deployed over a wide area could provide high
accuracy in 3D mapping of the surrounding environment as well as speed measurement
of vehicles nearby. Moreover, part of the acoustic surfaces can be used to communicate
with other autonomous vehicles (by emitting and receiving acoustic waves) in order to
exchange cruise information, avoid collision due to non-consensus decisions, and alert
others nearby when the vehicle is malfunctioning or uncontrollable. The acoustic
surfaces with ultrasonic transducer arrays could also equip robots and underwater

vehicles with Sonar skins for exploring unknown and unstructured environment [80].

Tactile sensing

Tactile sensing refers to measuring characteristics such as normal or shear forces, vi-
bration, shape, texture, softness through physical contact [81]. Tactile sensors, based
on their operating principles, can be categorized as capacitive sensors, piezoresis-
tive sensors, piezoelectric sensors, inductive sensors, optical sensors, strain gauges,
ultrasonic transceivers, multi-component sensors, and so on [81,82]. Though tactile
sensing has been an active research field for decades, none of the aforementioned tech-
niques have gained prominence in industrial and commercial markets; array design
and algorithms, spatial resolution, frequency response, cost, conformity, assembly and
maintenance are among the key roadblocks to address before tactile sensing can fulfill
its potential in disciplines of robotics, biomedical engineering, processing automation,
and consumer electronics [81]. Acoustic surfaces with pixelated transducers intrinsi-

cally satisfy the demand for array design with a high spatial resolution and control
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algorithms, and thereby may function as electronic skins for specific tasks (e.g., sens-
ing vibration, force, shape, texture). In particular, acoustic surfaces designed based
on piezoelectric polymers could offer additional merits including high sensitivity, good
high-frequency response, large dynamic range, bio-compatibility, low-cost and good

stability.

1.3.3 Demand and Challenges

Overall, an ideal acoustic surface should be wide-area, robust, thin and flexible, con-
structed with an array of active microstructures that can function individually or
cooperatively for a multitude of applications. Tuning the design of these microstruc-
tures achieves task-centered performance; mixing active microstructures based on
diverse designs leads to a multifunctional acoustic surface. These demands constitute
the criteria to evaluate candidate technologies and also bring about challenges for the

design and fabrication of acoustic surfaces.

Sensitivity

Sensitivity, as one of the most important metrics, characterizes the loudness of sound
production under unit drive voltage (for a loudspeaker) or the output signal level
under unit incident acoustic pressure (for a microphone). Commercial loudspeakers,
for example, can produce above 100 dB SPL at a half meter way under 50 Hz—15
kHz with harmonic distortion <10%. The average diaphragm displacement at low
frequencies reaches the millimeter scale. In comparison, displacements of acoustic
surfaces could be greatly restricted when they are adhered to walls, car or aircraft
interiors. Therefore, freestanding active microstructures are essential in order to
achieve large displacements for individual transducers and high sensitivity for the
entire acoustic surface. We should also be aware that the acoustic surfaces do not
have to outperform commercial speakers and microphones in terms of sensitivity, as
their unique features make them an irreplaceable option for various scenarios where

current commercial products do not apply.
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Robustness

Active microstructures fabricated on ultra-thin films typically bring about large dis-
placement under unit excitation. However, such microstructures have poor mechan-
ical strengths and may be damaged or destroyed by external mechanical impacts.
Adding protective frameworks or layers could improve their physical integrity, but
should not affect the displacement of the active microstructures and the overall prop-
erties of the acoustic surface (e.g., flexibility, transparency). For outdoor applications,
the acoustic surface should be insensitive to temperature and work reliably under var-

ious weather conditions.

Scalability

Wide-area deployment is one of the most critical features of the acoustic surface.
Though high-performance acoustic transducers can be engineered with exotic mate-
rials and sophisticated micro-/nano-fabrication processes, they may not be suitable
to scale up for wide-area applications due to fabrication challenges and cost. For
the acoustic surface that targets mass adoption, engineering a huge amount of active
structures over a wide area demands for high-precision, high-throughput, low-cost
processing, which is usually beyond the capability of conventional microfabrication
techniques. This could be achieved through a combination of scalable thin-film man-
ufacturing (e.g., roll-to-roll method) and microfabrication techniques (suitable for

machining molds).

Pixelation

Most target applications for the acoustic surface rely on control of transducers in an
array through modulation in amplitude and phase of the drive voltages. Two fac-
tors should be considered in order to achieve good pixelation. First, each acoustic
transducer should be well isolated with minimum crosstalk between adjacent pixels.
Second, acoustic transducers with the same design variables should exhibit identi-

cal properties (including sensitivity, linearity, directivity and frequency-dependence),
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which also ensures good consistency in the performance of acoustic surfaces from
different batches. These could greatly simplify the design of control algorithms for

modulating the pixelated transducers in various application scenarios.

1.3.4 Candidate Technologies for Acoustic Surfaces

A candidate technology for the multi-funcional acoustic surface should be reversible,
which means a transducer can work as a speaker or as a microphone, or even an ultra-
sonic transceiver according to needs. Among the technologies overviewed in Section
1.3.1, electrostatic, piezoelectric, and dynamic transducers are reversible. Of these,
the first two types are more likely to be integrated onto wide-area, paper-thin acous-
tic surfaces. Here, three potential solutions based on electrostatic or piezoelectric

transduction (Figure 1-3) are discussed and compared.

Porous compressible film

An active microstructure for this solution, presented in Figure 1-3 (a), comprises a
porous dielectric thin film sandwiched between metal electrodes deposited on both

sides. For a speaker application, the porous dielectric film is compressed by an electro-

(a) Porous compressible film S olecirodes
(0 0 0PA™ 0. 0 © 00 % 00 =0 porous dielectric film
B  silicon or PDMS
Il piezoelectric polymer
e B I— plastic framework
(b) Microcavity-based transducer array (C) Piezoelectric transducer array
S

Figure 1-3: Candidate technologies for acoustically-active surfaces, including (a)
porous compressible film, (b) microcavity-based transducer array, (c) piezoelectric
transducer array.
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static force induced by an applied voltage, which causes air displacement to generate
sound; for a microphone application, a capacitance change is induced when the film
is compressed by acoustic pressure, and correlated to the incident sound level.

Introducing pores into the material aims to greatly reduce the Young’s modulus
[83] and enhance the sensitivity of such a transducer. For instance, silica microshells
can be fused together to form porous thin films. A Young’s modulus as low as ~1.5
GPa was achieved based on a porosity of 0.4 [84], as compared to ~70 GPa for solid
silica. In another example, porous compound based on polydimethylsiloxane (PDMS)
and carbon black demonstrated a ~50 kPa Young’s modulus as compared to ~8 MPa
for solid compound [85]. Such a porous film can be easily prepared by mixing water
soluble particles into an organic compound, which are dissolved afterwards by soaking
the cured compound in water. The simple and scalable fabrication process constitutes
a big advantage for this technology.

Despite the ultra-low Young’s modulus, the thickness reduction of porous thin
films and thereby the air displacement under unit excitation (drive voltage or acoustic
pressure) are limited. For instance, the thickness change for a 1-um-thick porous
PDMS film at 10 V is estimated to be 0.1% or below. To compensate the low
sensitivity, multiple layers of porous thin films can be stacked with electrode layers
embedded in between to induce superposed air displacement at a cost of increased
processing complexity. Another significant challenge lies in the pixel isolation based
on such a continuous porous film, which may require additional processing (e.g., by

laser scribing) to separate the pixels and minimize the crosstalk.

Microcavity-based transducer array

The second solution utilizes active microstructures each comprising a thin metal mem-
brane suspended on a microcavity (Figure 1-3 (b)). The sound production and sensing
mechanisms are similar to those of the first solution, while the air displacement (for
speaker application) or capacitance change (for microphone application) are caused
by bending of the suspended membrane. A maximum deflection of 150 nm was

achieved at the center of a 125-nm-thick circular gold membrane suspended on a 28-
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pm-diameter, 400-nm-deep cavity, under a 15 V voltage applied across the membrane
and the bottom electrode [86]. Such a deflection is equivalent to a 50 nm air displace-
ment averaged over the circular membrane, which is over an order of magnitude larger
than that based on a 1-um-thick porous PDMS film under 15 V. Such microcavities
can be patterned into an array on a flexible substrate such as PDMS [87]. The cavity
size and depth as well as thickness of the membrane are important design variables
for performance tuning and can be precisely defined through microfabrication.

This technology also has a few disadvantages. First, the maximum deflection of
the membrane is constrained by the depth of the cavity. Increasing the depth is able
to raise the limit, but a larger separation between the electrodes causes weakened
electrostatic force, which is a prevalent tradeoff between the dynamic range and the
sensitivity for electrostatic transducers. Second, when the air in a well-encapsulated
cavity is compressed, the pressure difference inside and outside the cavity exerts a
counteractive load on the membrane and impedes the deflection. Therefore, the cavity
should be vented in some way to obtain balanced pressure, but adjacent cavities
should be isolated to minimize the crosstalk. These considerations complicate the
design and fabrication of microcavities. Third, scaling up this solution to produce
wallpaper-size acoustic surfaces is challenging, as great difficulty is anticipated for
transferring an ultra-thin metal membrane onto the microcavity array over a large
area. The ultra-thin suspended membrane also casts doubt on the physical integrity

of these devices.

Piezoelectric transducer array

When a piezoelectric acoustic transducer (Figure 1-3 (c¢)) performs as a microphone,
polarization is induced by piezoelectric effect in response to incident acoustic pres-
sure. The resulting charge accumulation or potential difference built on the electrodes
of the transducer is amplified and sensed by peripheral circuits. For a speaker ap-
plication, an applied voltage across the electrodes induces strain in the piezoelectric
film. The strain results in vertical displacement when the piezoelectric film is either

adhered to an inactive elastic layer (unimorph or bimorph structure) or designed into
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a specific profile (e.g., spherical diaphragm). To date, piezoelectric ceramics such as
lead zirconate titanate (PZT) have been widely utilized in ultrasonic transducers due
to their outstanding piezoelectric responses. For application in the audio frequency
range, a piezoelectric polymer such as polyvinylidene fluoride (PVDF) is more at-
tractive due to its low stiffness, mass manufacturing at low cost and low-temperature
processing, despite relatively low piezoelectric and dielectric constants compared to
piezo-ceramics. When a PVDF film is molded to form a speaker with a spherical
diaphragm, the dimensions and film thickness of the spherical diaphragm can be de-
signed over a wide range, thereby leading to highly tunable sensitivity and dynamic
range. Additionally, there is no fundamental constraint on the maximum displace-
ment for these piezoelectric transducers. These constitute a big advantage over the
other two candidate technologies. Moreover, the transparency, flexibility and compat-
ibility with mass production at low cost inherent to piezoelectric polymers perfectly
cater to the demands for the acoustic-surface technology.

Fabrication challenges should be addressed in order to fabriate high-performance
piezoelectric transducer array. Freestanding piezoelectric microstructures are indis-
pensible in design, since the vibration of a flat piezoelectric film can be greatly con-
strained when it is mounted onto a rigid surface (e.g., wall, car or aircraft interior).
A good isolation between adjacent microstructures is essential when they are actu-
ated in different phases or perform different roles (speaker, microphone, or ultrasonic
transducers). Since the profile and dimensions are important tuning variables, high
precision and good consistency are necessary for molding microstructures in a scal-
able fashion. In addition, the microstructures molded on an ultra-thin film should
be well protected without affecting the sensitivity and other features (e.g., flexibility,

transparency) of the acoustic surface.

1.3.5 Outlook

Challenges in the design and fabrication of a multifunctional acoustically-active sur-
face must be overcome before its prospects can be fulfilled. Among the candidate

technologies, the piezoelectric solution shows the most promise in consideration of the
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sensitivity and the scalable, low-cost manufacturing. To date, piezoelectric polymers
have been widely applied in microphones [88|, loudspeakers [60-62| and ultrasonic
transducers [89]. However, researches on wide-area acoustic devices are still limited.
Eetta Saarimaki et al. developed a 15x15 cm? loudspeaker by bonding 8 layers of
cyclo-olefin polymer, which demonstrated 10~60 dB SPL (1~10 kHz, 30 cm away)
by applying a 80 V sinusoidal voltage [61]. A similar 12x12 cm? loudspeaker based
on cyclo-olefin copolymer was developed by Wen-Ching Ko et al. and achieved 10~80
dB SPL (100 Hz~10 kHz, 1 m way) driven by a 70.7 V (RMS) voltage. In another
work, a circular loudspeaker (25 mm in diameter) based on stacked fluoro-ethylene-
propylene films achieved 10~100 mPa (1~10 kHz, 2 cm away, near field) driven
by a 7.94 V (RMS) voltage [90], corresponding to 54~74 dB SPL. However, these
thin-film loudspeaker designs lack the potential for pixilation due to the absence of
active microstructures. A wide-area acoustic surface simultaneously integrated with
a microphone array, a speaker array, and an ultrasonic transducer array still remains

unachieved.

Bulk piezoelectric polymers (PVDF or PVDF copolymers), piezoelectric compos-
ites and voided charged polymers are the most suitable options among candidate
materials for the acoustic surface. For piezoelectric composites, single-crystal or
ceramic piezoelectric nanoparticles can be embedded in polymers (e.g., PDMS) to
achieve better flexibility |91, 92|, and the reported piezoelectric constants for these
composites are comparable to those of PVDF [92]. Voided charged polymers (also
known as cellular electrets or cellular polymer) contain artificial dipoles (i.e., charged
internal gas voids) and behave like piezoelectric bulk materials. Unlike bulk polymer
or composite, the piezoelectric responses of voided charged polymers exhibit large
frequency-dependence [93]. Quasi-static piezoelectric constants could reach up to
20000 pC/N (~3 orders of magnitude higher than PVDF); though dynamic piezo-
electric constants may decay with increasing frequency in the audio frequency range,
they are still a few times higher than PVDF on average [94]. However, the piezo-
electric constants heavily depend on the density and shape of the voids, and type

and pressure of the gas inside the voids, which makes fabrication consistency a big
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concern. Maintaining trapped charge over time is another challenge, particularly for
high-temperature application. Therefore, a piezoelectric bulk polymer (e.g., PVDF)
outperforms the other two types due to its good stability, consistent performance, easy
and low-cost mass production. To fabricate a piezoelectric acoustic surface, an array
of microstructures are molded into desired profile and dimensions over a wide-area
PVDF film, and subsequently protected by an additional perforated plastic layer that
is laminated to the PVDF film. The entire processing is compatible with roll-to-roll
techniques, which allows high-throughput production of wide-area, flexible, robust,

pixelated and even transparent acoustic surfaces.

1.4 Thesis Organization

As discussed, this thesis investigates a tunneling NEM switch and a wide-area acoustic
surface as two cases to demonstrate the merits of active micro-/nano-structures for
electromechanical actuation. Therefore, this thesis is divided into three parts:

Part I: A Tunneling NEM Switch Using Molecular Springs and
Nanoparticle Active Electrode

Chapter 2 introduces the device concept and the theoretical modeling for device
behavior. In this chapter, the critical roles of the molecules and the nanoparticle
active electrode in tuning the static device behavior and the dynamic device behavior,
respectively, are investigated.

Chapter 3 describes the nanofabrication of the tunneling NEM switch, including
detailed steps for both a two-terminal architecture and a multi-terminal architec-
ture. Challenges encountered during fabricating these NEM switches are reviewed
and potential pathways to improve the yield and throughput are discussed.

Chapter 4 presents characterization of proof-of-concept two-terminal devices based
on poly(ethylene glycol)thiol (PEG-thiol) molecules and gold nanorod electrodes, in
terms of I-V characteristic and turn-on speed. Further, the tunabilities afforded by
the active nanostructures (molecule, nanoparticle) are demonstrated experimentally

from the different 7-V characteristics and the turn-on speeds of devices employing
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different molecular spacers and nanoparticle active electrodes.

Chapter 5 summarizes this part, describes future improvement of device perfor-
mance, stability and fabrication, and discusses the potential of the proposed device
architecture beyond energy-efficient logic application.

Part II: An Acoustically-Active Surface Based on Piezoelectric Micro-
Dome Array

Chapter 6 introduces the device concept and establishes the theoretical model-
ing for actuation of a single piezoelectric dome, and sound generation of the entire
acoustic surface. Theoretical modeling and simulation reveal tunabilities in acoustic
performance afforded by designing the active microstructures.

Chapter 7 overviews conventional approaches for polymer processing, and de-
scribes our scalable fabrication method to create precise dome microstructures on a
PVDF thin film through vacuum-induced micro-embossing. A self-aligned microem-
bossing approach is further developed to obtain a robust acoustic surface with pro-
tected micro-domes.

Chapter 8 presents the characterization of individual piezoelectric micro-domes
based on surface velocity measurement. A comprehensive study is conducted on the
sound generation of the acoustic surface in terms of sensitivity, frequency response
and directivity. The results also demonstrate sensitivity tuning from designing the
active micro-domes.

Chapter 9 summarizes this part, reviews further improvement on microstructure
design and fabrication, and presents an outlook on potentials of the acoustic surface
that have not been covered in this thesis.

Part III: Epilog

Chapter 10 concludes this thesis with a brief discussion of the scheme of en-
gineering high-performance electromechanical devices and systems based on active

micro- /nano-structures, demonstrated by the two case studies in the thesis.
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Chapter 2

Theoretical Modeling of Tunneling

Nanoelectromechanical Switch

2.1 Device Concept

Molecules as active nanostructures can be assembled into an organic thin film over a
specific area and sandwiched between a pair of electrodes to form a nanometer-scale
molecular gap. A voltage applied across the electrodes induces an electrostatic force to
compress the molecular layer. As a result, the tunneling current through the molecular
junction increases exponentially in response to the reduction in the thickness of the
molecular layer. When the voltage is removed, the compressed molecules act as
nanoscale springs to provide strong restoring force to recover the molecular spacer to
its initial thickness.

The dependence of the tunneling current on the junction width is given by the

Simmons model [95]
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where h, ¢. and m, are the reduced Planck’s constant, the electron charge and the

(2.1)
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electron mass, respectively; S; is the area of the gap; ¢; is the distance across the
gap between the electrodes (i.e., tunneling width); V; is the applied voltage; ® is the
tunneling barrier height of the molecular layer; and o, is a parameter that corresponds

to the effect of the barrier shape and the electron effective mass.

A numerical example that simulates the alkylthiol molecules, which have been
widely investigated in metal-molecule-metal motifs, is provided in Figure 2-1. The
tunneling current density J; is calculated as a function of the gap g, for different barrier
heights ®, while the barrier parameter «; and the applied voltage V; are kept constant
as 0.57 and 1 V, respectively. The result shows that a mere ~1 nm modulation in
the junction width leads to an over 5-orders-of-magnitude contrast in the tunneling
current density for a barrier height ® = 4 eV, which is sufficient to define the ON-
state and the OFF-state. Therefore, a novel tunneling NEM switch can be developed
based on electromechanical modulation of the molecular junction. Since only 1
nm displacement is needed for switching, the voltage and time to achieve this tiny
displacement (namely turn-on voltage and delay) can be a lot smaller compared to
those conventional NEM switches based on large switch gaps. Moreover, a conductive
nanoparticle can be employed as a miniaturized active electrode, which favors an even

faster switching speed.

The device architecture for a two-terminal tunneling nanoswitch using molec-
ular springs is presented in Figure 2-2 (a). The nanoswitch consists of a pair of
ultra-smooth bottom electrodes, a floating conductive nanoparticle top electrode and
self-assembled molecular spacers in between. The functions of the self-assembled
molecular layer are four-folds. Beyond serving as a scaffolding nano-block to hold the
device and set the tiny switch gap, the self-assembled molecular layer also functions
as nanoscale springs to enable reversible compression and prevent stiction between
electrodes by providing a strong restoring force under compression.

In the OFF-state (Figure 2-2 (b)), the molecular layer is designed thick enough to
ensure negligible leakage. When a voltage is applied across the two bottom electrodes,
the potential difference between the floating electrode and the bottom electrodes cre-

ates an electrostatic force to compress the molecular spacer, exponentially increases
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Figure 2-1: Tunneling current density as a function of junction width. The applied

voltage and the barrier parameter are kept constant as 1 V and 0.57, respectively, in
this example.

the tunneling current, and turns on the switch (Figure 2-2 (c¢)). Depending on the
stiffness of the molecules, such a tunneling NEM switch can be designed with or with-
out a pull-in phenomenon. When the voltage across the bottom electrodes is removed,
the potentials of the floating electrode and the bottom electrodes are balanced and

the restoring force from the compressed molecular spacer uplifts the nanoparticle and

recovers the OFF-state.

Since the molecules and nanoparticles are key components of the tunneling

nanoswitch, their properties can be leveraged to design the static and dynamic behav-
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Figure 2-2: Schematic respresentation of the (a) architecture and the operating mech-
anism ((b) OFF-state and (c) ON-state) of the tunneling NEM switch using molecular
springs.

ior of the nanoswitch. This chapter aims to develop models that describe the device
behavior and its dependence on the properties of the molecules and the nanoparti-
cles, which could inform designs of high-performance nanoswitch through engineering

these nanoscale building blocks.

In this thesis, we focus mainly on a two-terminal architecture to study the de-
vice performance of this novel tunneling NEM switch and the tunabilities afforded
by engineering the molecules and the nanoparticles as a result of the ease of fab-
rication. However, the device concept extends to multi-terminal NEM switches as
well. Detailed nanofabrication processes for both two-terminal and multi-terminal

architectures are discussed in Chapter 3.
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Figure 2-3: Schematics of the three types of capacitors formed by the nanoparticles,
the molecules and the bottom electrodes. (a) Parallel-plate capacitor that models de-
vices with nanoplatelets. (b) Rod-plate capacitor that models devices with nanorods.
(c) Cylinder-plate capacitor that models devices with nanotubes.

2.2 Static Model

The modulation of the molecular layer thickness is critical to the device behavior.
The variation of the spacer thickness is governed by balance of the electrostatic force
induced by drain voltage, the adhesive force between surfaces of the nanoparticle and

the bottom electrodes, and the repulsive force from compressed molecules.

2.2.1 Electrostatic Force

The electrostatic force depends on the geometry of the top and the bottom elec-
trodes. When nanoparticles are employed for the floating top electrode, three types
of capacitors are typically formed, as shown in Figure 2-3, including parallel-plate ca-
pacitor (graphene, metal nanoplatelets and nanoribbons), rod-plate capacitor (metal
nanorods, Si nanowires), and cylinder-plate capacitor (CNTs).

The capacitance of a parallel-plate capacitor (Figure 2-3 (a)) is given by

€0€rS

Op—p(g) = Tv (2.2)
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where € is the vacuum permittivity, €, is the relative dielectric constant of the media
(i.e., assembled molecular layer), S is the overlap area of the parallel-plate capacitor,

and ¢ is the gap between the plates (i.e., molecular layer thickness).

A rod-plate capacitor can be treated as two inclined-plate capacitors formed by
the side walls of the rod and the bottom electrode in parallel with a parallel-plate
capacitor formed by the bottom surface of the rod and the bottom electrode. Such

treatment of rod-plate capacitor leads to its capacitance expressed as

Cr—p(9) = (2.3)
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where L is the length of the rod, €,; is the relative dielectric constant of the media
inside the parallel-plate capacitor, €,o is the averaged relative dielectric constant of
the media (1 < €2 < €,1) inside the inclined-plate capacitors, and other geometric

variables are defined in Figure 2-3 (b).
The capacitance of a cylinder-plate capacitor can be expressed by the typical

wire-ground model [96] as

2mege, L

CC—P(g) = )
in( S+ /(B - 1)

(2.4)

where L is the length of the cylinder, €, is the relative dielectric constant of the media,

and other geometric variables are defined in Figure 2-3 (c).

For any type of capacitor, the electrostatic force F, can be obtained by the deriva-

tive of the stored energy E on the capacitor,

Fe(9) = = —— (2.5)

where C' is the capacitance, V' is the voltage applied across the capacitor, g is the
gap between the electrodes of the capacitor. Considering that the dimensions of the
nanoparticle used as the top electrode are much larger than the gap, we can make

approximations for the electrostatic force.
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For nanoswitches with a nanorod floating electrode (rod-plate capacitor), we con-
sider typical pentagon (o = 72°) or hexagon (a = 60°) cross-section for the nanorod.
Since side length of the nanorod (e.g., d = 40 ~ 50 nm) is much larger than the gap
between electrodes (typical molecular layer thickness g = 1 ~ 3 nm), the electrostatic

force induced on each of the two inclined plate capacitors is given by

€0€0d LV ? sin a

Fsi e = . . 2.6
() 2a9(g + dsin a) (2:6)
Since dsin « is much larger than g, we have
€0€r2LV2
Fige(g) = ———. 2.7
wlo) = U 2.7
Therefore, the overall electrostatic force becomes
EoﬁrlLdVQ 2€rgg
F.(g9) = 1 . 2.8
(0) = Lo+ =2 2.9
Considering 1 < €9 < €,1, and ad/g > 1 for typical nanoparticle dimensions,
€0€T1Ldv2
F.g) x ———. 2.9
(0) ~ (2.9

This approximation yields the same expression of electrostatic force for both nanorod

particle and nanoplatelet particle.

For nanoswitches with a nanotube top electrode, the capacitance of cylinder-
plate capacitor can be approximated by taking the 1st-order Taylor expansion of the
denominator, when the radius of the nanotube, R, is much larger than the thickness

of molecular layer, g, which yields

Ceplg) = mepe, Ly | —. (2.10)



The electrostatic force therefore becomes

meoe, LV2\/29R

(2.11)

Comparing (2.9) and (2.11), the electrostatic forces experienced by nanorod and
nanotube of the same diameter and length are different by a factor of W\/m .
Considering an example that a gold nanorod and a multi-walled CNT both have a
diameter of 100 nm, the electrostatic force induced on the CNT is approximately
half of that on the gold nanorod, assuming that the molecular layer thicknesses for
both devices are identical as 2~3 nm. However, a nanotube particle like CNT is
likely to sink a bit into the molecular spacer after trapping due to its curvature,
resulting in a gap ¢ smaller than that for a nanoswitch with a nanorod particle
which has single-crystal flat facet. Besides, the restoring force on a nanotube particle
may be weaker compared to those on the nanoparticles with single-crystal flat facets,
as molecules underneath the nanotubes are likely compressed and those near the
edges of the nanotubes are likely pushed aside. These factors compensate for the
smaller electrostatic drive force and therefore result in similar actuation voltages
for nanoswitches based on nanotubes and nanorods with the same dimensions. For
convenience, the electrostatic force expression for nanoplatelets is adopted in the

static and dynamic models in this chapter.

2.2.2 Adhesive Force

The adhesive forces in general consist of Casimir force and van der Waals force. When
the gap is smaller than 10% of the plasma wavelength of the metal, the van der Waals
force dominates the adhesive forces [97]|. For a tunneling switch with a 1~3 nm thick
molecular gap, it is reasonable to ignore the Casimir force, considering that the plasma

wavelength of Au is 136 nm [97].

The van der Waals interaction energy between two metallic atoms is given by

C
Weaw (1) = —T—GL, (2.12)
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where (', is the coefficient in the particle-particle pair interaction, and r is the sepa-
ration between the two metallic atoms. The interaction energy between a single atom
and a plate (plate 1) can be obtained through integration over the volume of the plate
as

_Th 510,

dWeaw (2) = T (2.13)

where z is the distance between the atom and the plate, and p;, S are the density of
atoms and area of the plate 1, respectively. Therefore, the interaction energy between
two metallic plates (plate 1 and plate 2) can be obtained by integrating the atom-plate

interaction energy over the volume of plate 2, which is

_7TP1P2S1520L

WvdW (g) = 1292 )

(2.14)

where ¢ is the distance between the two plates (i.e., switch gap), and py, Sy are
the density of atoms and area of the plate 2, respectively. Therefore, the unit area

interaction energy is given by

_ 1201

Evaw(g) = 1242

(2.15)

The derivative of this interaction energy results in unit area van der Waals force

mp1p2CL

foaw (9) = 657 (2.16)

As a result, the adhesive force for the tunneling nanoswitch is approximated as

 AuS,

Fa(g) Grngs (2.17)

where S, is the overlap area between electrodes (same as area of the molecular junc-
tion), and Ay = m2p1p2Cr is the Hamaker constant that characterizes the van der

Waals interaction between electrodes.
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2.2.3 Restoring Force

Since molecules perform as nanoscale springs under compression, the restoring force
on the nanoparticle electrode depends on the Young’s modulus of the molecular layer.
Under a linear molecule assumption, the Young’s modulus is constant regardless of
the compression. As a result, the restoring force is linear to the compression, given
by

EmSt

where S; is the overlap area between electrodes, and FE,,, dy, g are the Young’s
modulus, the initial thickness (uncompressed state), the thickness under an applied

drain voltage (compressed state) of the molecular layer, respectively.

However, such a linear-molecule assumption fails when the compression is above a
threshold, and the molecules start to behave nonlinearly. The threshold compression
depends on the molecular composition, order, and chain length, etc. For instance, 1-
hexadecanethiol molecules exhibit an elastic response until over 25% compression [98],
while the threshold compression for PEG-thiol macromolecules can be over 40% and

increases with the chain length [99].

In our tunneling nanoswitch architecture, the electrodes are never in direct con-
tact, which means the molecular layer is the only source to provide restoring force
for maintaining force balance of the nanoparticle active electrode. Particularly for a
nanoswitch designed with a pull-in phenomenon, the attractive forces (electrostatic
force (2.9) and surface adhesive force (2.17)) that are nonlinearly dependent on the gap
cannot be balanced with a linearly increasing restoring force in the ON-state. There-
fore, nonlinear mechanics of the molecular layers in the ON-state are indispensable.
To model the nonlinear elastic behavior of the molecular layer, a Young’s modulus
E,.(g) that varies with compression should replace the constant FE,, in (2.18). Each
kind of molecule has specific nonlinear elasticity. In most cases, the nonlinear Young’s

modulus can be expanded in Taylor series and thus approximated by a polynomial of
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compression, given by

Balg) = 32 BO(C ). (2.19)

where Er(,? is the coefficient for the ith-order polynomial term, and N is the highest
order. A higher N represents increasing nonlinearity in the mechanics of the molecular

layer.

2.2.4 Force Balance

The governing equation that describes the balance between the attractive forces (elec-
trostatic force, adhesive force) and the restoring force for a tunneling nanoswitch in

Figure 2-2 is

1 €0€rmS 1 eo€rmS Ag(Sp+ S
SR (Vi — Vip)? A o8 S (Vg — Vp)? 4 250+ Ss) - s)
2 g 2 g 67g (2.20)
E.(Sp+ S '
—M(do —g) =0,

do

where: € is the vacuum permittivity; €.,,, E,, do, g are the relative dielectric con-
stant, the Young’s modulus, the initial thickness (uncompressed state), the thickness
under an applied drain voltage Vp (compressed state) of the molecular layer, respec-
tively; Sg, Sp are the area of the molecular junctions on the source electrode and
the drain electrode, respectively; Ay is the Hamaker constant; and Vp, Vs, Vp are
the voltage potentials of the drain, the source, and the floating top electrode (i.e.,
nanoparticle), respectively.

Upon applying a drain voltage Vp, the charging currents through the two molec-
ular junctions are identical. Here, the same potential Vi is assumed along the entire

floating nanoparticle, which is

Ch Cs
= Vb +
Cpr+Cs 7" Cp+Cy

Vi Vs, (2.21)

where Cs, C'p are the capacitance of the molecular junction at the source electrode

and that at the drain electrode, respectively. For a specific drain voltage Vp, the
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molecular spacer thickness g can be calculated by (2.20) given the parameters of
molecules and electrode materials as well as dimensions of the molecular junctions.
The tunneling current at drain voltage Vp is further obtained using the Simmons

model (2.1) with barrier parameters of the molecular junctions.

In a simplified case, we considered two identical junctions on the source electrode
and the drain electrode, which results in Vp = V/2 when the source electrode is

grounded. The force balance equation reduces to

leo€rm o  An E,.,
8 ¢2 P 6mgd  dp

(do — g) = 0. (2.22)

The theoretical /-V characteristic of the tunneling nanoswitch can therefore be
calculated within a specific range of drain voltage V. When the tunneling nanoswitch
is designed with a pull-in phenomenon and free from stiction failure in the ON-state,

the pull-in voltage V,,; as well as the critical gap g,; can be calculated by solving

1 €0€rm ¢ ,2 AH Em

——Vit —— — —(dy — gi) =0, 2.23

] g;?)i pi T 67ngz' do (do gp) ( )
1 €0€rm ¢ ,2 AH Em

2 V2 “mo_ 2.24

4 gzl D 27_‘_9;4)1 + dO ) ( )

where the second equation describes the balance of derivatives of forces at the critical
molecular spacer thickness. Assuming that the spacer thickness is goy in the static

ON-state, the release voltage V,. can be calculated from

1 €0€rm 1 2 AH Em

The hysteresis of the I-V characteristic is therefore Vj, = V}; — V,.. It should
be pointed out that not all nanoswitches exhibit pull-in phenomenon. Nanoswitches
based on soft and thick molecular spacers may have the right instability to work in a
pull-in mode, while those based on stiff molecular spacers typically show no pull-in.
Besides, it is possible that one junction collapses during fabrication [100] and the

potential of the nanoparticle is clamped either to the ground or to the drain voltage,
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which can still be analyzed in a similar way by assigning either Vy = 0, Sg¢ = 0 or
Ve = Vp, Sp = 0 in (2.20). The static model is useful for studying the dependence
of device [-V characteristics on the mechanics of molecules by varying the Young’s

modulus F,, and the initial thickness d; of the molecular layer.

2.3 Dynamic Model

In general, the speed of an electromechanical switch is constrained by the large
mechanical delay due to motion of the active electrode. Specifically for the
nanoswitches based on metal-molecule-metal junctions, the mechanical delay comes
from nanometer-scale displacement of the nanoparticle, which is the same as the
thickness change of the molecular layer between the ON-state and the OFF-state. In
the OFF-state, the thickness of the molecular layer is smaller than the uncompressed
thickness dy due to the existence of the adhesive force. The OFF-state spacer thick-
ness gorr can be calculated by assigning Vp = Ve = 0 in the force balance (2.20),

ie.,
Ay E,

(do — gorr) = 0. (2.26)

The ON-state spacer thickness goy is determined by the desired ON-state current
Ion (or resistance) at a given drain voltage Vpp using the Simmons model by assigning
I =1Ion, Vi =Vp/2and S; = Sp = Sg in (2.1) (assuming two identical junctions at

the source electrode and the drain electrode), which gives

QeSD quD 2(2me)1/2 QeVD 1/2
Ion=———4 (D - e
ON 47r2hg% N { < 1 ) exp [ 7 Qy 1 gon

LV 2(2m,)\/2 TV \ V2
— <(I)—|— g 4D) exp [—%Ozt <(I)—|— g 4D) JoN ,

(2.27)

The differential equation that describes the movement of the nanoparticle during
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transition between the OFF-state and ON-state is expressed by

d?*g(t)  1epermSp 5 leg€mSs 9
TmaE 2 g VeV e s ) (2.28)
6mg(t)® do 0TI

where ¢(t) is the time-dependent molecular layer thickness, and m is the mass of the
active nanoparticle electrode. In the simplified case assuming two identical tunneling
junctions, when a drain voltage Vp is applied to turn on the nanoswitch (source
electrode grounded) at ¢ = 0, the moment when the tunneling current reaches desired

ON-state value (i.e., nanoswitch turns on) is calculated by solving

d®g(t)  1eoermy o Ag K,
- == — M (dy — g(t
“TaE T 8g()? P bng(t?  do (o = 90)) (2.29)

s.t. g(t =0) = gorr, 9(t =ton) = gon,

where toy is the turn-on delay, 0 = m/(Ss+ Sp) is the mass of the floating electrode
normalized by the junction area. This normalized mass can be different from the
area mass density p of the nanoparticle (i.e., mass over bottom surface area) when
the gap between the two bottom electrodes is not negligible compared to the length
of nanoparticle. When the drain voltage Vp is removed at t = ¢, the time needed in
order that the spacer thickness increases back to OFF-state value gopp corresponds

to the turn-off delay toprr, which can be calculated by

d*g(t) Ay | En
7Tae " Tomg(p T dy 90 (2.30)

s.t. g(t =to) = gon, 9(t =to +torr) = gorr-

Similar to the static I-V characteristic, the switching delay is also dependent
on the Young’s modulus and initial thickness of the molecular layer. Besides, an
additional dependence of the delay on the inertia term can be observed from the
model. In this Chapter, the dependence of the switching delay on the area mass

density p of the nanoparticle instead of the normalized mass o is studied, since p
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is intrinsic to the nanoparticle and does not depend on the layout of the bottom

electrodes.

2.4 Tunabilities of I-V Characteristic

Two numerical examples are studied first in order to demonstrate the effect of
molecules on the I-V characteristic of the tunneling nanoswitch. Linear molecules
are assumed in both examples. The first example simulates a nanoswitch based on
a soft and thick molecular spacer. The Young’s modulus and the initial thickness of
the molecular spacer are assigned as F,, = 15 MPa and dy = 3 nm, respectively. It
is assumed that an abrupt stiffening happens when the molecules are compressed by
60% in thickness. Two identical molecular junctions, each with an area of 50 x 500
nm?, are assumed. The active electrode is a gold nanorod with a length of 1.5 ym and
a diameter of 100 nm. Constant barrier parameters including barrier height ® = 3.5
eV and parameter oy = 0.57 are taken from alkylthiol molecules [101]. We use the rel-
ative dielectric constant of alkylthiol molecules [102] €,,,, = 2.1 and Hamaker constant
Ag ~ 3x 1071 J for Au-Au attraction [97]. The theoretical I-V characteristic under
a drain voltage from 0 V to 3 V is shown as the dash-dotted curve in Figure 2-4. The
second example simulates a nanoswitch with a stiff and thin molecular spacer, which
has a Young’s modulus F,, = 100 MPa and an initial thickness dy = 2 nm. Other
parameters and variables are assigned the same as the first example. The theoretical
I-V characteristic under a drain voltage from 0 V to 3 V is presented by the solid
curve in Figure 2-4.

Significant difference in the I-V characteristic can be observed from comparing
the two examples in Figure 2-4. In the first example, the device I-V characteristic
based on a soft and thick molecular spacer exhibits a negligible OFF-state leakage
current and an abrupt switching behavior (namely pull-in phenomenon) at 2.3 V.
The molecular layer thickness at each point corresponding to specific drain voltage
and tunneling current is represented by the color in the background. The modulation

in the thickness of the molecular layer can be clearly observed by the change in the
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Figure 2-4: Theoretical -V characteristics of an example device (solid curve) based
on a stiff, thin molecular layer and an example device (dash-dotted curve) based on
a soft, thick molecular layer, with corresponding Young’s modulus F,, and uncom-
pressed molecular layer thickness dy marked in the figure. The dashed curves describe
the pure tunneling /- V characteristics at constant switch gaps.

background color as the I-V curve is traversed, which agrees with the compliant
feature of the molecular spacer assigned in this example. In the second example, the
theoretical I-V characteristic does not exhibit a pull-in phenomenon. The leakage
current is high in the OFF-state, resulting from a thin molecular layer. The I-V
characteristic is similar to that of pure tunneling at a constant 2 nm gap, and the
thickness of the stiff molecular layer does not have a noticeable change. The contrast
in the theoretical I-V characteristics in the two examples suggests a great impact
from the properties of the molecular spacer.

To make a high-performance nanoswitch, a thick and soft molecular spacer is de-
sired in order to achieve a negligible OFF-state leakage as well as a large modulation
in the tunneling current at a low actuation voltage. These two numerical cases repre-
sent soft, thick molecular spacer formed by macromolecules like PEG-thiol and stiff,

thin molecular spacer formed by small molecules like alkylthiols. Experimental re-
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Figure 2-5: Dependence of the static behavior of a tunneling NEM switch on the
thickness of uncompressed molecular layer dj at a constant Young’s modulus E,,, = 15
MPa. The ON-state switch gap after pull-in occurs is assumed as goy = 0.5dy
to calculate the release voltage and release limit. Other simulation parameters are
identical to those in Figure 2-4.

sults from nanoswitches fabricated based on these model molecules will be presented

in Chapter 4.

To further study the dependence of the I-V characteristic on the initial thickness
of the molecular layer, a constant Young’s modulus F,, = 15 MPa is assigned, while
the initial thickness of the molecular layer in uncompressed state is changed from 2
nm to 4 nm. For a certain initial thickness, the molecular layer thickness under a 0~3
V drain voltage (compressed state) can be calculated using the static model, and the
results regarding 2~4 nm initial thicknesses are presented as a colormap in Figure
2-5. The pull-in voltages and release voltages corresponding to different dy form two
boundaries that represent the pull-in limit and the release limit, respectively. For an
initial thickness dy between 3.5 nm and 4 nm, the pull-in limit does not extend into this
region, meaning that the pull-in voltage is higher than 3 V. As a result, nanoswitches

based on such thick molecular spacers do not exhibit pull-in and hysteresis in their /-
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V' characteristics below 3 V. In comparison, a nanoswitch based on a slightly thinner
molecular spacer (dy = 2.5 ~ 3.5 nm) exhibits both a pull-in phenomenon and a
hysteresis. The hysteresis is given by the horizontal distance between the pull-in limit
and release limit that corresponds to a specific initial thickness dy. The simulation
also indicates that the pull-in voltage increases with a thicker molecular layer, while
the hysteresis gradually decreases. Further reduction in the initial thickness dy to
2.2~2.5 nm results in a region completely below the release limit. The corresponding
nanoswitches are able to turn on with a pull-in phenomenon in the first cycle, but
unable to open after removing the drain voltage due to strong van der Waals force
in the ON-state. This is when the permanent stiction failure happens, which is
common for nanoswitches based on soft but thin molecular spacers. An excessively
thin molecular layer (dy < 2.2 nm) corresponds to a region even below the pull-in
limit. In this case, the molecular spacer collapses due to strong van der Waals force
right after fabrication, and the nanoswitch shows an ohmic 7-V characteristic as a

result.

The Young’s modulus of the molecular layer also plays a significant role on the
device behavior. When the Young’s modulus are assigned as E,, =10 MPa, 30 MPa,
50 MPa, simulations with varying initial spacer thickness, like Figure 2-5, have been
conducted and compared in Figure 2-6. For a soft molecular layer (e.g., £,, = 10
MPa), a large initial thickness is essential to avoid stiction failure. The design region
for nanoswitches operating in a pull-in mode under 3 V is also larger than those
with stiffer molecular layers. On the other hand, an increase in the stiffness of the
molecular layer results in less probability of device stiction failure. For a constant
initial spacer thickness dy, a stiffer molecular layer leads to a reduced compression and
a higher pull-in voltage. For a stiff molecular layer (E,, = 50 MPa), no device stiction
failure exists for a spacer thicker than 2 nm. Nevertheless, the design region for pull-
in operating mode under 3 V almost vanishes, and little modulation is observed at
3 V for most initial thicknesses due to the high stiffness of the molecular spacer.
The simulation results in Figure 2-6 show that a soft and thick molecular spacer is

favorable and preferred in the design of our tunneling nanoswitch, in order to achieve
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Figure 2-6: Dependence of the static device behavior on the drain voltage and the
initial thickness of uncompressed molecular layer dy according to constant Young’s
moduli £, =10 MPa (a), 30 MPa (b), 50 MPa (c), respectively. The ON-state switch
gap after pull-in occurs is assumed as goy = 0.5dy to calculate the release voltage
and release limit. Other simulation parameters are identical to those in Figure 2-4.
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a negligible OFF-state leakage, a large on-off current ratio and an abrupt switching at
a low actuation voltage. Significantly, our theoretical study suggests that the device
I-V characteristic can be tuned by engineering the Young’s modulus FE,, and intial
thickness d of the molecular spacer.

The simulations above are established based on a linear-molecule assumption.
For most molecules under a large compression, nonlinear mechanics are unavoidable
and also significant to maintain force balance in the ON-state. Moreover, nonlinear
mechanical properties of the molecules may play a key role in reducing the actuation
voltage.

To conduct a study on the effect of nonlinear molecules, we describe the nonlinear
Young’s modulus by (2.19), which is dependent on the compression s = (dy — g)/do,
because any nonlinearity of the Young’s modulus can be approximated by a polyno-
mial with a proper N. A higher N allows higher-order terms in the expression of
E,,, and therefore represents an increase in nonlinearity. An extreme but interesting
case is that when the elastic restoring force from the nonlinear molecules perfectly
matches the nonlinear surface adhesive force at any spacer thickness, an arbitrarily
small voltage is enough to turn the switch on. As a result, an effective way to achieve
low operation voltage of the nanoswitch is by optimizing the nonlinear Young’s mod-
ulus in order to match the restoring force with the adhesive force. However, the
optimization problem is subject to a few constraints below to make the as-designed
nanoswitches with nonlinear molecules physically feasible.

1. Young’s modulus F,, monotonically increases with compression s;

2. Repulsive force should always be able to overcome the adhesive force within
the assigned compression range bounded by OFF-state and ON-state compressions,
i.e., [sorr, son|. This constraint ensures that the nanoswitch is free from stiction
failure during operation;

3. The repulsive force in the ON-state balances the adhesive force and the elec-
trostatic force with the turn-on voltage applied. This constraint ensures that an
equilibrium point exists in the ON-state even for nanoswitches operating in pull-in

mode.
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Figure 2-7: Theoretical static behavior of nanoswitches based on nonlinear molecules.
(a) Comparison between the surface adhesive force and the restoring force from com-
pressed molecules with optimal 2nd-order, 4th-order, 6th-order polynomial Young’s
moduli as a function of compression s. (b) I-V characteristics originating from the
optimal nonlinear mechanics of molecules.

A numerical example is simulated by assigning an initial molecular layer thickness
dy = 2.5 nm. Other parameters for the molecules and electrodes are consistent with
those in the two examples in Figure 2-4, i.e., junction area Sg = Sp = 50 x 500
nm?, particle length L = 1.5 pm, barrier height ® = 3.5 eV, barrier parameter
ay = 0.57, relative dielectric constant of molecules ¢,,, = 2.1 and Hamaker constant
Ay ~ 3x1071? J. In this example, we set the maximum thickness modulation amount
to be 40% (sorr = 15% and soy = 55%). Three cases N =2, N = 4, N = 6 are
simulated regarding different nonliearities of the molecules. The optimal Young’s
moduli and the corresponding repulsive forces are compared with the adhesive force

in Figure 2-7 (a), while the corresponding I-V curves are presented in Figure 2-7 (b).

The result shows that optimal molecules (N = 4, 6) perform linearly at small com-
pression and nonlinearly at large compression, which is in line with typical mechan-
ical properties of molecules [98,99]. Under the linear-molecule assumption, previous
study (Figure 2-6 (a)) indicates that a nanoswitch based on such a thin and compliant
molecular layer (dy = 2.5 nm, E,,, = 10 MPa) is likely to fail due to stiction, while
stiff molecule layers (Figure 2-6 (b) and (c)) bring about little compression and high

actuation voltage. The theoretical results in this example, however, show reversible
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switching behavior even when the molecules are initially compliant (e.g., ~ 11 MPa in
the OFF-state where sprr = 15%). Unlike the linear-molecule case, stable ON-state
can be observed in the I-V curves even after pull-in occurs. It should also be noticed
that in the vicinity of pull-in, the current increase is suppressed by the increased
stiffness of molecules compared with the theoretical I-V curve (Figure 2-4) based on
linear-molecule assumption. It is noteworthy that the drain voltage needed to achieve
certain on-off current ratio is reduced with increased nonlinearity of molecules, and
that sub-1-V actuation voltage is possible when molecules can be designed with cer-
tain nonlinear behavior. Moreover, the results again demonstrate the significance of
the mechanics of molecules to the device performance and further suggest that ultra-
low voltage switching can be realized potentially through designing molecules with

specific nonlinear mechanics based on molecular engineering approaches.

2.5 Tunabilities of Switching Speed

To study the dynamic variation of the switch gap (i.e., molecular layer thickness)
and the tunneling current under a constant drain voltage, a numerical example is
simulated using the established dynamic model. Linear molecules are assumed. The
parameters in the example are identical to those used in the previous numerical
examples simulating statics, i.e., F,, = 15 MPa, dy = 3 nm, Sg = Sp = 50 x 500
nm?, €., = 2.1, Ay = 3 x 107'Y J. In addition, the mass of the nanoparticle m =
1.8823 x 10713 g is evaluated from dimensions of typical gold nanorods (length L = 1.5
pum, diameter D = 100 nm) we use for device fabrication. The OFF-state gap gorr
and the ON-state gap gon can be calculated using (2.26) and (2.27), respectively.
When a resistor is connected in series with the nanoswitch to sample the tunneling
current, the waveform of the voltage across the sampling resistor can be used to
estimate the moment when the nanoswitch turns on. This enables an approach to
experimentally measure the turn-on delay of the switch. To verify the effectiveness of

this measurement approach, the variation of voltage across a 1-M{2 sampling resistor

is simulated, and we choose 1 pA for the ON-state current Ipy. An ideal pulse
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Figure 2-8: Theoretical dynamic behavior of the nanoswitch. (a) Variation in the
thickness of molecular layer and the tunneling current in response to an ideal 3 V
pulse voltage at ¢t = 0. (b) Variation in the device resistance and the voltage across
a 1-MQ resistor R, in series to the device.

voltage with an amplitude of 3 V is applied across the switch and the resistor at
t = 0. The theoretical time-dependent spacer thickness and tunneling current are
presented in Figure 2-8 (a). Based on linear-molecule assumption, the nanoparticle
keeps accelerating in the process of moving towards the bottom electrodes. The
tunneling current increases exponentially as a result of reduction in the switch gap.
The nanoswitch turns on at t = 1.437 ns assuming an ON-state with a 1-pA tunneling
current. Such a turn-on delay may be smaller than the actual delay, considering that
molecules become nonlinear at large compression and that nanoparticle experiences

a higher repulsive force as the switch gap approaches gon.

The time-dependent resistance of the nanoswitch and the theoretical voltage across
the sampling resistor are presented in Figure 2-8 (b). Thanks to the exponential
increase of the tunneling current, the voltage across the sampling resistor exhibits a
sharp rise edge with an onset at t = 1.344 ns. When the onset of the rise edge is
treated as the moment of turning ON, the error for such an estimate of the turn-
on delay is only 6.5%, suggesting the effectiveness of this approach for experimental

measurement of the switching speed.
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Figure 2-9: Dependence of the theoretical turn-on delay on the Young’s modulus E,,
of the molecular spacer (a), the thickness of uncompressed molecular layer dy (b), and
the area mass density of the nanoparticle p (mass normalized by bottom surface area)
(c), respectively, while the other variables are kept constant as marked in each figure.
The theoretical turn-on delay corresponds to the time required to reach 1 pA drain
current after applying a constant voltage. The maximum value and the minimum
value of the colorbar in (¢) correspond to gold and carbon nanoparticles, respectively,
with the same geometry and dimensions.

Similar to the I-V characteristic, the switching speed of the nanoswitch is closely
linked with stiffness and thickness of the molecular layer as well. The dependencies
of the turn-on delay on the Young’s modulus F,, and the initial thickness dy of the
molecular layer are simulated separately and presented in Figure 2-9 (a) and (b),
respectively. A gold nanorod with a length L = 1.5 ym and a diameter D = 100 nm
is employed as the moving electrode. Other parameters include S = Sp = 50 x 500
nm?, €., = 2.1, Ag =3 x 107 J.

In Figure 2-9 (a), we assign a constant thickness of the uncompressed molecular
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layer dy = 3 nm, while changing its Young’s modulus (under linear-molecule as-
sumption) from 10 MPa to 40 MPa. Since the pull-in voltage is dependent on the
Young’s modulus, an applied voltage below the pull-in voltage cannot fully close the
nanoswitch and does not lead to a theoretical turn-on delay. Therefore, the simula-
tion is conducted by applying a constant drain voltage that is assigned between the
pull-in voltage and 5 V with respect to each Young’s modulus. The results show a
nanoswitch with a stiffer molecular layer needs longer time to turn on, as the acceler-
ation of the moving contact is smaller than those based on more compliant molecules

under the same drive voltage.

In Figure 2-9 (b), we assign a constant Young’s modulus E,, = 15 MPa, while
varying the initial thickness dy of uncompressed molecular layer from 3 nm to 4.5 nm.
The dependence of the pull-in voltage on dj is also taken into consideration while
assigning the range of the drive voltage for different thicknesses. The results show
that a thicker molecular layer brings about a larger turn-on delay, as the moving
electrode needs to travel a longer distance to reach the desired ON-state switch gap.
The theoretical values of turn-on delay in both Figure 2-9 (a) and (b) are below 5 ns

in the entire simulation range and approach 1 ns at a 5 V drive voltage.

Unlike the I-V characteristic, the switching speed is dependent on the inertia of
the moving electrode as well. In theory, a nanoswitch employing a lighter nanoparticle
electrode should exhibit a smaller switching delay compared to those based on heavier
electrodes. To study such a dependence, nanoparticle electrodes are assumed with
the same geometry (hexagonal cross-section, good for nanorods and approximately
applies to nanotubes) but different area mass densities (i.e., mass over bottom surface
area). The area mass density is more suitable to be presented in the result than the
volume mass density, considering the attractive and repulsive forces are proportional
to the junction area. We assign Young’s modulus E,, = 15 MPa, initial thickness
do = 3 nm, while other parameters are identical to those utilized in Figure 2-9 (a)
and (b). In this example, the layout of bottom electrodes is similar to our fabricated
samples, but the gap between the bottom electrodes (500 nm) is comparable to the

length of nanoparticle electrode. As a result, the mass normalized by junction area
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o is different from the area mass density p, as discussed while deriving the dynamic
model. We choose to present the area mass density in the result (Figure 2-9 (c)).
Since the pull-in voltage is independent on the mass of the nanoparticle, the drive
voltage is varied in the same range (2.3 V~5 V) for different area mass densities.
The results corresponding to gold, silver and carbon nanoparticles have been marked
by the dashed curves in Figure 2-9 (¢). The comparison indicates that a lightweight
nanoparticle like CN'T results in a faster speed than heavy nanoparticles like silver and
gold nanorods/nanowires. The theoretical turn-on delay for a nanoswitch using CNT
electrode can reach sub-1-ns level at 2.5 V, which is a significant improvement in speed
over existing NEM switches and suggests a GHz-regime for our nanoswitches. Such a
switching delay can be further reduced potentially by employing nanoparticles with
smaller diameters (i.e., a reduced area mass density). More importantly, the mass
of the nanoparticle offers an additional tunability on the switching speed without

interfering with tuning /- V characteristic through the mechanics of molecules.
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Chapter 3

Fabrication of Tunneling

Nanoelectromechanical Switch

3.1 Fabrication of a Two-Terminal Device

The nanofabrication process for a two-terminal tunneling nanoswitch is developed
following a bottom-up paradigm, shown in Figure 3-1. First, gold bottom electrodes
are patterned and deposited on a silicon or silicon oxide substrate, following a stan-
dard lift-off process involving electron-beam lithography and thermal evaporation.
The substrate surface is then functionalized with fluorinated molecules to induce an
anti-stiction property. Optical adhesive is dispensed on the substrate, and a glass
receiving substrate is placed on top. After curing the adhesive, the sample stack
is cleaved by a razor blade. The gold bottom electrodes are transferred onto the
glass receiving substrate in this way. Such a template-stripping process enables ultra-
smooth bottom electrodes, which are critical to fabricating uniform nanometer-scale
molecular junctions. The peeled sample is subsequently immersed in a solution of
thiol-terminated molecules to assemble the molecular spacer onto the bottom elec-
trodes. In the last step, a droplet of a nanoparticle suspension is dispensed on the
sample and high-frequency electric field is applied to position nanoparticles across
the source and the drain bottom electrodes, which is known as the dielectrophoresis

(DEP) approach. The details for each fabrication step are discussed as follows.
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Figure 3-1: Nanofabrication process for a two-terminal tunneling nanoswitch. The
process flow includes bottom electrodes patterning and transfer, self-assembly of
molecular monolayer, and trapping of nanoparticle electrodes by DEP approach.
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Patterning bottom electrodes

Bilayer resist with copolymer MMA(8.5)MAA EL9 underneath PMMA950 A4 is uti-
lized for patterning bottom electrodes. In order to achieve ultrasmooth surfaces, gold
bottom electrodes will be stripped from the substrate in subsequent steps, and ad-
hesion layer should not be adopted. Therefore, a bilayer resist improves the yield of
fabricating gold bottom electrodes (low adhesion to the substrate), as it forms an un-
dercut after development and results in an easy lift-off. Copolymer MMA (8.5)MAA
EL9 is first spincoated onto a Si substrate with a native or thermal oxide layer at
2500 rpm for 45 s, annealed at 180 °C for 2 min. PMMA950 A4 resist is subsequently
spincoated on top, following the same procedure. The bilayer resist is patterned using
Elionix FS-125, exposed with an area dose of 1400~1500 uC/cm?. After exposure,
the sample is developed in MIBK /TPA=1:3 solution for 90 s. Then an 80-nm Au thin
film is thermally evaporated onto the sample, followed by a standard lift-off process
in acetone. After lift-off, the sample is rinsed in IPA for twice and dried with nitrogen

flow.

Template-stripping bottom electrodes

The surface roughness of as-evaporated bottom electrodes (Figure 3-2 (a)) can cause
degraded and shorted molecular junctions, which results in significant device nonuni-
formity and failure. In order to reduce surface roughness and create uniform molec-
ular junctions, a template-stripping process has been developed. When the evap-
orated bottom electrodes are peeled by adhesive and transferred onto a receiving
substrate, the surface initially in contact with the Si/SiOs substrate is thereby ex-
posed, and its smoothness is limited only by the roughness of the polished substrate.
The as-obtained ultrasmooth bottom electrodes (Figure 3-2 (b)) enable assembly of
molecular layers uniform in thickness over the entire area, with the help of a nanopar-
ticle top electrode with atomically-smooth single crystal facets. To induce an anti-
stiction property on the substrate surface, the sample is fluorinated by vapor-phase

1H,1H,2H,2H-Perfluorodecyltriethoxysilane in a desiccator under 30 min continuous
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Figure 3-2: Atomic force microscopic (AFM) images of (a) evaporated gold bottom
electrodes and (b) peeled gold bottom electrodes after pattern transfer.

vacuum and 30 min isolation. NOA 61 optical adhesive (Norland Products, Inc.) is
then dispensed on the edge of the sample after fluorination. A piece of glass substrate
is placed on top of the sample, and the sample stack is put in a desiccator under vac-
uum for 30 min to obtain a uniform adhesive layer between the sample and the glass.
Then the sample stack is exposed under UV (from a 100 W lamp, 30 min) to cure
the adhesive. A thin razor blade is used to cleave the laminated sample, and the gold

bottom electrodes are thereby transferred onto the receiving glass substrate.

Self-assembly of molecular monolayers

The surfaces of gold electrodes are cleaned before assembling molecules on top. Rins-
ing the sample in ethanol for a few times and/or a 15 s gentle oxygen-plasma treat-
ment help remove any contaminants that may attach to the gold surfaces and result
in poorly assembled molecular layers. To prepare the solution of thiol-terminated
molecules, 200 proof ethanol is typically used for alkyl- and aryl-thiol molecules.
For PEG-thiol with a large molecular weight, either pure deionized (DI) water or
an ethanol-DI water mixture (5% DI water by volume) is utilized as solvent. The
small amount of deionized water added into the ethanol helps dissolve these macro-
molecules. The sample is immersed in the as-prepared 5 mM solution of desired

molecules for 24 h, before rinsed with ethanol for twice to remove residual molecules
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Figure 3-3: Nanoscale infrared spectra of a sample with PEG-thiol molecular layers.
The five screenshots indicate the positions for the measured spectra.

and dried with nitrogen flow. As an example, the bottom electrodes after assembly of
5 kDa PEG-thiol have been characterized by nanoscale infrared spectroscopy, shown
in Figure 3-3. The absorbance on the bottom electrodes (site 1, 2) agrees with the
absorbance of PEG-thiol molecules but differs from those on the optical adhesive (site

3, 4, 5).

Positioning nanoparticle electrode by DEP

The most common nanoparticles we use to fabricate the nanoswitches are gold

nanorod/nanowire (AuNR) and multi-walled carbon nanotubes (MWCNT). Com-
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mercial suspensions of the AuNR particles in DI water and MWCNT particles in
DI water are available from Nanopartz, Inc. and NanoLab Inc., respectively. The
dimensions of the AuNRs we use are 1~2 pum in length, 80~100 nm in diameter,
while the dimensions of the MWCNTs are 1~2 pm in length, 100~150 nm in di-
ameter. The concentrations of the nanoparticle suspensions are 6 x 10 AuNRs/mL
and 1x107 MWCNTs/mL. The custom MWCNT suspension is surfactant-free. The
AuNRs have surfactants of cetrimonium bromide (CTAB), and an additional washing
step is necessary to remove the surfactants on the nanoparticle. 100 pl. suspension
is diluted with 300 uL. DI water and then centrifuged at 2000 rpm for 15 min. The
supernatant is carefully removed, and the settled nanoparticles are re-suspended in
100 pL DI water with gentle sonication. The concentration of AuNR suspension after
the washing process is lower than that of the original suspension. 100 ul suspension
in DI water with surfactant-free nanoparticles (AuNR suspension after washing, or
original custom MWOCNT suspension) is then mixed with 100 pL ethanol and ready

for use.

To position nanoparticles onto the bottom electrodes with molecular spacers, the
DEP approach is adopted. Specifically, a high-frequency voltage is applied across
the bottom electrodes and thereby induces drive forces on nanoparticles nearby. The
drive force overcomes the Brownian motion and the drag from solvent to trap a
nanoparticle onto the electrodes. The trapping process is a result from the interplay
among the DEP force, the hydrodynamic drag force and the thermodynamic force that
characterizes the Brownian motion. The most significant DEP force for a cylinder-

shaped nanoparticle [55] is given by

w2l (e~ €)

- : VIE?, (3.1)
2 € + (6;5 — EZ)L//

FDEP =

where: 7, [ are the radius and length of the nanoparticle; €, €/ are the frequency-
dependent complex dielectric constants of the nanoparticle and the suspension liquid,
respectively; E is the electric field around the bottom electrodes; L/, is the depolar-
ization factor L, ~ 4r?/I*[In(l/r) — 1].
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Figure 3-4: Scanning electron microscopic (SEM) images of trapped AuNR particles
at different frequencies: (a) 10 kHz, (b) 100 kHz, and (c) 1 MHz. Concentrated
nanoparticle suspension is dispensed onto the trapping electrodes. An identical trap-
ping voltage of 1 V,,_,, is utilized at different frequencies.

From the expression of DEP force, we observe dependence on the contrast between
the complex dielectric constant of nanoparticle and that of the suspension liquid.
Besides, the dependencies of DEP force on the electric field gradient, the frequency
of the field and the dimensions of nanoparticles offer several conditions to optimize
towards a high yield for the trapping process. The electric field distribution can
be tuned through the design of electrode layout [103,104] in order to achieve an
improved yield. Changing the amplitude and frequency of the field is also effective
to tune the trapping. For instance, Figure 3-4 shows that an increased frequency
may bring a higher DEP force under the same voltage (1 V,_,), thus leading to more
AuNR particles aligning around the electrodes. Other parameters useful for tuning

the trapping process include suspension concentration, temperature and time [55,105].

After nanoparticles are trapped onto the electrodes, van der Waals force and DEP
force maintain the nanoparticle in position; however, the van der Waals force for
trapped nanoparticle is still weak before the sample dries. As a result, the nanoparti-
cle can be washed away by hydrodynamic drag force from excessive flow rate, which
has been intentionally used to reduce the number of trapped nanoparticles [58]. Be-
sides, the strong capillary force from the receding edge of the suspension droplet
as the sample is drying can also dislocate or wash away the trapped nanoparticles,

which is the reason for adding ethanol into the suspension. The voltage is also ap-
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Figure 3-5: Trapping electrode array. (a) Picture of a trapping electrode array on
a glass substrate. (b) Microscopic image of trapping electrodes with capacitors in
series. (¢) Close-up image of a pair of trapping electrodes.

plied throughout the drying process to keep the trapped nanoparticle in position. In
our fabrication process, a 10-uL prepared nanoparticle suspension is dispensed onto
the substrate and a 1-MHz, 3-V,_, sinusoidal voltage is applied across the bottom

electrodes for 2 min to trap the nanoparticles.

In order to increase the yield of devices with a single nanoparticle, the suspension
is diluted for a low concentration of nanoparticles. In addition, we have designed a
self-limiting trapping process with the help of an on-chip capacitor (Figure 3-5) in
series with the bottom electrodes. The capacitance is designed to be much larger
than that formed by the pair of bottom electrodes, while much smaller than that of
the tunneling nanoswitch after a single nanoparticle is trapped. As a result, majority
of the source voltage is applied across the bottom electrodes before a nanoparti-
cle is trapped; after a nanoparticle lands on the bottom electrodes, majority of the
voltage is taken away by the designed capacitor, which thereby prevents trapping
more nanoparticles onto the electrodes. When such branches are connected in par-
allel (Figure 3-5), the self-limiting trapping process in each branch does not affect
those in other branches. Therefore, scalable fabrication of the tunneling nanoswitch
is enabled by the developed self-limiting process, and such a method may extend to
high-throughput manufacturing of various nanoscale devices built by direct assembly

of nanoparticles.
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Figure 3-6: SEM images of example devices based on diverse nanoparticle top elec-
trodes, including (a) gold nanorod, (b) ribbon-shaped gold nanoplatelet, (c) hexagonal
gold nanoplatelet, and (d) multi-walled carbon nanotube.

Figure 3-6 presents some example devices we have fabricated based on diverse

nanoparticle electrodes, including AuNR, Au nanoplatelet, and MWCNT.

3.2 Fabrication of a Multi-Terminal Device

The device concept and nanofabrication process of the two-terminal tunneling

nanoswitch may extend to multi-terminal architectures. Figure 3-7 shows the
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Figure 3-7: Schematic of a three-terminal tunneling nanoswitch (a) in the OFF-state
and (b) in the ON-state.

schematic of a three-terminal nanoswitch. The only difference from a two-terminal
architecture is the addition of a gate electrode. The gate-induced electrostatic force
can potentially reduce the actuation voltage. However, the gate electrode has to be
lower than the source electrode and the drain electrode so that the gate leakage in
the ON-state is negligible. To avoid sacrificing gate-induced electrostatic force too
much, a recess by only a few nanometers is preferred, which brings great challenge
to the fabrication of bottom electrodes. Therefore, we have modified the nanofab-
rication process for two-terminal devices, and utilized two-dimensional materials as
a sacrificial layer to define a proper gate recess during bottom-electrode patterning.
The process flow for making a multi-terminal tunneling nanoswitch (four-terminal

architecture as an example) is presented in Figure 3-8.

A monolayer of graphene is grown by chemical vapor deposition (CVD) and trans-

ferred onto a Si/SiOg (usually 300-nm-thick SiOg) substrate. Alignment marks are
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Figure 3-8: Nanofabrication process for a multi-terminal tunneling nanoswitch. The
process flow includes sacrificial layer patterning, bottom electrodes patterning and
transfer, sacrificial layer etching, self-assembly of molecular spacers, and trapping of
the nanoparticle by DEP approach.

patterned first, following a standard lift-off process involving lithography, develop-
ment and thermal evaporation, to assist with alignment in subsequent lithography
steps. In the next electron-beam lithography, the exposed regions are reserved for
source and drain electrodes. After development in MIBK:IPA=1:3 solution, the

graphene in those regions are subsequently removed by 30 s oxygen plasma etch-
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Figure 3-9: Layouts of multi-terminal bottom electrodes.

ing. The resist is stripped by acetone, and bilayer resist is coated on the substrate
with etched graphene for next lithrography step. The source and drain bottom elec-
trodes are patterned and deposited on no-graphene region, while the gate electrodes
are patterned and deposited on graphene in the same step. A few layouts for bottom
electrodes are shown in Figure 3-9.

Though the graphene sacrificial layer can induce antistiction property for the
substrate surface, the sample is still fluorinated in the same way as fabricating two-
terminal devices, in case of locally incomplete graphene layer and stiction at sample
edges. Optical adhesive is then dispensed on the edge of the sample, and a receiving
glass substrate is placed on top of the sample. The sample stack is put in a desiccator
under vacuum for 30 min to obtain a uniform adhesive layer, and then exposed under
a 100 W UV lamp for 30 min to cure the adhesive. An ultra-thin razor blade is used to
cleave the laminated sample, and the gold bottom electrodes are thereby transferred

onto the receiving glass substrate. The graphene layer may also be peeled in this
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Figure 3-10: AFM image of peeled multi-terminal bottom electrodes with height
profile.

process. Large graphene sheets could short the bottom electrodes, and small flakes
adhered to the gate electrodes could result in significant gate leakage. To remove the
graphene residual, the peeled sample is treated in oxygen plasma for 45 s and then
rinsed in ethanol for twice. The gold surfaces remain intact during this process while

the surface of optical adhesive may turn rougher.

An AFM image of example template-stripped multi-terminal bottom electrodes is
presented in Figure 3-10. The polished Si/SiO, substrate and the atomically-smooth
graphene monolayer help define ultrasmooth surfaces of source/drain electrodes and
gate electrodes, respectively. A ~8 nm recess of the gate electrodes is also enabled by
the selectively-etched sacrificial graphene layer. The sample is then immersed in a 5
mM solution of desired thiol-terminated molecules for 24 h to assemble the molecular

spacer onto the bottom electrodes. In the last step, a 10-uL droplet of a nanoparticle
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Figure 3-11: SEM image of a fabricated multi-terminal tunneling nanoswitch.

suspension is dispensed on the sample, and a 1-MHz, 3-V,,_, voltage is applied across
the source electrode and the drain electrode (while leaving gate electrodes floating)
to position nanoparticles. The self-limiting scalable trapping process, introduced for
two-terminal device fabrication, applies to fabricating multi-terminal devices as well.
An example of fabricated multi-terminal tunneling nanoswitch is presented in Figure

3-11.

A multi-terminal nanoswitch operates based on the same mechanism as two-
terminal devices, i.e., by electromechanical modulation of the molecular junctions.
The tunabilities of device behavior based on the molecular layer and the nanoparticle
electrode are also identical to both two-terminal and multi-terminal architectures.
However, fabricating a multi-terminal nanoswitch is a lot more challenging, with a
low yield observed. Therefore, two-terminal device architecture is the focus for ex-
perimental study of device performance and demonstration of tunabilities afforded
by engineering the molecules and the nanoparticle electrodes, as the result of ease of

fabrication.

92



3.3 Challenges and Outlook

The concept of the tunneling nanoswitch is established by electromechanical modu-
lation of the molecular junctions. Our developed fabrication process enables uniform
molecular layers and thereby enhanced device performance. The scalable self-limiting
approach we develop for manipulating nanoparticles greatly improves the throughput
of device fabrication. However, the yield for fabricating nanoswitches with single-
nanoparticle electrode still needs improvement. A nanoswitch with a bundle of
nanoparticles as the top electrode is more susceptible to stiction failure. Mixture
of devices with a single nanoparticle and devices with a bundle of nanoparticles may
lead to nonuniform device performance (not favorable for circuit building and oper-
ation). The existence of multiple nanoparticles is greatly attributed to the quality
of the nanoparticle suspension. After the surfactants are removed, the nanoparticles
agglomerate quickly and the formed aggregates are subsequently positioned onto the
electrodes by DEP. A low concentration of the nanoparticles may reduce the proba-
bility of agglomeration, but more electrodes can end up with no nanoparticle trapped,
as fewer nanoparticles exist in the suspension. Therefore optimization on the concen-
tration as well as other trapping conditions is imperative. Another potential solution
is trapping nanoparticles in flowing diluted suspension based on the developed self-
limiting process. The flowing suspension increases the presence of nanoparticles close
to each pair of bottom electrodes and only vacant electrodes create strong electric
field to trap a nanoparticle, owing to the on-chip capacitors. Besides, tuning the flow
rate may also help, as a proper drag force can be induced to wash away redundant
trapped nanoparticles. Further study will be conducted to demonstrate this improved

trapping technique.

Additional challenges exist for fabrication of multi-terminal devices in particular.
The template-stripping process for the multi-terminal bottom electrodes is found to
be more vulnerable to triboelectric damage, and a solution to overcome this issue
has been developed [106]. Besides, the trapping process for multi-terminal device-

field distribution, which greatly reduces the yield for trapping a single nanoparticle.
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Simulation of the electric-field distribution and the resulting DEP force may inform

optimized design for the layout of multi-terminal bottom electrodes.
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Chapter 4

Performance of Tunneling

Nanoelectromechanical Switch

4.1 I-V Characteristics of Nanoswitches Based on
Poly(ethylene glycol)thiol Molecular Spacer and
Gold Nanorod Active Electrode

Theoretical study on the I-V characteristic of the tunneling nanoswitch suggests that
a soft and thick molecular spacer is preferred in order to achieve a negligible OFF-
state leakage, a large on-off ratio and an abrupt switching at a low turn-on voltage.
For proof-of-concept purpose, 5 kDa PEG-thiol is selected as the model molecule
to fabricate the nanoswitches, because PEG-thiol is well known to form a soft and
thick molecular layer. Besides, 1~2 pum long, 80~100 nm thick AuNR particles are

employed as the active top electrodes.

The I-V characteristics of fabricated devices are measured in ambient environ-
ment by a probe station with an Agilent B1500 semiconductor parameter analyzer. A
double sweep is conducted with 200 points in total sampled within the voltage range
of interest. To reduce damage to the nanoparticle and the molecular junctions caused

by joule heating and discharge current during measurement, a 1-uA compliance is
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set for I-V sweep. The I-V characteristics of example devices based on an AuNR
electrode and PEG-thiol spacers from different batches are shown in Figure 4-1. The
dashed curve presents a pure tunneling /-V characteristic assuming a constant gap
extracted from low-voltage datapoints of device D1, using the Simmons model and
parameters ® = 3.5 eV, oy = 0.57. The barrier parameters are taken from alkylth-
iol molecules due to the absence of parameters for PEG-thiol in literature. At low
voltages, the I-V characteristics of these example devices exhibit tunneling behav-
ior with small compressions in the molecular layers, as compared with the reference
curve of pure tunneling. Pull-in phenomena are observed at sub-3-V drain voltages
for these devices. The abrupt switching brings about an over 5-orders-of-magnitude
on-off current ratio and a subthreshold slope as low as 30 mV /dec. The experimental
results from these example devices prove the superiority of the tunneling nanoswitch,

arising from the nanometer-scale modulation of the molecular spacer.

PEG-thiol molecules with large molecular weights are also known to form brush-
like islands, attributed to the dense attachment of these randomly coiling polymeric
macromolecules [107]. It may cause nonuniform initial thicknesses and Young’s mod-
uli of the assembled molecular spacers among devices. Therefore, a distribution of
device performance is expected. A statistical study has been conducted on the de-
vice performance of nanoswitches based on 5 kDa PEG-thiol spacers and an AuNR
active electrode. 130 devices are fabricated, and the actuation voltage V,, and the
modulation in current are measured as the metrics to evaluate performance for each
device. As shown in Figure 4-2 (a), the actuation voltage corresponds to the drain
voltage at which the drain current, Ip(ctuar), reaches 1 pA for each device. The 1 pA
is not only the compliance we set but also the state where we assume a nanoswitch
turns on. The modulation in current characterizes how much change in current arises
from compression in the molecular layer. To obtain the modulation in current, the
initial molecular layer thickness dy is extracted from the low voltage datapoints of
each device using the Simmons model assuming the same barrier parameters, ® = 3.5
eV, a; = 0.57. Then the theoretical tunneling current, I'p(uncompressed), assuming no

modulation in molecular layer thickness (i.e., constant g = dy) at the same actuation
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Figure 4-1: Experimental /- V characteristics of example devices based on PEG-thiol
spacers and an AuNR active electrode. The dashed curve provides a reference I-V
characteristic with respect to a constant molecular layer thickness extracted from
low-voltage datapoints of D1.

voltage V,, is calculated by the Simmons model. The modulation in current is there-
fore given by Ip(actuat)/ID(uncompressed)- 1t should be pointed out that the as-defined
modulation in current is independent on the junction area and mainly determined by
the thickness and the elastic properties of the molecular layer, which depend on the
type of the molecule and the quality of self-assembled molecular layer. The device
performance (actuation voltage, modulation in current) of the fabricated 130 devices
form a random distribution (Figure 4-2 (b)). It agrees with the expectation that the
molecular spacers assembled from 5 kDa PEG-thiol molecules are nonuniform in the

initial thickness and the Young’s modulus among devices. The statistics in Figure
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Figure 4-2: Statistics of device performance based on PEG-thiol molecular junctions
and an AuNR active electrode. (a) Definition of the actuation voltage and the mod-
ulation in current for I-V characteristics. (b) Distribution of device performance
of AuNR nanoswitches. (c) Statistics of the actuation voltage. (d) Statistics of the
modulation in current.

4-2 (c) and (d) indicate that 59.2% AuNR devices have actuation voltages between
2 V and 3 V and that 64.6% AuNR devices exhibit over three-orders-of-magnitude
modulation in current beyond a pure tunneling behavior (i.e., >5 orders of magnitude
on-off current ratio). The statistical results further evidence the superior performance

of our tunneling nanoswitch over conventional NEM switches.

In order to study the device stability, we have conducted cycling measurement
for the fabricated nanoswitches based on an AuNR active electrodes and PEG-thiol

spacers. During continuous testing for over 100 cycles, a 100-nA compliance is selected
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to further reduce heat generation from repetitive switching. The I-V characteristics
of two example devices over multiple operating cycles are shown in Figure 4-3. In the
first example, the nanoswitch continuously operates with a pull-in phenomenon until
it fails due to stiction after 23 cycles. Over these operating cycles, the pull-in voltage
gradually decreases, while the currents at low voltages increase, resulting in decreasing
modulation in current. We extract the molecular layer thickness at the beginning of
each cycle using the low voltage datapoints and the Simmons model with parameters
Sg = Sp = 50 x 500 nm?, ® = 3.5 ¢V, oy = 0.57. A gradual reduction in the initial
molecular layer thickness can be observed in Figure 4-3 (c). Such a decreasing initial
thickness leads to an increasing leakage and a decreasing pull-in voltage (Figure 2-5)
in theory, when the Young’s modulus does not increase significantly. This coincides

well with the experimental results in Figure 4-3 (a).

There may be several explanations for why the molecular spacer is not able to
recover to its initial thickness after each cycle. The most likely reason is the large
compression in the molecular spacer after pull-in. To estimate the compression in
the ON-state, we can assume the junction area of this nanoswitch to be the typical
values Sg = Sp = 0.5 x 0.05 um? for convenience. The junction area may influence
calculation of the absolute gap value but does not affect the calculation of compression
as the area term cancels out. Barrier parameters from alkylthiols are still employed.
For a nanoswitch whose tunneling current reaches 1 pA compliance at around 2.7 V,
the molecular layer thickness in the ON-state is calculated to be 1.26 nm. Considering
the OFF-state molecular layer thickness is 2.3~2.4 nm for the first few cycles, the
corresponding compression from the OFF-state to the ON-state is over 45%. Such
a large compression can possibly result in structural rearrangement that damages
the self-assembled monolayer (SAM) 98], especially considering that the amorphous
SAM assembled by the PEG-thiol with a large molecular weight is typically not
densely packed. However, such reconfiguration does not necessarily cause immediate
degradation and stiction. The device in Figure 4-3 (b) is able to cycle hundreds of
times with acceptable performance (>3 orders on-off ratio at 1.5 V). Unlike the device

in Figure 4-3 (a), the abrupt switching behavior in the I-V characteristic of the first

99



—
Q
N
—~
O
N

'E
< 100n
E 10n-/
(O]
£
S N3
o ‘
> 100p4!
£
‘© 10pA
C Op -
:CS 1P+ Cycle Cycle
[ P 2 4
100f_\\4 123 6 91923 700 1000
00 05 10 15 20 25 3.0 00 05 10 15 20 25 30 35
Drain voltage (V) Drain voltage (V)
(c) (d)
24775 o © 247
c 2.2 c 2.2]
c 20] c 2.0 o
~ 1.8 — 18]
S 161 S 16 °0 o0
1.4 1.4 ©o0o
+—T17 T TTT—T—T—T— T
1 2 3 6 9 19 23 1710100 400 700 1000
Cycle number Cycle number

Figure 4-3: I-V characteristics of example devices based on PEG-thiol molecular
spacers and an AuNR top electrode over cycles. (a) Experimental -V curves over
cycles for a representative device, which fails due to stiction after 23 cycles. (b)
Experimental I-V curves over 1000 cycles of another representative device. The
dashed curves provide reference tunneling /- V' characteristics according to constant
molecular layer thicknesses which are extracted from low-voltage datapoints of the
1st cycle for both (a) and (b). (c) Extracted initial molecular layer thicknesses of the
device in (a) over 23 cycles. (d) Extracted initial molecular layer thicknesses of the
device in (b) over 1000 cycles.

cycle disappears in subsequent cycles, and the nanoswitch then operates without pull-
in and hysteresis. Besides, the initial molecular spacer thickness is gradually reduced
in the first 100 cycles, and then remains almost constant for over 500 cycles before

further degradation occurs.

The differences compared with the device in Figure 4-3 (a), in terms of absent
pull-in and hysteresis, and stabilized initial spacer thickness after 100th cycle, are
likely attributed to the change in the Young’s modulus. Recall the theoretical study

(Figure 2-6) on the effect of Young’s modulus of the molecular spacer. An increase
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in the Young’s modulus allows absence of pull-in and hysteresis at a reduced initial
molecular layer thickness, as the pull-in limit moves downward in Figure 2-6. After
large compressions in the first few cycles, the structural reconfiguration may result in a
thinner but stiffer SAM. The more densely packed SAM is more robust to compression,
and the pull-in as well as hysteresis disappears in the I-V characteristic, as a result
of the increased Young’s modulus. Though the speculated structural rearrangement
of SAM under a large compression can explain the experimental results in Figure 4-3
(a) and (b), other possibilities such as electromigration and joule heating may also be
contributing factors to the device degradation over cycles. Further understanding of

the degradation mechanisms will inform designs for more stable device performance.

For AuNR-based nanoswitches, a single AuNR particle is preferred for the active
electrode. It should be pointed out that devices with a bundle of nanoparticles as
the active electrode exhibit similar I-V characteristics (Figure 4-4) as those with
a single nanoparticle as the active electrode; however, nanoswitches with multiple
nanoparticles are less uniform in performance and more susceptible to stiction failure.
Besides AuNR particles, Au nanoplatelets can be utilized as the active electrode as

well. The I-V characteristics of example devices are presented in Figure 4-5.

4.2 Tuning I-V Characteristics through Molecular

Engineering

Our theoretical studies suggest the significant role of mechanics of molecules to the
static device behavior of the nanoswitches. Engineering the thickness and the Young’s
modulus of the self-assembled molecular layer may allow us to tune the /- V character-
istic of the nanoswitch. In order to demonstrate this tunability, we replace the PEG-
thiol molecules with alkyl- and aryl-thiol molecules to form the molecular junctions of
the nanoswitches. These types of molecules with alkane chains have been extensively
investigated in the metal-molecule-metal motif [101,102,108,109]. Well-characterized

barrier parameters for these molecules have been reported in literature [101], and they
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Figure 4-4: Devices with multiple Au nanoparticles. (a)-(c) SEM images of example
devices with more than a single Au nanoparticle for the top electrode. (d) I-V

characteristics of the devices shown in (a)-(c). The compliance for the current is set
as 1 pA.

are known to form well-packed, ordered monolayers [109], which allow us to extract
the molecular layer thickness with better accuracy. In addition, the resulting SAMs
are typically stiff, and no pull-in phenomena are expected in the -V characteristics of
nanoswitches based on these molecules. The initial thickness and the Young’s modulus
of the molecular layer therefore directly influence the OFF-sate leakage (i.e., currents
at low voltages) and the slope of the I-V characteristic, respectively. Three molecules
are utilized as the junction spacers including 1-dodecanethiol (DDT) and two spe-
cially designed arylthiol molecules (NMR spectra shown in Figure 4-6), tetradecyl
4-mercaptobenzoate (TDMB) and 2-decyltetradecyl 4-mercaptobenzoate (DTDMB).
The DDT is commercially available from Sigma Aldrich, Inc. The TDMB and DT-

DMB are synthesized, via the acid-catalyzed esterification of 4-mercaptobenzoic acid
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Figure 4-5: Devices with Au nanoplatelet top electrodes. (a) A NEM switch with a
ribbon-shaped Au nanoplatelet. (b) A NEM switch with a hexagonal Au nanoplatelet.
(c) A NEM switch with a triangular Au nanoplatelet. (d) I-V curves of the devices
shown in (a)-(c). The compliance for current is set as 1 pA.

with either 1-tetradecanol (for TDMB) or 2-decyl-1-tetradecanol (for DTDMB). The

two arylthiol molecules are designed based on the considerations as follows.

Arylthiol headgroups anchoring long n-alkyl chains form SAMs with packing den-
sities comparable to n-alkylthiol SAMs on gold surfaces [110,111|. Additionally, the
rate of thermal desorption of SAMs with arylthiol headgroups and long n-alkyl chains
was found to be lower than for a comparable n-alkylthiol SAM, which suggests im-
proved thermal stability due to the presence of anchoring arylthiol headgroups [112].
Other methods for improving SAM stability include adsorbates which chelate the
gold surface [113], cross-linking of the monolayer [114,115], and the incorporation of
aromatic groups [116,117].

Careful selection of the small molecules may allow us to tune the Young’s modu-
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Figure 4-6: NMR Spectra of the synthesized molecules. (a) "H NMR spectrum (400
MHz, CDCl3) of tetradecyl 4-mercaptobenzoate. (b) 3C NMR spectrum (101 MHz,
CDCl3) of tetradecyl 4-mercaptobenzoate. (¢) 'H NMR spectrum (400 MHz, CDCl3)
of 2-decyltetradecyl 4-mercaptobenzoate. (d) *C NMR spectrum (101 MHz, CDCl3)
of 2-decyltetradecyl 4-mercaptobenzoate.
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lus of the molecular layer and thereby optimize the device performance. The Young’s
moduli of several classes of SAMs have been estimated via AFM, including for alka-
nethiol (0.86 to 8.0 GPa) [118-120] and PEG-thiol (0.2 to 5 MPa) [99,107]. These
studies establish the dependence of compressibility of SAMs on many factors of molec-
ular composition, including head group [121] and tail group identity [120], as well as
spacer chain identity [122| and length [118,119]. Notably, a study on the mechanical
properties of alkanethiols of varying chain length demonstrated that the decrease in
Young’s modulus if short-chain alkylthiols corresponds with a decrease in the confor-
mational order of the SAM [118]. Well packed, crystalline-like SAMs are stiffer than
poorly-packed, more amorphous SAMs of similar composition. This conclusion may

be utilized to design molecular layers with intermediate stiffness.

One molecular motif that has been shown to decrease the degree of conformational
order of SAMs is branching, in which a single headgroup anchors two or more alkyl
chains [113,123]. Examples of branching resulting in lowered conformational order
relative to simple n-alkylthiols may be found for a variety of headgroups, including
alkylthiol [124] and alkoxyphenylethanethiol [125]. Therefore, branching is introduced
in the molecular structure of 2-decyltetradecyl 4-mercaptobenzoate (DTDMB), which
is hypothesized to form poorly-packed, more amorphous SAMs with lower Young’s

moduli. To spectroscopically probe the conformational order of the three molecules,

grazing-angle ATR FTIR spectra of monolayers of DDT, TDMB and DTDMB on
thermally-evaporated gold surfaces are obtained in the region of 3000-2800 cm™!
(Figure 4-7) using a Thermo Fisher FTIR 6700 FTIR spectrometer with a liquid-
nitrogen cooled MCT /A detector and a Harrick grazing angle ATR (GATR) accessory.
For unbranched DDT and TDMB, the v,(CHy) vibrational mode appears strongly
near 2918 cm™!, which indicates a high degree of conformational order. For the

branched DTDMB, however, the v,(CHy) vibrational mode is difficult to resolve,

which is consistent with a lower degree of conformational order.

DDT, which forms a highly-ordered monolayer, should result in SAMs with the
highest stiffness among the three molecules with alkane chains. The SAMs formed

by DTDMB, which has larger arylthiol headgroups as well as branching, should have
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Figure 4-7: GATR-FTIR spectra of DDT, TDMB, DTDMB, and PEG-thiol monolay-
ers. The monolayers are self-assembled on 1 cm? thermally-evaporated gold surfaces.

the lowest intermolecular order and exhibit the lowest effective Young’s modulus.
Besides, the molecular layer thickness and therefore OFF-state leakage can be affected
by factors such as chain length and molecular tilt angle. The arylthiol headgroups
add to the chain length and may result in slightly thicker SAMs than those formed
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Figure 4-8: Comparison of I-V characteristics of devices with different molecular
junctions. (a) 1-dodecanethiol (DDT). (b) tetradecyl 4-mercaptobenzoate (TDMB).
(c) 2-decyltetradecyl 4-mercaptobenzoate (DTDMB). (d) Variation of the molecular
layer thickness with the drain voltage for devices in (a)-(c).

by DDT. The poorly packed, more amorphous SAMs formed by DTDMB may have

a smaller molecular tilt angle and therefore larger thicknesses than those formed by

TDMB.
The I-V characteristics of nanoswitches fabricated with DDT, TDMB and DT-
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DMB have been compared in Figure 4-8. Indeed, the performance of our devices
exhibit a behavioral trend closely linked to the predicted molecular properties. The
dashed curve in each subfigure describes a pure tunneling /- V characteristic assuming
a constant molecular layer thickness, which is extracted from the low-voltage data-
points of Devl. Devices based on DTDMB exhibit the highest modulation in current,
while the -V characteristics from devices based on DDT follow the pure-tunneling
reference curve closely. With regard to the OFF-state leakage, we consider the tun-
neling current at ~0.1 V. The leakage current of TDMB-based devices is larger than
that of DTDMB-based devices by ~8 times on average, but smaller than that of
DDT-based devices by over 1.5 orders of magnitude. We further extract the molec-
ular layer thicknesses from these experimental /-V characteristics. Two identical
junctions, each with an area of 50x500 nm?, are assumed and the parameters for
alkyl- and aryl-thiols used in the Simmons model are & = 3.5 eV and «o; = 0.57.
We observe from Figure 4-8 (d) that DTDMB results in the thickest and the most
compliant molecular spacers among the three, while DDT forms the thinnest and
stiffest molecular spacers. These experimental results align well with the predicted

properties of the three molecules.

Further, the nanoswitches based on DDT, TDMB and DTDMB are measured
over 100 cycles. The behavioral trends for the three molecules over 100 cycles are
consistent with those in Figure 4-9, which further verifies the relative mechanical
properties of SAMs formed by DDT, TDMB and DTDMB. Besides, the cycling I-
V' characteristics of devices based on DDT, TDMB and DTDMB seem more stable
than those of PEG-based devices, which again suggests the correlation between device
stability and mechanics of molecules. Overall, the close link between the mechanical
properties of the molecular spacers and the respective I-V characteristics from our
experimental results demonstrates that static device performance of the tunneling

nanoswitch can be tuned through molecular engineering.
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Figure 4-9: [-V characteristics of devices with different molecules over 100 cy-
cles. (a) 1-dodecanethiol (DDT). (b) Tetradecyl 4-mercaptobenzoate (TDMB). (c)
2-decyltetradecyl 4-mercaptobenzoate (DTDMB). The compliance for current is set
as 100 nA. The dashed curve in each figure provides a no-modulation pure tunnel-
ing reference I-V characteristic based on a constant spacer thickness extracted from
low-voltage datapoints of the 10th cycle.

4.3 Dynamic Responses of Nanoswitches Based on
Poly (ethylene glycol)thiol Molecular Spacer and
Gold Nanorod Active Electrode

High switching speed is another predicted feature of our developed tunneling
nanoswitches, thanks to the small (~1 nm) mechanical modulation required to tran-
sition between their OFF-state and ON-state. To demonstrate this advantage, the
turn-on delays of devices based on an AuNR active electrode and PEG-thiol spacers
are measured by experiments.

The setup for measurement of the turn-on delay is shown in Figure 4-10. A
SIGLENT SDG)5000 function generator produces a 2-us wide pulse signal with a 6-
ns rise time. A pulse amplitude of 6 V is selected to ensure that the nanoswitches
remain reliably closed in the ON-state and that the RC delays of the nanoswitches
are negligible. Two passive 10x voltage probes (8 pF capacitance), connected to a
Tektronix TDS3054C oscilloscope, are used to measure the waveforms of the pulse

signal and the voltage across a 1-M( resistor, which samples the current through the

109



Oscilloscope

Function Generator
GND

® ® ® ® ® ®

Sampling resistor

Tunneling NEM switch

Figure 4-10: Schematic of the experimental setup that measures the device dynamic
response.

nanoswitch. The exponential dependence of the tunneling current on the thickness
of molecular spacer creates an abrupt switching with a several-orders-of-magnitude
on-off current ratio. As a result, the voltage across the 1-M(2 sampling resistor (Vg;)
in series with the nanoswitch shows a noticeable increase only after the nanoswitch
turns on. The onset of the Vi, waveform can thus provide a good estimate for the
moment when the nanoswitch turns on, which has been theoretically proved (Figure
2-8).

In the actual measurement setup, the parasitic inductance, capacitance of cables
and impedance mismatch of the measurement circuit could cause electrical delay that
does not stem from the nanoswitch itself. Therefore, the response of Vg, for the
first few nanoseconds is likely caused by the measurement circuit rather than the
actual behavior of the nanoswitch. The capacitance of the nanoswitch with typical
dimensions shown in Figure 3-6 (a) is estimated to be below 1 fF, which is over 3-
orders-of-magnitude smaller than the capacitance in the measurement circuit. As a
result, the electrical delay caused by charging the capacitance of the nanoswitch is
negligible. To exclude the influence from the measurement circuit, an open-circuit
control experiment is first conducted, and the transient waveforms of the pulse signal

(i.e., V5(OC)) and the voltage across Ry (i.e., Vzs(OC)) are shown in Figure 4-11.
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Figure 4-11: Dynamic responses from open-circuit and short-circuit control experi-
ments. In both cases, the non-zero voltage signals across the sampling resistor R, for
the first few nanoseconds after applying the pulse come from the measurement cir-
cuit and therefore the processed short-circuit Vs waveform, which is free from device
delay, can work as a reference to eliminate the electrical delay from the setup.

When a nanoswitch is measured, the transient voltage across the sampling resistor
R is same as that in the open-circuit control experiment (Vzs(OC) waveform in
Figure 4-11), if the nanoswitch is in the OFF-state. After the nanoswitch turns on, a
conducting path through the nanoswitch and R, is added into the measurement circuit
topology. As a result, the time constant of the measurement circuit is changed and
the Vi, waveform starts to deviate from the open-circuit response. In order to find
the exact split point (i.e., the moment when the switch turns on), the open-circuit Vg,
waveform is subtracted from the Vi, waveform with a nanoswitch connected in circuit.
Though the as-processed waveform itself does not possess a clear physical meaning,
the onset of its rising edge can indicate the moment at which the nanoswitch turns

on.

Such waveform processing, however, cannot exclude the electrical delay from the

measurement circuit. In order to obtain a more accurate estimate of the turn-on delay
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caused by the nanoswitch, another short-circuit control experiment is conducted by
directly shorting the pins that probe the nanoswitch (R, is connected directly to
the pulse generator in this case). The transient Vgzs waveform (i.e., Vgs(SC)) is
shown in Figure 4-11. After subtracting the Vi waveform obtained from open-circuit
control experiment, we observe that the onset of processed Vg, rising edge (SC Ref.)
obtained in short-circuit experiment corresponds to ty = 8.8 ns. Since the nanoswitch
is not connected in circuit, such a delay only includes the electrical delay from the
measurement circuit. The as-processed Vi waveform therefore provides a reference to
help exclude the electrical delay from the measurement circuit. In another word, the
turn-on delay from a nanoswitch can be estimated by the difference in time between
the onset of Vg, rising edge (t,,) measured with the nanoswitch in circuit and that

of short-circuit reference waveform (¢, = 8.8 ns).

The dynamic response of an example device based on PEG-thiol spacers and an
AuNR active electrode over multiple cycles is presented in Figure 4-12, which includes
waveforms of the pulse signal (dashed curves), the short-circuit reference edge (short
dashed curve) and the voltage across sampling resistor R (solid curves). In the first
cycle, the onset of Vg, rising edge corresponds to ¢t = 14.8 ns, which leads to a turn-on
delay of 6 ns. Such a short turn-on delay verifies that our tunneling nanoswitch well
outperforms conventional MEM/NEM switches [25,35] based on relay architectures
in terms of switching speed. This delay is even better than those from NEM switches
based on lightweight nanoparticle (e.g., MWCNT, graphene) active electrodes [36,37].
It is interesting to observe that the turn-on delay gradually decreases in the subsequent
cycles from 6 ns to 3.2 ns. Considering the dependence of the turn-on delay on the
properties of molecular spacer, the decreasing turn-on delay we observe is likely caused
by the same reason for the device degradation observed in cycling /- V characteristics
(Figure 4-3), i.e., irreversible compression in the molecular spacer. Specifically, when
the device is switched on by an applied pulse voltage, the large compression may
result in structural reconfiguration in the molecular layer, whose thickness is unable
to recover to its initial value. The repetitive switching results in a thinner and thinner

molecular spacer after each cycle, and the time required to switch on the device is
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Figure 4-12: Dynamic response of an AuNR nanoswitch over multiple pulses. De-
creasing turn-on delay suggests that the molecular layer thickness under zero drain
voltage is reduced after each pulse.

therefore gradually decreasing. We also notice that the Vg, value after the nanoswitch
turns on is increasing after each cycle, suggesting that the molecular layer in the ON-
state gets thinner as well. These results collectively provide extra evidence (from the
aspect of device dynamic response) for our speculation that large compression may
cause structural change and thus irreversible reduction in the initial thickness of the

PEG-thiol spacer.

4.4 Tuning Switching Speed through Engineering

the Nanoscale Active Electrode

Similar to the I-V characteristics, the device dynamics are dependent on the Young’s
modulus and the initial thickness of the molecular spacer as well. Unlike the I-V
characteristics, the device dynamics have strong dependence on the inertia of the

active electrode, which thereby offers a tunability on the switching speed by changing
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the mass of active electrode without affecting the I-V characteristic in theory.

To demonstrate this tunability, we fabricate devices based on the same PEG-thiol
molecular spacers but different nanoparticle active electrodes of similar dimensions,
i.e., either AuNR (1~2 pm long, 80~100 nm thick) or MWCNT (1~2 pm long,
100~150 nm thick). I-V characteristics and dynamic responses for these two type of

nanoswitches are compared.

The I-V characteristics of example MWCNT devices from different batches are
shown in Figure 4-13, which resemble those of AuNR devices (Figure 4-1). The
MWCNT devices exhibit similar pull-in voltages as AuNR devices. Tunneling behav-
ior with some modulation in current caused by compression in the molecular layer
is observed for both AuNR devices and MWCNT devices, as compared to constant-
gap tunneling behavior (dashed line). There are some differences between their -V
characteristics as well. The leakage current of MWCNT devices on average is slightly
higher than that of AuNR devices, which is caused by the different geometries of the
two nanoparticles. A MWCNT is more likely to sink into the molecular spacer after
trapping due to its curvature, resulting in a smaller tunnel gap in the OFF-state than
that of a nanoswitch with an AuNR electrode which has single-crystal flat facets. Be-
sides, steeper slopes of the /-V curves and more modulation in current before pull-in
occurs are observed for MWCNT devices, which can be explained by the different
geometries as well. For a MWCNT device, the molecules underneath the particle are
likely compressed, while those near the edges of the MWCNT are likely pushed aside
due to the curvature of MWCNT. As a result, the restoring force on the MWCNT
may be weaker compared to those on nanoparticles with single-crystal flat facets, and
more compression can be expected for MWCNT devices than AuNR devices under

the same voltage (lower than V).

We further conduct a statistical study on the performance of MWCNT devices
using the same metrics as we did on AuNR devices. Figure 4-14 (a) shows the dis-
tribution in performance, which overlaps well with that of AuNR devices (Figure
4-2). The distribution is also believed to be caused by the nonuniform stiffness and

initial thickness of the molecular spacers among devices, considering that the same
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Figure 4-13: Experimental -V characteristics of MWCNT devices. The dashed
curve provides reference pure tunneling /-V characteristic according to a constant
molecular layer thickness extracted from low-voltage datapoints of D1.

5 kDa PEG-thiol molecules are employed for both types of devices. The statistics
suggest that 48.7% MWCNT devices have actuation voltages between 2 V and 3 V,
and 46.0% MWCNT devices exhibit over three-orders-of-magnitude ON-state modu-
lation in current (i.e., >5 orders of magnitude on-off current ratio). Overall, the I-V
characteristics of MWCNT nanoswitches are parallel with those of the nanoswtiches
fabricated using similar-size AuNR particles.

The turn-on delays of the MWCNT devices are measured using the same approach,
setup and conditions as those for AuNR devices. It should be pointed out that the
dynamic measurement is destructive and the nanoparticle can burn out even after

applying a single pulse due to the high discharge current. But comparing the dynamic

115



z

10°
T . o
O 10°;

o
5 o
o . o
£ 105 o od . o
c o o
o

'-g 3 ° ° o o©°
(_010‘ o o
=
_8 (o] Oo oo o5
2 1024 ° 8008

10’

10 15 20 25 30 35 40 45 50
Actuation voltage (V)

—
(¢)
~

(b)

15

N
o

B VWCNT 1100

B MWCNT ' ' ' 1100

Count

Cumulative probability (%)
Cumulative probability (%)

0 0
15 20 25 3.0 35 40 45 50 2 3 4 5
Actuation voltage (V) Modulation in current (dec)

Figure 4-14: Statistics of device performance based on PEG-thiol molecular junctions
and a MWCNT active electrode. (a) Distribution of device performance of MWCNT
nanoswitches. (b) Statistics of the actuation voltage. (c¢) Statistics of the modulation
in current.

responses before and after the nanoparticle electrode burns out leads to interesting
findings. For instance, the SEM image in Figure 4-15 (a) shows a broken MWCNT
electrode, which was likely burned by high discharge current after applying the first
pulse. The Vg, waveforms in the first two cycles are presented in Figure 4-15 (b),
which present the device dynamic responses before and after the MWCNT electrode
broke. The Vg, signal deviated from that in the open-circuit control experiment
(reflected by non-zero processed Vgs waveform) only before the MWCNT was burned
(first cycle), while the processed Vis waveform remained zero after the MWCNT was

burned (second cycle). It further validates that the waveform split is caused by the
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Figure 4-15: Dynamic responses of a nanoswitch before and after the MWCNT elec-
trode was burned. (a) The SEM image of a nanoswitch with a MWCNT electrode
likely burned by a high discharge current. (b) Comparison between dynamic responses
of the nanoswitch before and after the electrode broke.

switching behavior of the device and that the rising edge of the processed waveform
can be used to determine the moment at which a nanoswitch turns on, which supports

our measurement approach for the turn-on delay.

The dynamic responses of AuNR devices and MWCNT devices are compared in
Figure 4-16. The short-circuit reference waveforms in Figure 4-16 (a) and (b) are
identical. Different Vg, values in the ON-state are observed, owing to difference in

conductivity between AuNR particles and MWCNT particles. The AuNR devices
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Figure 4-16: Comparison between the turn-on delays of AuNR nanoswitches and those
of MWCNT nanoswitches. (a) Dynamic responses of devices with 5 kDa PEG-thiol
junctions and an AuNR electrode (1~2 pm in length and 80~100 nm in diameter).
(b) Dynamic responses of devices with 5 kDa PEG-thiol junctions and a MWCNT
electrode (1~2 pm in length and 100~150 nm in diameter).

switch on at t,, =12.4 ns, 15.2 ns, 18.8 ns, corresponding to a minimum turn-on

delay of 3.6 ns. In comparison, the MWCNT devices turn on at t,, =10.8 ns, 11.2 ns,



12.8 ns, resulting in a reduced minimum turn-on delay of 2 ns. Such a turn-on delay is
even lower than the minimum value ever reported, which is from a single-walled CNT
switch actuated at a comparable voltage [33]. The switching speed can be further
improved by reducing the dimensions of MWCNT particles or applying other lighter
miniaturized moving contact. More significantly, observation of the reduced delay
using MWCNTs versus AuNRs demonstrates that the dynamics of these nanoswitches
can be engineered by judicious top contact selection, without affecting the device
static behavior. Therefore, the molecules and the nanoparticle electrode constitute
two degrees of design freedom for the nanoswitch, enabling independent tuning on

the -V characteristic and the switching speed.
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Chapter 5

Towards High-Performance
Nanoelectromechanical Switches:

Summary and Outlook

5.1 Summary

NEM switches are a candidate technology for beyond-CMOS energy-efficient comput-
ing. The abrupt switching behavior, near-zero leakage current and robust performance
in harsh environment make them particularly favorable and attractive for applications
with energy-consumption concerns such as the internet of things. However, high ac-
tuation voltages and slow speeds are significant hurdles to overcome before NEM
switches can fulfill their promise. The simultaneous achievement of a low turn-on volt-
age and a high speed requires both reversible modulation of a nanometer-scale switch
gap and an ultra-small, lightweight active component for the moving contact. These
bring significant challenges to the design and fabrication of NEM switches, which usu-
ally results in a device performance compromise. Introducing active nanostructures
as functional components to replace classical counterparts has been treated as a vi-
able pathway to overcome longstanding challenges facing nanoelectronics. Molecules

and nanoparticles, as attractive active nanostructures, have become increasingly pop-
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ular for building electromechanical devices and systems in pursuit of unique device
concepts and enhanced performance. Specifically for NEM switches, a self-assembled
molecular spacer could create a stable nanometer-scale switch gap, and a nanoparticle
could act as a lightweight, miniaturized moving contact, which perfectly cater to the

demands for achieving high-performance NEM switches.

A novel tunneling nanoswitch has been developed in this thesis using molecules
as nanoscale springs and nanoparticles as active electrodes. The molecular springs
assembled between the bottom electrodes and the top nanoparticle electrode pro-
vide a strong restoring force under compression, thereby creating a stable and re-
versible nanometer-scale tunnel gap. This enables our devices to switch by elec-
trostatically tuning the nanogap and thereby exponentially modulating the current
tunneling through the molecular junction. Thanks to the unique mechanism, a mere
~1 nm change in the molecular layer thickness is sufficient to switch our device, which
allows simultaneous low-voltage, high-speed switching. The nanoparticle electrode,
as another active nanostructure in design, defines an ultra-small device pitch and

significantly reduces the switching delay.

Theoretical modeling and simulation have revealed strong dependence of the de-
vice performance on the properties of these active nanostructures. Specifically, the
stiffness and the initial thickness of the molecular spacers create a design space to
configure the static device behavior in terms of actuation voltage and modulation in
current. Diverse [-V characteristics in terms of existence of a pull-in phenomenon,
leakage current and actuation voltage are predicted based on different combinations
of the stiffness and the initial thickness of the molecular layer. This suggests a pos-
sibility of tuning the I-V characteristic of this device through molecular engineer-
ing approach. Molecular springs designed with specific nonlinearities are predicted
to bring the actuation voltage down to hundreds of millivolts. The inertia of the
active nanoparticle electrode is critical to device dynamics but irrelevant to stat-
ics. Numerical simulation verifies the possibility of tuning the turn-on delay through
changing area mass density of the moving contact without affecting the I-V charac-

teristic. Therefore, the switching speed can be engineered by judicious selection of
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the moving contact from the vast library of nanomaterials available, and switching
in the GHz-regime is viable by employing a miniaturized, lightweight nanoparticle
active electrode (e.g. CNTs, Si nanowires). More significantly, the molecules and the
nanoparticle moving contact offer two independent degrees of freedom to design static
and dynamic device performance and thus enable simultaneous achievement of a low

actuation voltage and a high switching speed.

A universal platform has been developed to assemble high-performance devices
based on diverse molecules and nanoparticles following a bottom-up approach. The
device concept of the tunneling nanoswitch is established on modulation of nanometer-
thick molecular junction; however, the surface roughness resulting from conventional
deposition techniques typically leads to device failure or degradation. Our plat-
form enables fabricating uniform molecular junctions sandwiched between atomically-
smooth surfaces, provided by the active nanoparticle and the template-stripped bot-
tom electrodes. Moreover, a scalable, self-limiting approach has been designed for
assembly of nanoparticle electrodes, thus enabling high-throughput fabrication and

statistical study on the characteristics of our devices.

A soft and thick molecular spacer offers a negligible OFF-state leakage, a large on-
off current ratio, an abrupt switching at low voltage with a steep subthreshold slope.
PEG-thiols as model molecules have been utilized to fabricate proof-of-concept de-
vices. Statistical study shows majority of our nanoswitches demonstrate sub-3-V
actuation voltages and >5 orders-of-magnitude on-off current ratios. The subthresh-
old swings and turn-on delays of our example AuNR devices are as low as 30 mV /dec
and 3.6 ns, respectively. The superior properties over classical NEM switches arise
from the unique switching mechanism that requires only ~1 nm modulation of a
nanometer-scale gap. Further, we have fabricated nanoswitches based on three dif-
ferent molecules with alkane chains that are expected to have different stiffness due
to their molecular compositions and conformational orders of the resulting SAMs.
Comparison in terms of leakage and slope of the I-V characteristics based on these
molecules aligns well with their predicted stiffness and thicknesses. The close link

between the properties of the molecular spacers and the -V characteristics demon-
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strates tunability on the device static behavior afforded by engineering the molecules.
MWCNT and AuNR particles of similar dimensions are employed as the “light” and
“heavy” active electrodes for devices based on PEG-thiol spacers, respectively. Similar
actuation voltages and modulation in current are observed from the resulting devices.
A turn-on delay as low as 2 ns has been achieved with the MWCNT active electrode.
Reduced turn-on delay using MWCNT versus AuNR demonstrates that the switching
speed of our nanoswitches can be tuned by engineering the moving contact.

The performance of our tunneling nanoswitch is compared to other representative
NEM switches in Table 5.1. Simultaneous low actuation voltage and short turn-on de-
lay achieved by our devices, which outperform classical NEM switches, arise from the
unique mechanism allowed by the key active nanostructures (molecules and nanopar-
ticles) and the independent tunabilities they induce on the static and dynamic device
behavior. This offers a good example that demonstrates the significant role of active
structures in enhancing device performance and surmounting operating challenges at

the nanoscale.

5.2 Outlook

5.2.1 Energy-Efficient NEM Switches

Though superior performance over conventional NEM switches has already been
demonstrated, our current design, in particular the selection of molecules and
nanoparticles, is far from optimal. PEG-thiol molecules are employed to assemble
a soft and thick molecular spacer. The minimum actuation voltage to achieve an
over 5 orders-of-magnitude on-off ratio is around 2 V. However, the actuation voltage
in theory can be reduced down to a few hundred millivolts, when the mechanics of
molecules lead to a restoring force matching well with the adhesive force. Such a gap
can be bridged through molecular engineering and thin-film engineering approaches.
Specifically, desired mechanics may be attainable through designing the molecular

composition and tuning the conformational order of SAMs. Adding electroactive
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compounds that change shape and/or conductivity in response to electrical poten-
tial change and charge injection can assist with the switching process and thereby
reduce the actuation voltage. Nonlinear mechanics are also available by combining
molecules with different stiffness. For instance, soft and stiff molecular spacers can be
assembled on the nanoparticle and the bottom electrodes, respectively. The resulting
combined thin film may behave compliant under small compression and stiff under
large compression. This renders the restoring force with higher nonlinearity to match
well with the adhesive force and the design space without stiction failure can also be

expanded in this way.

Device uniformity and stability can potentially be improved by engineering the
molecules as well. Nonuniform performance among devices are unfavorable for cir-
cuit design. The randomly coiling polymeric PEG-thiols are known to form brushlike
islands and therefore bring nonuniform stiffness and thickness of the SAMs over a
wide area. It is imperative to find or design alternative molecules, assisted with an
optimized self-assembly process, to achieve uniform SAMs with desired properties
over a wide area and thereby reduce device-to-device variation. Device degradation is
observed in terms of increased leakage and reduced modulation in current over repet-
itive switching. Further understanding is required to reveal the failing mechanism,
which may be attributed to compression-induced structural damage, electromigra-
tion, heating-induced degradation, etc. It is also noticed that majority of PEG-based
devices survive less than 100 cycles, while many alkane-based devices can operate over
1000 cycles without stiction failure and exhibit more consistent /-V characteristics.
Therefore, designing molecular composition and configuration of SAMs may lead to

improved robustness to structural damage by large compressions.

Though this thesis focuses mainly on two-terminal architecture for proof-of-
concept and demonstration purpose, multi-terminal devices are more practical for
realizing logic gates and designing integrated circuits. A scalable nanofabrication
process for multi-terminal devices has been devised; however, the yield is greatly
constrained by the dielectrophoresis step. The yield can be improved potentially

through modified trapping process and/or optimized trapping conditions, including
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concentration and liquid media of the suspension, flow rate, layout of the bottom elec-
trodes, frequency and amplitude of the electric field, temperature and time. Other
approaches that allow scalable manipulation of nanoparticles potentially with a high

yield are also worth exploring.

5.2.2 Beyond Electromechanical Logic

The multi-functionality of these NEM devices extends the potential applications be-
yond energy-efficient logic. The stable and electrostatically-tunable nanogap filled
with molecular springs makes a versatile architecture that allows development of var-
ious nanoelectronic devices, nanomechanical devices, plasmonic devices and nanopho-
tonic devices. In particular, when the molecular composition is designed with specific
compounds, the mechanical properties of the molecular spacer could be modified by
certain environmental stimuli (e.g., moister, temperature, chemicals, light), thereby
allowing our device architecture to be utilized as a universal platform for developing
diverse environmental sensors.

The highly-uniform molecular junctions sandwiched between atomically-smooth
electrodes create a sensitive and repeatable metrology platform for studies of funda-
mental physical phenomena. For instance, the electronic transport properties through
molecules can be better characterized based on ensemble average using a large-area
junction with angstrom-level variations in thickness enabled by this nanoscale metrol-
ogy platform. Besides, the measurement of Young’s modulus of SAMs heavily relies
on indentation or stretching of molecules using AFM tips. The molecules could be
bent during their interactions with the tip, which may result in a gap between the
measured and the real Young’s moduli. Fabricating a SAM sandwiched between
atomically-smooth nanostructures and displacing the top nanostructure either me-
chanically or electrostatically effectively avoids the issue caused by the AFM tip
morphology and is believed to result in more accurate measurements through ensem-
ble average. Other potential applications of this nanoscale platform include studies
of light-matter interaction, exciton dynamics measurements, Kazimir force measure-

ments, etc.
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The mechanism of exponentially modulating electrical conductance of such molec-
ular junctions applies to other NEM devices, and novel device concepts of sensors,
actuators, oscillators, switches, and memory devices may emerge based on repeatable
nanoscale mechanical actuation of molecular springs. More generally, the demon-
strated modular design with two or more active nanostructures provides independent
degrees of design freedom and represents a versatile strategy to enhance performance,
overcome operating challenges, and induce additional functionalities for devices in the
field of nanoelectronics, nanomechanics, thermoelectrics, nanophotonics and nano-

magnetics.
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Table 5.1: Representative NEM switch techniques

active-area

switch

min

min

max

design layout  dimensions gap actuation turn-on on-off (mVS/Sdec) lifecycle
(pm) (nm) voltage (V) delay (ns) ratio
this work 2T 10N12 (%‘L/)) 2~3 2.5 2 (@6 V) 106 30 up to 103
o 1.4 (L),
pllpe (élf] 2T 0.3 ((W)), 4 0.4 62& (@1)v, 10° 10 20 (shown)
relay 0.04 (T) eory
MWCNT
linear 2T 022 (L)  6~15 0.8 NR NR ~800 3 (shown)
bearing [56]
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vertical
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elny [47] 3T 08 (W) 80 6 NR 10 10.4 12
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graphene 1~2 (L), N
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p-Si lateral 5T QZ'?M(/L))’ 500 8 500~1000 106 <10 108
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Acronyms: subthreshold swing (SS), not reported (NR), length (L), width (W), thickness (T'), diameter (D)
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Chapter 6

Theoretical Modeling of

Acoustically-Active Surface

6.1 Device Concept

An acoustic surface based on an array of active micro-dome transducers is presented
in Figure 6-1. These domes are freestanding and able to vibrate without constraint
after the acoustic surface is mounted onto a rigid object. When a dome is excited by
an AC voltage applied across its electrodes, the strain in the piezoelectric film induced
by converse piezoelectric effect causes the dome to expand and contract periodically
(Figure 6-1), thereby displacing air around it to generate sound. These microscale
active structures can be separately addressed and actuated either individually or co-
operatively by adapting the connections of electrode terminals as needed. Each dome
transducer is also able to function as a microphone. Specifically, the acoustic pres-
sure from incident sound causes strain inside the piezoelectric film and further charge
accumulation on the electrodes, which can be measured by peripheral circuits and
correlated to the incident acoustic pressure. However, this thesis mainly focuses on
the actuation of these piezoelectric domes. A comprehensive study on the capabil-
ity of the acoustic surface for sound generation is conducted both theoretically and
experimentally.

In this thesis, PVDF is utilized as the piezoelectric material to make the acoustic
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Figure 6-1: Schematic illustrating the working mechanism of the acoustic surface
based on vibration of piezoelectric micro-dome transducers in an array.

surface. Therefore, parameters of PVDF films are applied in the theoretical analyses
and simulation in this chapter. For fabrication of an acoustic surface sample, a
protective layer made with a flexible plastic thin film is laminated to the top surface
of the PVDF film with micro-dome array, in order to improve the robustness of
the domes to external force and impact. The protective layer is perforated and the
through-holes perfectly align with the domes. In this way, vibration of the domes
should not be affected by the inactive protective layer, which is thus not considered

in theoretical modeling and simulation.

After the acoustic surface is mounted on an object, the domes are isolated and
their edges as well as the area between adjacent domes (void area) are assumed
perfectly clamped (i.e., no displacement). An encapsulated cavity is also formed at
the back of each dome. To avoid counteracting load on a vibrating dome induced by
pressure change in these small cavities, another perforated plastic layer (same as the
protective layer) is laminated to the back side of the PVDF film with micro-dome
array. The through-hole that aligns with each dome substantially increases the cavity

volume and minimizes the pressure change inside the cavity when the dome vibrates.
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Therefore, the counteracting load is not considered in modeling and simulation.

The sound generation by an acoustic surface relies on the vibration of piezoelectric
domes. When the domes are actuated well below their resonance frequencies, per-
formance of the entire acoustic surface can be studied by modeling the displacement
of individual domes in a quasi-static state. One approach is to treat the dome as a
shallow spherical shell that is subject to a fixed boundary condition. Though ana-
lytical models for the bending of such a spherical shell under point load or uniform
load over a small circular area are available [128], the piezoelectric response results
in load over the entire dome, which makes the problem difficult to solve analytically.
Alternatively, the well-known membrane theory and thin-plate theory can be applied
to derive approximate but simple solutions to describe the dome deformation in the
static state. These simplified models are useful to qualitatively study the dependence
of dome vibration on the design variables, and even able to provide reasonably good
estimates for the dome displacements under certain conditions. In general, a circular
film with clamped boundary conditions and a radius/thickness ratio above 100 be-
haves like a circular membrane; for a smaller radius/thickness ratio (between 8 and
80), its deformation resembles bending of a rigid thin plate [129]. A shallow dome
can be modeled in a similar way as a circular film.

In this chapter, simplified models are established based on membrane theory and
thin-plate theory, which are further used to study the effects of design variables. For
comparison purposes, PVDF domes are also simulated using finite element analysis
software (COMSOL multiphysics), which provides more accurate predictions of their

deformation and displacement.

6.2 Static Modeling

6.2.1 Variables and General Assumptions

The variables associated with the dimensions of a PVDF dome are defined in Figure

6-2, including dome radius R, dome height Hj, film thickness h, curvature of the
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PVDF dome

Figure 6-2: Schematic of a PVDF dome with definition of variables.

dome p, deflection at the dome center wy, deflection at a projected radial distance of
r from the center w(r), and angle 6 between the z-axis and the tangential direction
at the dome edge. The Young’s modulus and the Poisson’s ratio of the piezoelectric
film are Ey and v, respectively.

The relation between strain and stress is governed by the piezoelectric constitutive

equation, expressed as

€ = siEjaj + dip B, (6.1)

where: ¢, o; are the strain and the stress, respectively; sfj is the elastic compliance
tensor under constant electric field; d;; is the piezoelectric constant; and Fj is the
electric field strength.

In order to simplify modeling, assumptions are made as follows.

1) The dome is shallow and the horizontal components of electric field are ignored.

2) The elastic and in-plane piezoelectric properties of the film are assumed to be
isotropic and not affected by the thin electrodes deposited on both sides.

3) The middle plane of the film does not undergo any deformation, and the shear
strains associated with the thickness-direction (along z-axis) are thus neglected, i.e.,
€z- =0, €, = 0.

4) The film thickness is uniform over the entire dome and does not change un-

der an applied voltage. The normal strain €,, in the thickness direction is ignored,
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which results in a negligible normal stress component o,, as compared to other stress

components.

5) The frequency of the excitation that induces dome deformation is far smaller

than the intrinsic frequency of the dome, and the dome is in a quasi-static state.

According to the assumptions above, the components associated with z-axis are
ignored and the expansion of the piezoelectric constitutive equation in matrix form

becomes

€rx ELy _E_l/y 0 Oxx 0 0 d31 0
| = % B 0 o | T 10 0 dsf | 0], (6.2)
€ay 0 0 2G|, 00 0f|E.

where the entries in compliance tensor matrix are expressed by the Young’s modulus
Ey and the Poisson’s ratio v, and horizontal components of the electric field are

ignored, i.e., B, = B, = 0.

6.2.2 Membrane Theory

When the film thickness is sufficiently small compared to the dome radius, the dome
behaves like a membrane with clamped edge and the bending effect is insignificant. We
follow the approach by R. Abram [130] to derive the membrane theory that describes
the deformation and displacement of a PVDF dome excited by an applied voltage in
quasi-static state. The dome is assumed to form part of a spherical surface. Under
an applied voltage, perturbation to the dome profile is small, and the diaphragm
always takes a spherical shape with uniform and isotropic surface tension and strain.

According to the isotropic assumptions, we have

€xx = €yy = €, (63)

Opy = Oyy =0 =T/h, (6.4)
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where the subscripts of stress and strain are dropped, and T is the surface tension.

Therefore, the piezoelectric constitutive equations can be simplified as

1—v

= Eyh

€ T + d3aveEta (65)

where E; is the electric field strength along the thickness direction, and the average
piezoelectric constant dsq,. = d3; = d3o (for biaxial piezoelectric material) or dsge =
d31/2 (for uniaxial piezoelectric material). Since the dome is assumed to always form
part of the spherical surface, the strain can be calculated by the change in film area,
which gives

€= — (6.6)

where A is the dome area and §A is the area change. For a spherical diaphragm, the
strain is approximated as
x? H?

~ — 6.7
TR+ HY) 2R+ HD) 6.7)

where Hy and x (x = Hp + wy) are the dome height under no excitation, and the
dome height perturbed by the converse piezoelectric effect and a static pressure P on
the dome, respectively. The relation between the tension 7" and the static pressure P

on the dome can be deduced by the force balance on the boundary,
TR*P = 2w RT cos ), (6.8)

where 6 is the angle between the tension orientation at the dome edge and the z-axis
(Figure 6-2), given by cos = R/p. For a spherical diaphragm, the curvature of the
dome p can be expressed by the perturbed dome height x as

r R?

Iy 6.9
P=9t 59 (6.9)
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The tension T therefore becomes

T = %HR;). (6.10)

Substituting (6.10) into (6.5), the perturbed dome height x can be obtained by solving

1 —v)P(R*+ H}
x’ — ( V)QE('yh O)’r2 - [Hg +2d3aveEt(R2 +H§)]‘r—

(1 — v)PRY(R? + H2)

=0.
2Eyvh

(6.11)

When no static pressure is applied (P = 0), the dome height under a voltage V' across

the electrodes is given by

+ H2. (6.12)

2 24+ H?
I(V) :\/ d3avev(i + 0)

The peak value of the deflection wy at the dome center under a periodic voltage with

an amplitude of V,, is

Wy =

1, [2d300eVin (R + H3 230 Vin (R* + HE
5(\/ - % - 0)+H§—\/— K EL i °)+H3). (6.13)

To calculate the displaced volume of air, an expression for the dome profile z,.(r)

is necessary. x,(r) for a spherical diaphragm is given by

z,(r) =z —p+/p?—r? (6.14)

which represents the perturbed height at a projected radial distance r from the dome
center. The curvature p of the spherical diaphragm with respect to a dome height x

is given by (6.9). The volume of the dome is therefore calculated as

2
Vie = %(?w — ), (6.15)

where x, p both depend on the drive voltage amplitude V,,,. The displaced volume of
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air is therefore given by

A%c - |%c(vm> - ‘/bc(_vm” (616)

We can further calculate the average displacement with respect to the projected area

of the dome as
AV,

TR’

w =

(6.17)

For a shallow dome that always takes a spherical profile, further approximations
can be made to evaluate the average displacement. Substituting (6.9) into (6.14) and
considering R?/x > R > r, R?/x > w, v = Hy + wy, z.(r) = H(r) +w(r) (H(r) is
the unperturbed height), the deflection w(r) at position r is therefore

w(r) ~ woll — (=)?], (6.18)

which results in an average deflection W = wy /2.

The approximate solution above provided by the membrane theory only applies

when the film is thin compared to the dome radius and bending is insignificant.

6.2.3 Thin-Plate Theory

For domes with a large film thickness (8 < R/h < 80), the bending becomes impor-
tant, particularly when the deflection is small compared to the thickness (wg/h < 0.2).
A shallow dome in this case behaves like a rigid circular thin plate [129]. The so-
lution to symmetrical bending of a circular thin plate subject to clamped boundary
conditions [128] gives the departure from the original curvature as

w(r) = woll — (}%)2]2. (6.19)

When the deflection is small compared to the thickness of the plate and the strain
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of the middle plane can be neglected, the deflection at the thin-plate center is

PR*

— 2
61D’ (6.20)

Wy =

where P is the uniform load applied on the thin plate, and D is the bending stiffness

given by
Eyh?

vt (6.21)

When the deflection is large, an energy method from S. Timoshenko [128| provides

an approximate solution of the large deflection at the center of the thin plate w,, by

Wy _ PR
h '’ — 64Dh’

w
_m 4
A + 0.488(

(6.22)

Though the dome profile is formed during fabrication of the acoustic surface and
able to maintain under zero pressure, we can still treat the dome as a thin plate with a
large deformation and assume the initial dome height Hj is induced by an imaginary

pressure P;, which enables us to apply the thin-plate theory as

HO HO 3
— + 0.488(—
T (=)

_ PR
~ 64Dh’

(6.23)

The actual deflection at the dome center wg induced by the converse piezoelectric
effect is much smaller compared to Hy. In order to obtain a simple analytical solution
for wy, we translate the piezoelectric response into an equivalent uniform load on the

dome [131], which is
o 2d3aveVEY

P, =
Y op(l-w)

where the average piezoelectric constant ds,,. = d3; = d3o for a biaxial piezoelectric

(6.24)

film and d34e = d31/2 for a uniaxial piezoelectric film. Therefore, wy can be treated as
an incremental deflection caused by a perturbation load Py. (6.22) can be linearized

at Hy, which gives

dw
=P, —= 6.25
Wo 1% dP p ) ( )

(3
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where
dwn, - RRp?
dP |p_p  64D(h? 4+ 1.464H3)

(6.26)

The deflection caused by piezoelectric response averaged over the projected area of
the dome assuming the profile in (6.19) is therefore w = wy/3.

It should be noticed that the simplified thin-plate model creates an imaginary
pressure to induce the initial dome height. The resulting deflection wy is typically
smaller than the actual value, as it is easier to displace a dome with film slackness
(resulting in the actual wy) compared to displacing a thin plate already deformed un-
der a large load (calculated wy in this simplified model). Therefore, the approximate
solution based on the thin-plate theory is more accurate for shallow domes, i.e., when

the dome height is comparable to or smaller than the film thickness.

6.2.4 Sound Generation by an Acoustic Surface

To further evaluate the sound generation by an acoustic surface, the air displacement
caused by vibration of the piezoelectric micro-dome transducers in an array must be
translated into the acoustic pressure and the sound pressure level (SPL). Here, we
only consider the free-field response and additional assumptions are made as follows.

1) The thickness of the acoustic surface is small compared to the acoustic wave-
length in the frequency range of interest.

2) The vibration of the dome is unimpeded by air damping and other forces, and
the static model applies to evaluate the dome displacement in dynamic state, when
the frequency of excitation is well below the resonance frequency.

3) The acoustic surface is mounted on a large rigid baffle (perfect reflecting) and
the overall motion of the piezoelectric film is ignored.

We use Rayleigh integral, which is a simplified form of the Kirchhoff-Helmholtz
integral, to calculate the acoustic pressure and the SPL produced by the acoustic

surface in free field. The acoustic pressure p(rq) at a point located at rq is

zk\rd r',|
p(ra, k. Vin) ”’Ck // ',V e Ty, (6.27)
|rd — 1y
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where: rq is the vector from the designated origin to the observation point; rf is
the vector from the origin to the location of d.S on the acoustic surface; v(r}) is the
velocity at r/; normal to the plane of the acoustic surface (z-axis); p is the density
of air; k£ is the wavenumber; c¢ is the sound speed; and V,,, is the amplitude of drive

voltage.

For the far-field response, when the distance from the observation point to the
acoustic surface is much larger than the size of the acoustic surface, |rq — rj| can be

approximated to be the constant r;. As a result, the Rayleigh integral is reduced to

ipckv(V,,) A etk

p(rd7k7 Vm) = o rq )

(6.28)

where v is the surface velocity averaged over all the domes, and A is the active area of
the acoustic surface. When the velocity is replaced by derivative of the displacement,
the acoustic pressure becomes

_ipwtw (Vi) A

p(ra,w, Vi) = Trdeik”, (6.29)

where the wavenumber is substituted using k¥ = w/c, w is the angular frequency and w
is the displacement averaged over all the domes. Then the RMS value of the acoustic

pressure is

p(ra, i Vi) = V2rp (Vi) An(1 - f) (6.30)

Td

where f is the sound frequency, A,, is the area of the acoustic surface, and R, is the
percentage of void area on the acoustic surface. Therefore, the SPL is further given
by

SPL<Td7 f7 Vm) = 20[0.910‘

p(rd’fa Vm)|’ (631)
Po

where pg = 20 pPa is the reference sound pressure. SPL is a function of distance
rq, sound frequency f, and amplitude of drive voltage V,,. It is also dependent on
material properties, dome dimensions as well as active area of the acoustic surface.

Since the acoustic pressure is proportional to the drive voltage, the sensitivity of an
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acoustic surface is defined as

S(ra, f) = \@M?—Vfﬁ%)‘ (6.32)

6.3 Dynamic Modeling

The bandwidth of an acoustic surface, which is primarily determined by the resonance
frequencies of the piezoelectric domes on it, is another important metric to consider.
A dynamic model is introduced in this section to study how the design variables of
the domes may influence their resonance frequencies. Here, we treat the shallow dome
as a flat thin film for simplification, and follow the modeling approach developed by
H. Suzuki [132]. A general dynamic model for a circular thin film includes both the
bending stiffness D and the tension term 7' in the governing equation for transverse
free vibration, which is

DV*w — TVw + a%‘) =0, (6.33)
where w is the transverse displacement (deflection) and o is the area mass density

of the film. Assuming harmonic vibration with an amplitude of W, the differential

equation reduces to

(DV* —TV? — 6w )W =0, (6.34)

which is further transformed as

(V2= E)(V2+ kW =0, (6.35)
where
T+ VT? + 4Dow?
k3 = 6.36
—T 4+ T2+ 4Dow?
k2 = ) .
2 — (6.37)
The relation between the two wavenumbers k; and ks is
TR?
(k1R)* = (kxR)* + R (6.38)
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which is dimensionless due to the introduction of dome radius R. The intrinsic fre-

quency is therefore obtained as

D, T
w, = kyR\| = k2 + =, (6.39)
g g

and the general solution of the amplitude is
Wi (r,0) = [Ady(kor) + B, (kir)] cosmé, (6.40)

where J,,,, I,,, are the mth-order cylindrical Bessel function with coefficient A, modified
mth-order cylindrical Bessel function with coefficient B, respectively. Considering

clamped boundary conditions

Win(R,6) = 0,
AW, (r, 0) 0 (6.41)
dr r=R o

the k1R and koR are therefore the solutions to

Jm<k2R) Im(klR)
0 (6.42)
(k2R)Jy, (ko R) (k1 R)I;, (ki R)

After replacing k1 R with ko R using (6.38), the eigenvalue ko R can be solved by the

equation above and the intrinsic frequency is therefore given by

v (K"™R) [ D T
W >:(2R )\/032(’“5 )R)2+;, (6.43)

where m, n denote the number of nodal circles and the number of nodal lines, respec-
tively, that define the vibration mode. For two extreme cases, i.e., ideal thin plate

(T'=0) and ideal membrane (D = 0), the intrinsic frequency is reduced to

wimy) = 222 1 [ (6.44)



(mm) (K" R) [T

= ———"4/—. 6.45
wrfmem R o ( )

6.4 Analysis of Dome Vibration Based on COMSOL

Multiphysics Simulation and Theoretical Models

COMSOL Multiphysics is a cross-platform finite element analysis software that is
able to simulate piezoelectric transducers. The static and dynamic responses of a
piezoelectric micro-dome transducer can be analyzed by creating the geometry and
assigning the piezoelectric material, boundary conditions as well as an excitation.
Here, we mainly focus on the quasi-static displacement and the resonance frequency,
which determine the sensitivity and the bandwidth of an acoustic surface, respectively.

The first example simulates and compares the displacement from the starting
shape of a dome based on a uniaxial PVDF film to that of a dome based on a biaxial
PVDF film. The simulation variables associated with dome dimensions are similar
to our fabricated samples (in Chapter 7 and Chapter 8), i.e., R = 350 um, Hy = 35
pm, h =12 pm. The piezoelectric constants for the uniaxial PVDF film are assigned
as d3; = 22 pC/N, dzz = 0 pC/N, while those for the biaxial PVDF film are assigned
as d3; = dzo = 12 pC/N. The surface displacement distributions over the two domes
under a voltage of 10 V are presented in Figure 6-3.

From the displacement distribution in the cross-section image, we observe that
the deformation of the dome resembles the bending of a circular thin plate for both
cases, which can be explained by the small radius/thickness ratio (~29) of the domes.
Besides, the displacement at the center of the uniaxial PVDF dome and that at the
center of the biaxial PVDF dome are 44 nm and 48 nm, respectively. Considering
the assigned piezoelectric constants for uniaxial and biaxial PVDF films, the overall
dome displacement can be treated as the superposition of the displacement caused
by the d3; piezoelectric response and that by the dso piezoelectric response.

The dome dimensions are significant design variables that can be easily tuned

during fabrication. The dependence of dome displacement on these variables is stud-
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Figure 6-3: Comparison of simulated displacement distributions over two domes based
on uniaxial and biaxial PVDF films. (a) 3D surface displacement distribution and (b)
cross-section surface displacement distribution of a uniaxial PVDF dome (d3; = 22
pC/N, ds = 0 pC/N). (c) 3D surface displacement distribution and (d) cross-section
surface displacement distribution of a biaxial PVDF dome (d3; = dz; = 12 pC/N).
The drive voltage is 10 V, and the two domes have identical dimensions R = 350 pum,
Hy =35 pm, and A = 12 pm.

ied using COMSOL simulation as well as the simplified membrane and thin-plate
analytical models. The influence of the dome height Hj is simulated for both a large
PVDF dome (R = 1 mm) and a small PVDF dome (R = 350 um) with the same
film thickness h = 12 pm, while other parameters are constant as ds; = 22 pC/N
(uniaxial), By = 2.6 GPa, v = 0.38, V,,, = 10 V. The results are shown in Figure
6-4. When the dome height is small, the dome is similar to a flat film and bending
dominates the dome deformation. Both the thin-plate model and the COMSOL sim-
ulation predict that the deflection increases with the dome height Hy. This indicates
that pre-bending the circular film within a certain range can facilitate its deformation
under excitation. However, the optimal dome height given by the thin-plate model
is different from that based on the COMSOL simulation, likely due to treating the

dome height as induced by an imaginary pressure (rather than a zero-strain initial
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Figure 6-4: Theoretical and simulated dependence of deflection at the center of a
PVDF dome on its height. Two dome sizes (a) R = 1 mm and (b) R = 350 pm are
compared.

shape) for simplification. This may also explain why the deflection decays faster
based on thin-plate theory as the dome height further increases, compared to the
trend shown in simulation results. The membrane theory only considers stretching
effect and therefore predicts monotonically decaying deflection with the dome height,
which results in both a wrong trend and much larger error particularly for small dome

heights.

The dependence of the deflection at the dome center on the radius R is studied

by keeping either a constant aspect ratio (Hy/R = 5%, Hy/R = 10%) or a constant
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Figure 6-5: Theoretical and simulated dependence of deflection at the center of a
PVDF dome on its radius. Results based on a constant aspect ratio (a) Ho/R = 5%,
(b) Hy/R = 10% and those based on a constant dome height (¢c) Hy = 15 pm, (d)
Hy = 35 pm are compared.

dome height (Hy = 15 um, Hy = 35 pm). The results calculated by theoretical models
and those simulated by COMSOL are compared in Figure 6-5. Other parameters are
kept constant as h = 12 pm, d3; = 22 pC/N (uniaxial), Fy = 2.6 GPa, v = 0.38,
V,» = 10 V. For the simulation results associated with a constant aspect ratio, the
deflection increases linearly with the dome size when the radius is below 700 pm.
However, as the dome radius further increases, limited rigidity of the film results in
a gradually flattened displacement distribution close to the dome center, as observed
in Figure 6-6 (compared to Figure 6-3 (b)). However, the two simplified analytical
models always assume identical dome profile and displacement distribution for domes
of different sizes. The corresponding results thus still hold the linear deflection-radius
correlation above 700 pm in radius. For a constant dome height (Hy = 15 pm, or
Hy = 35 pm), the increase in the radius makes the dome “shallower” and easier to

deform, which thereby results in a superlinear correlation between the deflection and
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Figure 6-6: Cross-section displacement distributions for large dome sizes. The simu-
lation results of two PVDF domes based on (a) R = 800 um, Hy = 80 pum, h = 12
pum and (b) R = 1 mm, Hy = 100 gm, h = 12 pum show flattened displacement
distributions close to the dome center.

the dome radius.

The dependence of deflection at the dome center on the film thickness is studied
by keeping constant dome radius R = 350 um and height (Hy = 15 pm, or Hy = 35
pum), while other simulation parameters are d3; = 22 pC/N (uniaxial), Fy = 2.6 GPa,
v =10.38, V,, = 10 V. Figure 6-7 shows the significant impact of film thickness on the
deflection. For a thinner film, the enhanced electric field and the reduced bending

stiffness both contribute to a larger deflection.
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Figure 6-7: Theoretical and simulated dependence of deflection at the center of a
PVDF dome on the film thickness. Two dome heights (a) Hy = 15 pum and (b)
Hy = 35 pm are compared.

Figure 6-7 (a) and (b) both show the same trend that the deflection obtained by
COMSOL simulation is close to the result calculated by the thin-plate model given a
thick film, and gradually approaches the result based on the membrane model as the
film thickness decreases. This agrees well with the fact that a PVDF dome behaves
like a thin plate given a large film thickness (small R/h ratio), or like a membrane

given a small film thickness (large R/h ratio).

Overall, the COMSOL simulation is believed to provide a more accurate prediction

of the displacement than the simplified analytical models, and will be used to compare
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with the experimental results in Chapter 8. Though the absolute displacement values
calculated based on the membrane model and the thin-plate model do not always
match well with the COMSOL results, these simplified analytical models provide
useful tools to qualitatively study the correlation between the displacement and the
design variables like dome dimensions and thereby to guide the design of PVDF domes
towards optimized performance of the acoustic surface. In summary of the results in
Figures 6-4, 6-5 and 6-7, an acoustic surface with large and shallow domes (of heights
about twice the film thickness) made from a thin PVDF film should exhibit the best

acoustic performance.

For applications that require a flat response (i.e., constant displacement) over
a certain frequency range, the dome dimensions should be designed such that the
resonance frequency is higher than the frequency range of interest. The analytical
dynamic model and the COMSOL simulation are used to study the dependence of the
resonance frequency on the dome dimensions. The dynamic model established based
on vibration of flat circular film does not consider the impact from the dome height.
Therefore, we simulate the influence of dome height on the resonance frequency using
COMSOL, and the result is shown in Figure 6-8. A dome with a radius R = 1 mm,
h = 12 pm (resembles a membrane) and a dome with a radius R = 350 pm, h = 12
pum (resembles a thin plate) are compared, while the Young’s modulus and Poisson’s
ratio are assigned as Fy = 2.6 GPa and v = 0.38, respectively. The same trend is
observed for both domes; i.e., higher resonance frequency with increasing dome height.
For shallow domes (Hy < h), the resonance frequency increases slowly with the dome
height; as the dome height further increases, the resonance frequency increases almost
linearly with the dome height. For flat circular thin films, the theoretical resonance
frequencies calculated by (6.43) are f. = 60.07 kHz for R = 350 pm and f, = 7.36
kHz for R = 1 mm, respectively, which agree well with the COMSOL results (60.84
kHz and 7.46 kHz) for these flat films. Considering the dependence of the deflection
on the dome height in Figure 6-4, shallow domes (Hy =~ 20 pum for both R = 350 ym
and R = 1 mm) are advantageous for sound generation. The corresponding resonance

frequencies given by the theoretical model (no dependence on the dome height) are
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Figure 6-8: Simulated dependence of the resonance frequency of a PVDF dome on
its height. Two dome sizes R = 1 mm and R = 350 pum are compared.

different from the COMSOL results (80.87 kHz for R = 350 um and 9.88 kHz for
R =1 mm) by around 25% at Hy = 20 pm.

The dependence of the resonance frequency on the dome radius and the film
thickness are presented in Figure 6-9 (a) and (b), respectively. To study the effect from
dome radius, we consider two cases by assigning a constant aspect ratio (Hy/R = 5%,
Hy/R = 10%) or a constant dome height (Hy = 15 pym, Hy = 35 um), while the film
thickness is kept constant as h = 12 um. The simulation results for both cases are
higher than the corresponding theoretical resonance frequencies, due to absence of the
dome height in the theoretical model. Particularly for Hy = 35 pum, the theoretical
resonance frequencies are around half of the values from COMSOL simulation. For
a constant aspect ratio, the relative error of resonance frequency calculated by the
theoretical model gets larger as the dome radius increases. To study the influence
of film thickness, two dome heights Hy = 15 pm and Hy, = 35 pum are simulated,
while a constant dome radius R = 350 pum is assigned. The results in Figure 6-9
(b) show that the relative error predicted by the theoretical model is reduced as the
film thickness increases. In summary, the theoretical model is able to provide a good
estimate of the resonance frequency for a shallow dome with a large film thickness,

and large error should be expected for a dome with a large height and a small film
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Figure 6-9: Theoretical and simulated dependence of the resonance frequency of a
PVDF dome on (a) the dome radius and (b) the film thickness. Two cases are
simulated in (a) by keeping either a constant aspect ratio (Hy/R = 5%, Hy/R = 10%)
or a constant dome height (Hy = 15 um, Hy = 35 pm) during scaling of a PVDF
dome. Two dome heights Hy = 15 pm and Hy = 35 pm are compared in (b).

thickness.

6.5 Performance of Acoustic Surface in Free Field

In this section, we show a numerical example of calculating the sound generation
by an acoustic surface with a PVDF micro-dome transducer array. The acoustic

surface is 9 X 9 cm? (square active area), mounted on an infinite rigid baffle. The
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domes are evenly distributed on the acoustic surface with a pitch of 1 mm along
both z-axis and y-axis (z-axis is normal to the acoustic surface). All the domes
have the same dimensions R = 350 um, Hy = 15 pym, h = 12 um. We focus on the
performance of the acoustic surface within the audio frequency range and the assigned
dome dimensions result in a resonance frequency well above 20 kHz (Figure 6-9). As
a result, the dome displacement within the audio frequency range is approximately
independent of frequency and equal to the static displacement given by COMSOL
simulation. According to the assigned dome dimensions, the dome deformation is
close to bending of a thin plate. As a result the average displacement over the entire
dome is given by Wy = wy/3, where wy is the deflection at the dome center. All the
domes are connected in parallel and driven by the same voltage. The void area in
the vicinity of the PVDF domes is assumed as inactive and perfectly clamped. Since
the dome size (R = 350 pum) is much smaller than the acoustic wavelength at 20 kHz
(~1.72 cm), we can use (6.29) to calculate the sound generation of each dome by
replacing the A and the w with the dome area Ay and the average displacement over
a single dome wy. Then the Rayleigh integral can be discretized and the acoustic
pressure at position rq generated by the acoustic surface becomes a summation of

acoustic pressure generated by all the domes at rq, which is

N
p(ra, f,V) = i2mp frwa(V) Ag Z

n=1 |rd - r:in|,

eik’\rd—r&n|

(6.46)

where NN is the total number of domes on the acoustic surface, rq is the vector from
the origin to the observation point, and r/;,, is the vector from the origin to the center

of dome n.

First, the SPLs at different distances from the acoustic surface along z-axis (the
center of the acoustic surface is designated as the origin) are calculated at 1 kHz,
5 kHz, and 10 kHz, respectively, and the results are shown in Figure 6-10. For
comparison purposes, the monopole result of the far-field response is plotted as the
red dashed line in each subfigure as a reference. It is observed that the Rayleigh

integral result overlaps with the monopole result at a distance large than 20 cm.
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Figure 6-10: On-axis SPL as a function of distance from the acoustic surface, at (a)
1 kHz, (b) 5 kHz and (c) 10 kHz, under a sinusoidal voltage of 10 V in amplitude.
The red dashed line presents the monopole result (with perfect reflecting baffle) and
the green dashed line marks a distance equal to the side length of the square acoustic
surface (L =9 cm).

Besides, the SPL decays at 20 dB/dec as distance increases, and it aligns with the
fact that the acoustic pressure decays with 1/r in the far field. These indicate that

20 cm is approximately the boundary to separate the near- and far-field responses.
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Figure 6-11: On-axis SPL as a function of frequency, at (a) 1 cm (near-field) and (b)
30 cm (far-field) away from the acoustic surface, under a sinusoidal voltage of 10 V
in amplitude. The red dashed line presents the frequency dependence (p o< f?) of a
monopole radiator in free field.

Therefore, we choose 30 cm as the distance between the microphone and the sample

in order to measure the far-field response (Chapter 8).

The frequency dependence of the SPL generated by the acoustic surface is studied
using the Rayleigh integral at 1 cm (near-field) and 30 cm (far-field), respectively,
and the results are presented in Figure 6-11. For a monopole radiator in free field, an
acoustic pressure proportional to f? is expected and presented as the red line in each
subfigure as a reference. Though the sound generation for each dome should follow
this dependency, the interference among thousands of domes in an array could result
in deviation, particularly for high frequency. For instance, the acoustic wavelength
at 20 kHz is 1.72 cm. For the 9 x 9 cm? acoustic surface, the difference in distance
to an observation point at z = 1 cm (on-axis) between a dome at the center and a

dome at the corner of the acoustic surface is over three wavelengths. As a result, the
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interference is important and must be considered for z = 1 cm. The fact that not
all the domes are vibrating in phase results in an overall sound generation smaller
than the monopole result, particularly at a high frequency. However, the difference in
distance between the same two domes to an observation point at z = 30 cm (on-axis)
is less than 0.4 times of the acoustic wavelength at 20 kHz. This explains why the
far-field (30 cm) result perfectly aligns with the reference line while the near-field (1
cm) result starts to deviate from a f? dependence at frequencies above 3 kHz.

The Rayleigh integral can be applied to study the directivity pattern created by
the acoustic surface as well, by changing the observation point at different angles
to the acoustic surface while maintaining a constant distance of 30 ¢m to its center.
The directivity pattern generated by the acoustic surface is calculated at a series of
frequencies (Figure 6-12), and the SPL at each observation point is normalized by the
peak SPL at the same frequency (i.e., at 0° angle). At 1 kHz, the sound generation
is almost uniform in space. At frequencies above 5 kHz, sound generation by the
acoustic surface starts to show different directivity patterns. As frequency increases,
the sound generation becomes more and more directional. Acoustic beam is formed
at frequencies above 15 kHz. Beam forming at lower frequency may be possible by
increasing the area of the acoustic surface and applying proper amplitude and phase
control of the drive voltages for domes located at different spots on the acoustic

surface.
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Figure 6-12: SPL directivity patterns at 30 cm from the acoustic surface with respect
to frequencies of 1 kHz, 5 kHz, 10 kHz, 15 kHz, 17 kHz, 20 kHz. The SPL values for
different observation points at each frequency are normalized by the peak SPL (0°
angle) at the same frequency.
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Chapter 7

Fabrication of Acoustically-Active

Surface

7.1 Overview of Fabrication Approaches

The performance of an acoustic surface greatly depends on the precise definition of
geometry and dimensions of the active micro-domes on the PVDF film. According to
our design, a perforated protective film with circular through-holes of the same size as
the micro-domes should be fabricated as well. Patterning these polymer films should
be of high precision and low cost, and in a scalable fashion to allow mass production
of wide-area acoustic surfaces.

Polymer patterning techniques differ from silicon-based microfabrication in many
ways, due to their low thermal endurance and broad range of chemical and mechan-
ical properties. In general, patterning microstructures on a polymer can be divided
into constructive approaches and destructive approaches. A comprehensive review of
typical microfabrication approaches for polymers can be found in [133].

Constructive approaches can be further grouped into photo-based techniques and
replication techniques, depending on how the microstructures are shaped. For photo-
based methods, light-sensitive liquid organic materials (photoresist or light-senstive
resin) are cured by UV (for photolithography), laser beam (for stereolithography) or

conventional light sources (e.g., arc lamp for digital light processing). These photo-
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based approaches provide fast prototyping and capability of building micrometer-
scale features (e.g., photolithography); however, they are generally not suitable for
low-cost mass production and the material choice is limited as well. In replication
techniques, a master structure (i.e., mold) is required, which is critical to the quality
of the molded polymer. In order to achieve good geometrical accuracy, a mold can
be made by silicon, electroplated metal or other polymers (e.g., SU8, PDMS) based
on microfabrication processing. Stainless steel molds prepared by micro electrode
discharge machining can be utilized for fabricating larger structures on polymers. For
the hot embossing approach, a hot mold is pressed into a polymer that is heated up to
slightly above its glass transition temperature, which thereby transfers the patterns
on the mold to the polymer. The high accuracy of this approach allows fabricating
features down to a few tens of nanometers and the corresponding technique is named
as nanoimprinting. In a similar replication approach, the polymer film can be placed
on top of a heated mold and made to conform to the mold profile by pressurized
gas. Injection molding and casting are another two popular approaches for polymer
fabrication. For injection molding, the polymer material is melted, injected under
high pressure into a cavity with mold insert and cooled down to solidify. Casting is
widely utilized for shaping elastomer (e.g., PDMS), where elastomer resin is mixed

with curing agent, degassed and poured onto the mold to solidify.

Destructive approaches include precision machining, laser ablation and plasma
etching. With ultra-small machining tools (e.g., endmills with diameters down to
sub-100 pm), fine features can be created on various polymer materials; however,
residuals can be left around the microstructures and the long processing time makes
it not suitable for mass production. In laser ablation processing, the high-intensity
laser evaporates the polymer at the focal point and microstructures can be patterned
with the help of a shadow mask or directly by moving t