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Abstract

Grapheneds exceptional physical and mechan

nanomaterial for MEMS/NEMS devices with wide reaching applications. This
thesis explores graphene as a nanomaterial, its use in mass sensing applications
and the suitability of existing theoretical models to describe its behaviour as a
rectangular resonator. Several local and nonlocal continuum models have been
proposed in literature for the vibration analysis of graphene resonators. But with
very little experimental data to validate these theoretical models, most of the
solutions employed to solve these models compare their results with results from
other theoretical models, leading to doubts about their validity and accuracy. In
addition to providing a guide for determining the suitable theoretical model for
different sized rectangular graphene resonators, this work establishes that a
small-scale parameter ‘Q&of any value between 0 and 2 needs to be
incorporated in any local continuum modelled applied to micro-sized graphene
sheets to avoid overestimation of the frequency of the sheets. A fabrication route
for NEMS and MEMS devices with rectangular graphene resonators up to 32 @
by 7 * d&is also developed with the provision for magnetomotive actuation via
Lorentz force with possible capacitive readout capabilities. This is important as
the use of graphene in MEMS/NEMS is being hurriedly transitioned from the

Research space to the marketplace.
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Chapter 1: Introduction

1.1 Background and motivation

In recent times, biosensor technologies have become widely applicable in health
diagnostics, biochemical analyses, environmental monitoring, forensics, and food
quality control. A boost in the development of a variety of Point of Care (POC)
diagnostic devices in the past decade is an indication of the increased interest in
biosensor technologies, especially for clinical analysis and diagnosis of diseases,
with the integration of molecular diagnostics with POC testing being the fastest
growing area?. Biosensors, as reported in literature, are classified based on
either the deviceds transduction method,
mechanical, piezoelectric, optical or calorimetric biosensors?; or the type of bio-
recognition element used, for example as enzyme, immuno-, nucleic acid probe
sensors, or as cell-, tissue- or organelle-based sensors*. These devices have
been used for the detection and quantification of various biomolecules of clinical
interest, including; prostate specific antigen (PSA)®>7, carcinoembryonic antigen
(CEA)": 8, glucose?® 19, Hepatitis B surface antigen (HBsAg)!! 2, and Cardiac
troponin T & 1'% 14 among others. Critical to the success of any biosensor are
issues bordering around the intrinsic device performance as well as the
performance of the overall system. These issues include; the complexity of their
fabrication and system integration, ease of biofunctionalization and potential for
multiplexing, the balance between sensitivity and the frequency of false positives,
device robustness, shelf life and adaptability for mass production?'®.

As biosensor devices scale down in physical size, the prospects of improving the
intrinsic device performance scale up. Recent advances in micro- and
nanofabrication technologies have greatly aided the development of micro- and
nanoelectromechanical biosensors with nano-sized moving parts. The
exploitation of nanomaterials in the development of these technologies provides a
path towards achieving rapid and accurate results, higher sensitivities, portability,
ease of use, and affordability; and the possibility of simultaneous multiplex
detection of biomolecules/biomarkers. Gold nanoparticles, magnetic
nanoparticles, carbon nanotubes and graphene lead the chart of nanomaterials

f

being used in biosensor technologies today. Grapheneds emergence

nanomateriall®, opened up a whole new world of possibilities in the use of
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nanomaterials in biosensors, because of its exceptional physical, electrical,
chemical and mechanical properties. However, these exciting properties are
greatly inhibited by the presence of strong impurity, and other factors such as,
interactions with the underlying substrates used to support it, especially SiO2,
surface charge traps, interfacial phonons, substrate stabilized ripples, and

fabrication residues on or under the graphene sheet!’-1°,

Synthesis of graphene by mechanical exfoliation so far yields the best graphene
guality there is. This technique, which was first used to isolate graphene in 2004,
involves peeling off fragments from highly-ordered pyrolytic graphite (HOPG)
repeatedly until graphene is isolated®. Though simple and straightforward, the
technique requires utmost care where monolayer graphene is to be produced and
is unsuitable for high throughput and large volume fabrication of graphene.
Currently, graphene is mostly produced commercially by Chemical Vapour
Deposition (CVD), which yields a relatively high quality of graphene, and involves
growing large scale graphene films by passing a hydrocarbon gas over a metallic
substrate (usually Ni or Cu) heated to about 1000 °C2% 21, Other methods used in
the production of graphene include; reduction of graphene oxide??, the epitaxial
growth of graphene on heated silicon carbide?3, and the chemical synthesis from

reactive precursor compounds?4.

Since its debut as a nanomaterial, graphene and its derivatives have been used
in the design of a number of micro- and nanoelectromechanical systems
(MEMS/NEMS) devices, including cantilever beams for nano switches?®, FETs
that detect pH and protein adsorption?®, radio frequency switches?’, pressure
sensors?8, hall sensors??, gas detectors3°-34, DNA sequencers/biosensors3°-38,
and sensors that detect biomarkers employed for various diseases3%43. Owing to
its exceptional mechanical properties and low mass density, graphene promises
to be an excellent material for resonance-based NEMS devices used for mass
and force sensing. In current mass and force sensing technology, the accreted

mass of the target biomolecule represents only a small portion of the effective

mass of the system. Wi th grapheneds | ow mass

nanoscale sizing, the accreted biological mass significantly contributes to the
effective system mass, and presents the possibility of achieving attogram

sensitivity.
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1.2 Aim

This project will aim to utilise the unique mechanical properties of graphene

towards the development of ultra-sensitive mass biosensors.

1.3 Objectives

The project is defined by three (3) key objectives;

1 Determine appropriate fabrication routes for the manufacture of
rectangular graphene resonators.

1 Establish analytical and/or numerical methods for the vibration
analysis of graphene micro-resonators.

1 Fabricate, characterise and calibrate rectangular graphene micro-

resonators to ensure fitness of use in mass sensing applications.

1.4 Outline of thesis

Chapter 1 provides the background and motivation for the work and outlines the
objectives the study aims to achieve. Chapter 2 presents a survey of the relevant
literature related to graphene, graphene-based devices and
nanoelectromechanical devices. The mathematical and numerical models that
represent the vibration of rectangular suspended structures are developed and
presented in Chapter 3, whilst Chapter 4 presents the FEA modal analysis of
rectangular graphene resonators. Chapter 5 details the work done in the design
and fabrication of the graphene resonators and the mass sensing platform used
in this study. Whilst in Chapter 6, the techniques used in characterizing the
various aspects of the fabricated sensor are presented. Finally, Chapter 7 hosts
general discussions and overview of the study, along with suggestions for future

work and the conclusion.
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Chapter 2: Literature Survey

2.1 Introduction

This section explores relevant literature on graphene as a nanomaterial and its
modification and/or manipulation for use in biosensor applications. Graphene is
first presented as a nanomaterial with discussions focusing on its lattice structure
and phonon dispersion. Then some characterization techniques for graphene
layers ranging from monolayer graphene up to few-layer graphene are presented.
A few techniques for achieving free-standing graphene structures are explored
with emphasis on transfer of CVD grown graphene onto pre-patterned substrates.
Finally, some actuation and detection methods used in nanoelectromechanical

(NEMS) systems are discussed.

2.2 Biosensor technologies

Thévenot et al.® adopting the International Union of Pure and Applied Chemistry

(Il UPAC) definition of an electrochemical bi o
integrated receptor-transducer device, which is capable of providing selective

guantitative or semi-quantitative analytical information using a biological

recognition elemento retained in direct spat
element. Simply put, biosensors measure the physicochemical changes that

occur in a biological recognition layer attached to a solid transducer when it

interacts with the targeted biomolecules called the target analyte. Biosensors

should be clearly distinguished from bioanalytical systems, which require

additional processing steps, such as reagent addition, or additional hardware.

Biosensors are generically divided into 2 parts: a biological recognition system
and a transduction system (Figure 2-1). The biological recognition system
interacts directly with the test sample, and its main purpose is to identify or
interact selectively with the analyte of interest. It converts information from the
biochemical domain into a chemical or physical output signal by the changes in
its physicochemical properties. The transduction system converts the output of
the biological recognition system mostly to the electrical domain. Usually, a read-
out system or user interface is named as a third part of biosensors or as an
indispensable addendum. This system converts the electrical signal from the

transducer into analytical data, which is appropriately displayed.
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Figure2-1. Schematic representation of a bioserfsor

There are many different criteria used to categorize biosensors, viz.: size,
transducer type, type of bio-recognition element, possibility of re-use, or the type
of analytes or reactions they monitor. Most commonly, biosensors are broadly
categorized based on their transducer type or type of bio-recognition element.
Based on the transducer type, biosensors can be classified as electrochemical,
mass sensitive (piezoelectric), optical and calorimetric (thermal) biosensors#4.
Based on the type of bio-recognition element, biosensors can broadly be
classified as affinity-based or catalytic biosensors. The former includes
immunosensors (antibody-based sensors), nucleic acid probe sensors, or
biosensors based on molecularly imprinted polymers; the latter includes enzyme

sensors, or cell-, tissue- or organelle-based biosensors*>.

2.2.1 Electrochemical Biosensors

Electrochemical biosensors are biosensors that employ electrochemical
transduction methods in the detection or quantification of the analyte of interest.
Their principle of detection is based on the changes in the electrical properties of
the transducer element as it interacts with the analyte of interest via the biological
recognition element. These changes are expected to be proportional to the
concentration of the analyte and are interpreted by the calibrated read-out system
to indicate the presence or the amount of the analyte. Based on the electrical
properties being measured, electrochemical biosensors can be classified into

amperometric, potentiometric, and impedimetric or conductomeric biosensors.
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Amperometric Biosensors

Amperometric biosensors measure the change in electrical current resulting from
the oxidation or reduction of an electroactive species. This is achieved by
maintaining the potential of a working electrode at a fixed value relative to a
reference electrode and monitoring the current flow as a function of time. The
applied potential drives the electron transfer reaction of the electroactive species
with the resulting current indicating the rate of the recognition reaction and is
therefore proportional to the concentration of the target analyte. The working
electrode used is critical to the success and sensitivity of the biosensor; working
electrodes have a variety of shapes, for example, disk, fibre, microband, arrays,
and interdigitated microbands#*, and some of the materials commonly used
include, glassy carbon, carbon paste, platinum and gold#%. Amperometric
biosensors have been used to measure glucose, sialic acid; and detect Bacillus
cereus and Mycobacterium smegmatis#’, and hepatitis B surface antibody
(HBsADb)?, among others.

Potentiometric Biosensors

The principle of detection of potentiometric biosensors is based on the difference
in potential caused by the accumulation of ions resulting from an enzyme reaction
between two electrodes of an electrochemical cell, with no significant current
flowing between them. In most cases, the first electrode is a reference electrode
whose potential is known and maintained at a constant value and is made
insensitive to the target analyte. While the second electrode is an indicator
electrode, whose potential is dependent on the concentration of the target
analyte, as it rapidly responds to changes in the activity of the target analyte ions.
The potential difference between these two electrodes is proportional to the
logarithm of the analyte ion activity** or gas fugacity®. In other cases, both
electrodes are reference electrodes separated by an ion-selective membrane,
and they measure the difference in potential across the membrane. The
electrodes used in potentiometric biosensors are either ion-selective electrodes
(ISEs) or field-effect transistors (FETs) modified with layers containing
ionophores to become ion-selective field-effect transistors (ISFETS). ISFETs
could have layers modified by enzymes and are called enzyme field-effect
transistors (ENFETS), or antibodies which would then be called immunological

field-effect transistors (IMFETS). Examples of potentiometric biosensors include a

6
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potentiometric sensor array for investigating the cytotoxicity of hydroquinone to

cultured mammalian V79 cells#®, and a creatinine-sensitive pH-ISFET*°.

Impedimetric biosensors

Impedimetric biosensors are based on the change in the resistive/conductive or
capacitive properties of the sensing element in response to a small amplitude
sinusoidal excitation signal. They detect the change in impedance or
conductance of electrodes caused by the adsorption of the target analyte by
receptors immobilized on the electrode surface. Guan et al.>° in their review of
impedimetric biosensors, discussed these biosensors in groups categorized by
the type of bio-recognition element used. Some examples of impedimetric
biosensors from their review include: an enzyme based impedimetric biosensor
for the detection of collagenase; an immune-binding based impedimetric
biosensor for human mammary tumour associated glycoprotein; a nucleic acid-
based impedimetric biosensor for the monitoring of the hybridization reaction of a
hepatitis B virus DNA; and a cell- and microorganism-based impedimetric

biosensor for the detection of microorganisms in milk and dairy products.

2.2.2 Optical Biosensors

In optical biosensors, the principle of detection is based on changes in the optical
characteristics (mostly optical absorption, reflection or luminescence) of the
sensing element as a result of the presence of the target analyte. There are two
main categories of optical biosensors: those that exploit the changes in the
intrinsic optical properties of the bio-recognition element called label-free optical
biosensors, and those that employ optical labels and probes of various kinds
whose optical properties change as the bio-recognition element interacts with the
target analyte. Optical biosensors can be grouped further into surface plasmon
resonance (SPR), fluorescence, luminescence, absorption and reflection, and
optical fibre biosensors; with SPR and fluorescence optical sensors being the
most popular of the cohort. In SPR biosensors, a light wave excites a special
mode of electromagnetic field or evanescent field and generates a surface
plasma wave, which propagates along a thin metal film, between the film and a
semi-infinite dielectric. A change in the refractive index in the vicinity of the metal
surface due to bio-specific interactions occurring there results in a change in the

velocity of the surface plasmon®!. This change in velocity is detected by an
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optical reader, usually by the variations in the intensity of a light wave reflected
from the back of the metal film. The change in intensity of the reflected light
wave, velocity of the surface plasmon wave or refractive index of the sensing
surface is proportional to the mass of the target analyte adsorbed by the bio-
recognition element. SPR biosensors for detecting cardiac troponin T2 and b-
galactosidase®?, among others have been reported. Fluorescence biosensors
employ fluorescent labels or probes for signal generation; the parameters that are
usually measured include the intensity, decay time, anisotropy, quenching

efficiency, and luminescence energy transfer of the signal.

2.2.3 Calorimetric Biosensors

Calorimetric biosensors are designed to measure the heat of the biochemical
reaction between the target analyte and the bio-recognition molecules on the
sensing surface. Many enzyme reactions with oxidases or hydrolytic enzymes
result in significant enthalpy changes. These enthalpy changes are utilized in the
detection or quantification of analytes. Calorimetric biosensors consist basically
of temperature sensors (mostly thermistors) with bio-recognition molecules
immobilized on them. The heat of the biochemical reaction, which is proportional
to the molar enthalpy and the total number of molecules in the reaction?, is
absorbed by the temperature sensor and results in a corresponding change in its
temperature; and in the case of thermistors, the electrical resistance. The change
in temperature, and consequently the resistance of the thermistor, is thus
proportional to the analyte concentration. A major disadvantage with calorimetric
biosensors is that all enthalpy changes, including those not initiated by the target
biochemical reaction, contribute to the final output of the measurement process.
The use of calorimetry in the analysis of food and cosmetics has been
demonstrated by Antonelli et al.>3 in the determination of L-malic acid
concentration in some foods and cosmetic products. The concentration of
ascorbic acid (vitamin C) has also been determined using calorimetric

biosensors®4.

2.2.4 Mass Sensitive Biosensors

Mass sensitive biosensors encompass the family of mechanical systems (macro-,
micro- and nanomechanical systems) that are capable of detecting the forces,

motion, mechanical properties and masses that result from the biological
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interactions between target analytes and bio-recognition systems. Mass sensitive
biosensors can be broadly grouped into surface-stress biosensors and dynamic-
mode sensors. Surface-stress biosensors are based on the surface stress
developed when the target biomolecules bind to the biorecognition molecules
immobilized on the transducer surface, while dynamic-mode biosensors are
based on the change in resonance frequency of the transducer when the target

biomolecules bind.

Surface-stress Biosensors

Surface-stress biosensors measure the quasistatic deflection of the transducer,
usually a cantilever, caused by the binding of the target analyte to the bio-
recognition molecules immobilized on the surface of the transducer. Due to
electrostatic repulsion or attraction, steric interactions, hydration and entropic
effects involved in the binding event?!®, surface stress is developed which induces
a deflection in the cantilever. The surface stress developed could either be
positive or negative; when negative, it is referred to as compressive surface
stress and induces surface expansion; when positive, it is referred to as tensile
surface stress and induces surface contraction. Only one side of the cantilever
surface is immobilized with the recognition molecules and is called the active
side. The opposite side, called the passive side, must be made inert to the target
biomolecule, and possibly blocked to avoid non-specific binding. The biological
recognition event generates small amounts of surface stress, usually between
0.001 7 0.01 Nm, which give rise to deflections measuring from a few
nanometers to tens of nanometers. These deflections can be measured optically
by reflecting a laser beam off the cantilever or electrically by employing
piezoresistive detection methods. Optical detection methods are bulky but leave
room for flexibility in the fabrication of the biosensors. With electrical methods, on
the other hand, miniaturization of the device becomes achievable, though the
complexities in fabrication are higher, with the imposition of major restrictions on
the size, geometry and materials of the sensors. In operational modes, minute
changes in refractive index, temperature and fluidic disturbances could cause
false deflections in the cantilevers. These can be circumvented by employing
differential measurements between cantilevers that have been functionalized and

those that have been passivated, such that both sets are susceptible to the false
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deflections, but only the functionalized cantilever deflects due to the binding of

the target biomolecule.

Dynamic-mode Biosensors

Dynamic-mode biosensors are based on the shift in resonance frequency of a
resonator when its mass changes. The biosensor transducer or resonator is
made to oscillate at a resonance frequency, and this frequency changes as the
target biomolecules bind to the biorecognition molecules. Key to the success of
dynamic-mode biosensors is the type of resonator used. Janshoff et al.>®
describes four major classes of piezoelectric resonators used in dynamic-mode
sensors, based on their shapes and the propagation mode of the acoustic wave
excited in them, viz. Thickness-Shear-Mode (TSM), Flexural-Plate-Wave (FPW),
Surface-Acoustic-Wave (SAW), and Shear-Horizontal-Acoustic-Plate-Mode (SH-
APM) resonators (Figure 2-2).

— TSM

Al
é‘“ %‘] SH-APM
lf—

Figure2-2: Schematisketches of the four types of acoustic resonators (particle
displacement black arrow; wave propagation directieropen arrow}®

Thickness-Shear-Mode (TSM) resonators or Quartz-Crystal Microbalances
(QCM) are one of the most established techniques used in piezoelectric
biosensors®. QCM devices consist of a thin disk of single piezoelectric quartz
crystal, cut at an angle of 35.25° from the mother crystal (AT-cut)®®. Metal

electrodes deposited on each side of the disk, excite it to oscillate in shear mode.

10
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Resonance is achieved when a sufficient AC voltage with a frequency close to
the resonance frequency of the crystal is applied to the electrodes. Adsorption of
a thin layer of the target analyte onto the crystal surface, changes its mass and
consequently its resonance frequency. Typical QCMs have resonance
frequencies in the order of MHz, which vary with the thickness of the crystal; the
thinner the crystal, the higher the resonance frequency. Crystals with resonance
frequencies of 5 MHz have corresponding thicknesses of ~330 um®¢. QCM
biosensors have been used to detect Bacillus anthracis®’, Pseudomonas
aeruginosa®®, human U-thrombin protein®®, and measure Immunoglobulin E (IgE)

in human serum®, among others.

SAW devices operate based on the Rayleigh wave propagation principle at solid
thin-film boundaries. Rayleigh waves are surface-confined acoustic waves,
resulting from the stress-free boundary of a solid, that propagate as coupled
longitudinal and transversal waves. SAW devices generate and detect these
waves using two interdigital transducers (IDTs) deposited on the surface of a
piezoelectric crystal, one of which functions as the transmitter and the other as
the receiver. This helps strongly confine the acoustic energy at the surface of the
crystal in the range of the wavelength, irrespective of the thickness of the
complete substrate®. Due to the confinement of the wave to the surface of the
crystal, changes on the crystal surface, such as mass loading, viscosity and
conductivity changes easily affect the wave. Frequencies of SAW resonators
usually range from ~50 MHz to a few GHz%2. SAW biosensors for detection of
hepatocyte growth factor/scatter factor in serum®2, Escherichia coli®*, and for

detecting antigen-antibody reactions®® have been reported.

In APM devices, the acoustic wave is confined by multiple reflections between
the upper and lower surfaces of the crystal, as it propagates between the
transmitter and the receiver. Shear-Horizontal APM resonators are driven by
horizontal shear waves to reduce their attenuation in liquid; the particles of the
plate exhibit displacement components that are parallel to the surfaces and
direction of propagation of the wave. Particle displacements that are
perpendicular to the surfaces and direction of propagation interact more with the
environment, leading to a higher loss of acoustic energy. APM devices for

detecting antigen-antibody reactions®® have been reported.

11
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FPW resonators are thin, rectangular membranes or plates which are only a few
micrometres thick, most commonly made of silicon nitride embedded in a frame
of silicon. These resonators can be excited by IDTs, electrostatically or by using
magnetic transducers. When excited, a series of symmetric and antisymmetric
plate waves can be generated, called Lamb waves. The velocity of which
depends on the material of the plate and its thickness. With sufficiently thin
plates, only the lowest modes of these two plate waves occur, with the phase
velocity of the antisymmetric wave decreasing as the plate thickness decreases.
This translates to FPW sensors having comparatively low resonance frequencies,
in the range of 57 20 MHz®%’, an attractive feature for designing associated
electronics. FPW biosensors have been used for the detection of human
Immunoglobulin E antigen® and Escherichia coli®® have been reported.

In recent times, microcantilevers, and their slightly less popular doubly-clamped
beam counterpart, have increasingly become central in dynamic mode
biosensing. This is due to the high sensitivity, fast response and versatility of
application they offer. Advancements in micro- and nanofabrication technologies
have enabled the fabrication of these structures up to nanoscales, giving rise to
the proliferation of micro- and nanomechanical biosensors with micron- or

nanoscale cantilevers and doubly-clamped beams as resonators.

To achieve ultrahigh mass sensitivity, two factors are important: the dimensions
of the resonator and its quality factor, 0. Resonators with high resonance
frequencies are highly sought after in the quest to achieve higher sensor
sensitivities. Achieving these frequencies with micron-scale resonators is only
possible with foreshortened aspect ratios (d() or d‘o) of order unity. But with such
aspect ratios, very high dynamic stiffnesses or spring constants are developed
which could adversely affect: the attainable dynamic range, the ability to tune the
devices with applied mechanical forces, the attainment of the highest quality
factor, and the excitation levels required to induce nonlinear response from the
resonator’?. To optimize these characteristics, large aspect ratio resonators
(achieved by reducing all dimensions to nanoscale) need to be used. As
mentioned earlier, advances in micro- and nanofabrication technologies and
techniques have made the fabrication of nanoscale structures relatively easy.

Thus, achieving and maintaining a high 0 becomes the major performance

12
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limiting factor in many applications. Because biological interactions and
processes occur in fluids, operating biosensors in situ, within the fluid, is simpler
and immediate. However, 0 is reduced due to viscous damping and
consequently, the device sensitivity and mass resolution are adversely affected.
Other sources of energy dissipation and reduction of 0 include: clamping losses
at the resonator supports and coupling losses mediated through the
transducers’. To tackle the 0 reduction problem, some detection techniques
operate biosensors ex situ; with measurements taken in air or vacuum. In most of
these methods, the detector is removed from the fluid, desiccated before
measurements are taken in the desired media. The major limitation with this
approach is that the sensor is highly susceptible to non-specific binding and
contamination during and after the desiccation process. However, measurements
in vacuum have achieved exquisite mass resolutions; attogram, zeptogram and
yoctogram mass resolutions have been reported’!’>. Some novel techniques for
tackling the 0 reduction problem include suspended microchannel resonators
(SMRs) and micropillar resonators. In SMRs, the sample aliquot is constrained in
microchannels embedded in the cantilevers. The inside walls of the
microchannels are functionalized to specifically interact with the target analyte.

Antibody-antigen reactions with a sensitivity of 100 ng mL* has been reported’®.

2.3 Graphene

Graphene is a thermodynamically stable 2D crystal with an exceptionally high
crystal and electronic quality’’. It consists of a hexagonal network of sp?-
hybridized carbon atoms held together by strong covalent bonds in a single layer.
Each carbon atom forms three strong sigma-(A) covalent bonds with three
neighbouring carbon atoms in the basal plane. The covalent bonds are formed
with the 3 electrons in the sp? hybrid orbital, the fourth valence electron located in
the O orbital forms a pi-(*) bond with the neighbouring atoms. This “ electron is

delocalized and can move freely between all the bonded atoms.

Graphene has been called the mother of all graphitic forms’8, as it can be
wrapped up to form O-dimensional (0OD) fullerenes, rolled into one-dimensional
(1D) nanotubes or stacked up in layers to form three-dimensional (3D) graphite.
The layers of graphene in graphite are weakly bond to each other by van der

Waals forces with a lattice spacing of @ @& p between the layers’; two layer
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stacking configurations are possible: ABAB also called Bernal stacking and
ABCABC stacking.

Figure2-3: Graphene's honeycomb lattice structure. The buildinglbfor 0D
fullerenes, 1D nanotubes and 3D graphité.

2.3.1 Graphene'’s lattice structure

Gr a p h e nystd Structure is a spatially periodic repetition of a unit cell that
contains the lattice points where the atoms sit. Gr a p h eumiecéllss a
hexagonal Bravais lattice (Figure2-4a), with six atoms arranged at the vertices of
a hexagon and a seventh atom at the centre, and has lattice vectors, + and ¥ .
A repetitive translational operation of the unit cell by the lattice vectors will yield
all the lattice points in the crystal structure. There are two types of carbon atoms
in graphened fattice, atoms 0 and 6 (Figure2-4b). Each 6 atom has 3 6 atoms
surrounding it: one to the right of the atom, one at the upper left and another at
the lower left. Conversely, each 6 atom has 3 0 atoms surrounding it: one to the
left of the atom, one at the upper right and one at the lower right. For every atom,

the three nearest-neighbour vectors are defined as # ,# and # .

a,
Figure2-4: a) Bravais hexagonal lattice b) Type A and Type B &oms

When the hexagonal network of atoms 0 and 0 in graphene is looked at, the

hexagonal Bravais unit cell is not immediately seen, however, consideration of
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only one type of atom does show the hexagonal Bravais unit cell with six lattice

points at the corners of the hexagon and one in the middle (Figure 2-5a). A
parallelogram-shaped primitive unit cell can also be defined with the lattice

vectors =|= and =|= (Figure 2-5b and c) and contains two atoms, one each of atom

types 0 and 6. This primitive unit cell is commonlyusedas gr apheneds uni
instead of the hexagonal Bravais unit cell.

."m". 5), :_ ) ] \O

e -
e ) @ \I/
a) b) C)

Figure2-5: a) Hexagonal Bravais lattice in graphene&hd) Primitive unit cell in
graphene(modified fron¥?)

Gr a p h e mspadesor rkciprocal space is gotten by taking the Fourier transform
of the real space, which results in a set of periodically arranged points called the
reciprocal lattice points. The reciprocal lattice is simply a rotation of the Bravais
lattice by 90 degrees. The primitive unit cell in the k-space is defined by the
lattice vectors 4 and 4 . The hexagon in Figure 2-6b defines the Brillouin zone
and shows some of the high symmetry points: the zone centre, {, the 0 point in
the middle of the hexagonal side, and the 0 and U apoints at the corners of the
hexagon. The 0 and Uapoints are inequivalent since they are not connected by
the lattice vectors of the reciprocal lattice, so a 0 point cannot be translated
along the lattice vector to a Uapoint. The six corners of the Brillouin zone are
called the Dirac points, at which points, graphene exhibits an unusual linear

di sper si oband FiguteR-écs’hows grapheneds el ectror

structure, with the Dirac points.
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Figure2-6: Graphene's) real space bjeciprocal or kspace g electronic band
structure; insert Dirac point®

2.3.2 Phonon dispersion of graphene

Sincegr apheneds primitive unhetearsixphonenont ai ns t
dispersion bands that describe its phonon dispersion: iLO, iTO, oTO, iLA, iTA and
oTA phonon branches (Figure 2-7). Three of these branches are acoustic
branches (denoted by the letter A) and three are optic branches (denoted by the
letter O). For two acoustic and two optic phonon branches, the vibrations of the
atoms are parallel to the graphene plane, so they are the in-plane modes
(denoted by the letter i). For the remaining one acoustic and one optic phonon
branch, the atomic vibrations are perpendicular to the graphene plane, and are
the out-of-plane modes (denoted by the letter 0). The phonon branches are also
classified as longitudinal (denoted by the letter L) or transverse (T) depending on
whether the direction of the vibrations are parallel with or perpendicular to the A-
B carbon-carbon directions, respectively. The iLO and iTO optic modes are

degenerate at the zone-center (3 point) and are Raman active modes?®!.
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Figure2-7: Phonon dispersion of graphéete
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2.3.3 Summary of graphene’s properties

Graphene is probably the highest trending material of the decade with the
amazing properties it possesses. These properties include extremely high charge
mobility, excellent electrical and thermal conductivity, exceptional mechanical
properties such as its very high strength and mechanical compliance. Table 2-1

gives a summary of the properties of graphene.

. . State @ Room .
Dimension Appearance Temperature Density??
2D Transparent for Solid " CCQTMT
Physical Thickness: monolayer Q'
X @& o pms3 graphene.
Absorbs 2.3% ol
incident white
light®4.
L, 2dzy 3 Q t2Aaaz Specific
Modulus Strength ratio®s 86 surface are®
Mechanical Monolayer O Y% %T@ T ou ¢ o g
Bilayer | O p8tHi "Bl , pc@H
Trilayer | O o yY0%H , p nELH
Charge Dirac Fermions Quantum Hall Minimum Hall
mobilities®® Effect conductivity’
/200,000 v v X 1Q 0
Electrical/Electronic wajwiat
carrier density
of¢ p
QA
Thermal conductivity
Thermal ~MTYPYTMTOUVOTTT YT
Wja v

Table2-1: Summary of graphene's properties

2.4 Characterization of graphene structures
2.4.1 Optical imaging of graphene

Images of monolayer, bilayer, trilayer, and few layer graphene can be obtained
using a number of techniques/equipment, including optical microscopes,
scanning electron microscopy (SEM), atomic force microscopy (AFM),
transmission electron microscopy (TEM), and helium ion microscopy (HIM). The
resolution of these techniques varies significantly and play a major role in the
success of the imaging process. Though optical microscopes have the lowest
resolution, they were widely used after the discovery of graphene to image
multilayer graphene since they are cheap and readily available in laboratories.
Monolayer graphene being a transparent material is usually difficult to image,
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even with very good resolution techniques like the SEM. Over the years,
substrates have been designed to enhance the visibility of thin sheets for good
contrast imaging. SiOz2 is commonly overlaid on silicon to enhance the contrast of
graphene layers for imaging, alternatively, SisNa4 is used.

Other factors that influence the contrast of graphene images are the wavelength
of the incident light and the thickness of the SiO2 layer. It has been shown that on
300 nm SiOz2, thick and thin sheets of graphene are visible under green light
illumination, and invisible under blue light. On 200 nm SiO2 under blue light
graphene sheets are visible but are invisible under green light. Under normal
white light on a 200 nm SiOz2, graphene sheets are invisible and are barely visible
on 300 nm Si0O2%°. Figure 2-8 shows a colour plot for the expected contrast of
graphene on SiO2/Si wafers as a function of SiO2 thickness and the wavelength
of the incident light. For very high contrast imaging of graphene sheets, SiO2 with
thicknesses ~90 nm and ~280 nm used under green light are most appropriate.
Green light is the preferred illumination light since it is the most comfortable for
the eyes.
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Figure2-8: Cobur plot of contrast as function of wavelength and SiO2 thickness.
Colour scale on right shows the expected conffast

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a non-destructive characterization
technique that uses a focused beam of high-energy electrons to generate
information about the external morphology, chemical composition, and crystalline
structure of a solid sample. The accelerated electrons upon collision with the
sample, decelerate and dissipate energy in form of secondary electrons,

backscattered electrons, diffracted backscattered electrons, photons, visible light
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and heat®!. The secondary electrons and backscattered electrons are used to
produce high resolution images; the diffracted backscattered electrons are used
to determine the crystal structure and orientations of minerals; and the photons
are used for elemental analysis to determine the elements present in the sample.

Scanning electron microscopes are made up of the following components: an
electron source or gun, electron lenses, sample stage, detectors for all signals of
interest, display/data output devices and other infrastructure requirements, such
as power supply, a vacuum system, cooling system, vibration free floor, and a

room free of ambient magnetic and electric fields®?.

Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a nanolevel imaging technique that generates
images almost at an atomic resolution level by measuring the contour of the
sample. Atomic force microscopes have an ultra-small probe tip (about 100 i 200
“ dlong and 207 60 & daradius of curvature)®? at the end of a cantilever-type
spring, with which they measure the contour of the sample by measuring the
forces or the interactions between the probe tip and the sample surface. The
cantilever deflects in response to the force between the probe tip and the sample
and thus quantifies the force. Images are created by scanning the sample relative
to the probing tip, with the force value varying with the difference in surface
height of the sample. A laser beam reflects off the top of the cantilever towards a
position sensitive photodetector, which detects the bend and calculates the actual
position of the cantilever. Typical forces between the probing tip and the sample
range fromp mm to p m 0, with atomic interactions between two covalently

bonded atoms at an order of p 1 0 non-destructive imaging is possible®3.

AFM can be operated in three modes: contact, non-contact and tapping modes.
The contact mode involves a sideways scanning by the probe tip over the sample
surface, in such a way that the distance between the tip and the sample surface
is less than a few angstroms (B). The tip contacts the sample surface softly and is
traced across the sample. The non-contact mode is operated with the probe tip
several tens to hundreds of angstroms away from the sample surface, thereby
experiencing an attractive van der Waals force. The cantilever oscillates above
the sample surface at a frequency larger than its resonance frequency and with a

small amplitude during the scanning process and results in a more sensitive
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imaging mode. In the tapping or intermittent contact mode, the cantilever
oscillates vertically at or slightly below its resonance frequency, so that its tip
alternately contacts and lifts off the sample surface, with an amplitude ranging
from 20 ¢ Gto 100 ¢ & This mode is most preferred for high resolution imaging of

subcellular structures®?.

AFM imaging can be used to determine the layer thickness of graphene, but this

can be a cumbersome process for imaging large areas of graphene.

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is an atomic scale resolution imaging
technique that uses high energy electrons, accelerated to nearly the speed of
light. When the transmitted electron beam is made to pass through an ultra-thin
sample, electrons get scattered. And are focused via a sophisticated system of
electromagnetic lenses into an image, a diffraction pattern, or a nano-anlytical
spectrum, depending on the mode of operation. TEM imaging generates images
with highly magnified views of the micro and nanostructure of the sample, and
can provide a direct map of the atomic arrangements in the sample when used in
the high resolution mode. Figure 2-9 shows TEM images of monolayer and
bilayer graphene which show the atomic arrangement of the carbon atoms. In the
diffraction mode, TEM displays accurate information about the local crystal
structure of the sample. And the nano-analytical mode provides information about

the elements present in the volume of the sample.
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Figure2-9: TEM images od) monolayer graphené) bilayer graphene) monolayer
and bilayer graphene with superimposed hexagonal lattice struéture

2.4.2 Raman spectroscopy of graphene

Raman spectroscopy is a very powerful non-contact technique for the
characterization of materials. It provides useful information about the material
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through the inelastic scattering of monochromatic light, as the light interacts with
the molecular vibrations or phonons in the material. When monochromatic light is
incident upon a sample, it may be reflected, absorbed or scattered. The atoms or
molecules of the sample absorb the energy of the incident photons and get
excited to virtual energy states. When this happens, the excited molecules can
relax back to lower energy states and emit photons in three possible ways. First,
the molecules get excited from the ground state to a virtual state and relax back
to the ground state in an elastic process, releasing a photon of equal energy and
wavelength as the incident photon. This is called Rayleigh scattering and
accounts for majority of the scattered light. Second, the molecules get excited
from the ground state, but relax back to a real phonon state in an inelastic
process, emitting a photon with less energy and longer wavelength than the
incident photon. This is one of the Raman scattering called a Stokes scatter. The
third scatter possibility occurs with molecules that are already in an excited real
phonon state, they get excited to a higher virtual energy state and then relax
back to the ground state, releasing a photon with more energy and shorter
wavelength than the incident photon. This is the second type of Raman scattering
called an Anti-Stokes scatter.J a b | on s ki 6 sFigure 2al§ shawsn these

scatterings.

MidIR  Stokes Raman  Rayleigh Anti-Stokes Raman Fluorescence

Electronic

States I\,

Figure2-10: Jablonski energy diagram showing Rayleigh and Raman scatféring

At room temperature, most molecules will be found in the ground state, as a
result, Stokes scattering has been found to be the stronger of the two Raman
scattering; with Raman scattering accounting for only a very small fraction, about
p p m, of all the scattered light ®4. The change in wavelength of the scattered
light is what provides information on the chemical and structural nature of the

material.
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Raman spectroscopy has been shown to be one of the most powerful and most
important characterization techniques for carbon materials, including graphene. It
has been used to estimate compressive and tensile strain in graphene®®,
determine its thermal conductivity®®, provide detailed information about its band

structure®® °7, and identify the number of layers it has®8.

Single layer graphene

The two most prominent features in the Raman spectra of defect-free graphite
and monolayer graphene are the G band at ~1580 G & and the G' or 2D band at
~2700 cm-L. Another feature, the D band at ~1350 w & , is also seen in defected
graphite and graphene. The G band is as a result of the doubly degenerate (iTO
and iLO) E2g phonon modes at the Brillouin zone center. It is the only band in the
Raman spectra of graphene that results from a normal first order Raman
scattering process. The D and 2D bands, on the other hand, are second order
Raman scattering processes, with two in-elastic scatterings involving two iTO
phonons near the 0 point for the 2D band, while the D band consists of one
elastic defect-induced and one in-elastic iTO phonon scattering. These processes
are double resonance processes as the wave-vectors aof the phonons involved
with the D and 2D bands couple preferentially to electronic states with wave-

vectors & in such a way that Aé ¢'Q This double resonance process accounts for

the dispersive behaviour exhibited by the D and 2D bands, where their
frequencies in the Raman spectra change as the energy of the laser O
changes. The D band and 2D band frequencies upshift linearly with increasing

'O with dispersions of 53 @& Qo and 106 G & Qo  respectively®®.
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Figure2-11: Comparison of Raman spectra for graphene and graphite @bt
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Figure 2-11 compares the Raman spectra of bulk graphite and graphene. The

shape and intensity of the 2D band for monolayer graphene is significantly

di fferent f r on2D ancafgr monblayér graphehd exhibits a single

sharp peak, which can be described as a Lorentzian feature with a full width at

half maximum (FWHM) of ~24 & & 8!, while the 2D band for highly oriented

pyrolitic graphite (HOPG) is made up of two peaks, 2D1 and 2D2, which are ~1/4

and ~1/2 the intens®GyaphehO©®S08DGbhananddpos
shifted by ~5 & and~35®Ga wi th respect tand2pspogtibnist e 6 s
which appear at 2690 G & and 2720 @ & respectively®. The G bands for
graphene and HOPG areverys i mi | ar i n shape, with graph
blue shifted by 371 100& fr om gr aphi t%BsFoGnommmyei t i on
graphene, the 2D band intensity, 1(2D), is larger than the G band intensity, 1(G);

which is the converse case for graphite. The 1(G)/I(2D) intensity ratio is ~0.24 for
monolayer graphene and ~ 3.2 for HOPG%, The large intensity of the 2D band in
monolayer graphene can be explained by a triple resonance process®l.

Second-order double resonance Raman Scattering

The defect-induced or two-phonon double resonance process consists of four

steps (Figure 2-12): (1) a laser-induced excitation of an electron-hole pair, where

an electron in the valence band around 0 with a wave-vector £ is excited to the
conduction band by absorbing a photon of energy O , (2) an electron-phonon
scattering, where the excited electron is then in-elastically scattered by a phonon

or elastically scattered by a defect of wave-vector Ato a point on a contour, with

A in the conduction band around the Uapoint, (3) an electron-

phonon scattering, where the electron is in-elastically scattered by a phonon with

wave-vector i Aback to a { state in the conduction band around K, and (4) an
electron-hole recombination, where the excited electron is recombined with a
hole in the valence band and emits a photon. The double resonance condition is
only achieved when the two electron-phonon scatterings satisfy energy-
momentum conservation for the two intermediate states. Two resonance

conditions for the three scattering events need to be satisfied: the intermediate

Astate is always a real electronic state, and either the initial or the final

state is a real electronic state.
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Figure2-12: Double resonance processes a) defaduiced scattering b) twphonon
scattering*

The electronic structure of graphene is linear in wave vector { near the Dirac

points. When 'O increases, the resonance { vector for the electron moves

away from the U point, correspondingly, the Avector associated with the

resonance

vector in the double resonance process increases with increasing
measured from the 0 point®®. This effect is what gives rise to the dispersive
behaviour of the D and 2D bands.

Triple resonance Raman scattering

The triple resonance process, like the double resonance process, involves four
steps. However, in the third step, instead of the electron being scattered back by
a phonon with wave-vector 7 A the hole in the valence band near v is scattered
by a phonon with wave vector A(Figure 2-13). And the electron recombines
with the hole in the conduction band near U an the fourth step. In the triple
resonance process, the electron-hole generation is a resonant process, in which
both the electron and hole scattering processes are resonant, and the electron-
hole recombination is between an electron and a hole in resonance states.
Meaning that all steps in the usual double resonance process become resonant
in the triple resonance process. This triple resonance condition might explain why

the intensity of the 2D band in monolayer graphene is larger than the G band®!.

Figure2-13: Triple resonance procéss
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Bilayer and trilayer graphene

The electronic band structures for bilayer and trilayer graphene with AB layer
stacking have the electronic bands near the Fermi level split into two and three
energy bands respectively. The electronic band structure for bilayer graphene
has two split parabolic bands in the valence and conduction bands with a
degeneracy at the 0 and 0 apoint, while that for trilayer graphene has two linear 'Q
bands between the two convex parabolic conduction bands and the two concave
parabolic valence bands (Figure 2-14). Generally, for any multi-layer graphene,
the electronic band structure near the Fermi level depends on the number of
layers ¢: if n is odd, the band structure will have two linear bands between € z p
convex parabolic conduction bands and € z p concave parabolic valence bands;
and if ¢ is even, the electronic band structure will have ¢¢ parabolic bands!°?,

Because of the split energy bands, for a given O , there will be different a

wave-vectors, since the { i states for the optical transitions are different for the

different energy bands.

a) by T
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Figure2-14: Electronic band structure for a) bilayer graphene b) trilayer grapléne

Due to the split bands, there are two and three energy contours in the conduction
band near the v and U apoints for bilayer and trilayer graphene respectively. As a
result, there are four and nine possible electron-phonon scattering processes for
bilayer and trilayer graphene respectively. For bilayer graphene, these four
different processes contribute to the 2D band shape and intensity, and are
represented by four Lorentzian features. Figure 2-15 shows the 2D Raman band
for bilayer graphene fitted with four Lorentzians. Theoretically, with the valence

and conductance bands being mirror images of each another, two of the four
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processes are degenerate and the 2D band would be fitted with three Lorentzian
features. However, four Lorentzian features give a better fit experimentally, which
is an indication of the asymmetries between the valence and conductance bands

in bilayer graphene®!.

L) \ L * L
2550 2600 2650 2700 2750 2800 2850
Raman shift (cm™)

Figure2-15: 2D Raman band spectra for bilayer graphene fitted with four
Lorentzian&

For trilayer graphene, the nine optical processes contribute to the 2D band
shape, however, with four of the processes being degenerate, only five
Lorentzians are fitted to the 2D band shape'®!. Experimentally, a minimum of six
Lorentzians with a FWHM of ~24 G & are needed to ensure a good fit for trilayer
graphene®!. Figure 2-16 shows the 2D Raman spectra for trilayer graphene fitted

with six Lorentzians.

¥ I L4 1 » 1 b 1 ' I v 1
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Figure2-16: 2D Raman spectra for trilayer graphéhe

The 2D band continues to evolve with increasing graphene layers, its band shape
and position can be used as good fingerprints to identify monolayer and bilayer
graphene from other multi-layered graphene'®, With monolayer graphene having
a single Lorentzian fit to its 2D band, bilayer graphene having four Lorentzian

features, up to graphite having two Lorentzian features.

26



Chapter 2Literature Survey

F.G. Unom

1650
1100 -
550

I(G)I2D) =3.1
Bulk HOPG

'308 T1G)neEn) =13

650 - nGL ~23

Intensity (A.U)

Tenep) =02 i_gey!
200 "GL~1 :

p— .

Wave Number (cm™)

2D, ~2690 cm”

1300 1400 1500 1600 2600 2700

#~1582cm” 2D, ~2720 cm’

2l
600y GyieD) =08
300 -
0-m : e
500 Gen) =06
250_nGL~4 #
3001GVI2D)=04 2D, j
nGL~2 H
150 -
0 A{
400 : 2 .

2800

(a) 1-LG

(b) 2-LG é '

() 3-LG Z '

() 4LG

(e) HOPG ?

Raman shift (cm”)

Figure2-17: Evolution of 2D band with number of graphene lajer§°

Raman Spectra of graphene on different substrates

A huge percentage of the work done with graphene is carried out on SiO2/Si

T T T T T
2550 2600 2650 2700 2750 2800 2850

substrates. Charge impurities on SiO2/Si substrates with defects influence the

position of the G band of monolayer graphene. This influence is shown in the

finite blue shift of the G band by ~57 7 @& with respect to bulk graphite. In

contrast to this blue shift on SiO2/Si substrates, there is a red shift of the G band

of monolayer and few layer graphene on indium tin oxide (ITO) by ~6 & with

respect to bulk graphite. A large softening of about 20 @ & in the 2D band of

monolayer and few layer graphene on ITO as compared to SiO:z is also reported.

Even though the origin of the red shift is yet to be fully understood, the lowering

of the frequencies imply that the unit cell constant of the graphene layer is

enlarged when deposited on the ITO substrate'°°.

2.5 Suspended graphene structures

Apart from the disadvantage thatgr apheneés i nteractd.i

supporting substrate decreases its high mobility due to scattering and negatively
affects other properties, the principles of operation of micro- and nanomechanical

graphene-based devices (as surface-stress or resonance devices) require

graphene to be suspended. A freely suspended graphene layer without contact to

any supporting substrate remains the ultimate truly two-dimensional system.
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2.5.1 Suspending Graphene

Suspension of graphene is achieved in two ways: etching away of the underlying
substrate after graphene transfer or transfer of graphene to pre-patterned
substrates. The former requires the transfer of graphene to, and in many cases
the pre-patterning of the graphene on, an unpatterned substrate before etching
away the underlying substrate. Though very successful, this method exposes
graphene to harsh etching chemicals, which potentially damage the graphene.

The methods utilized in transferring graphene to substrates heavily depend on
how graphene was synthesized. With mechanically exfoliated graphene,
transferring graphene to the substrate of choice is part of the synthesis process.
Commercially available graphene are CVD graphene grown on copper (Cu). To
transfer graphene to the desired substrate, the copper has to be separated from
it. This is done in a number of ways, including wet etching?, electrochemical
delamination'%3, soak and peel'®, transfer printing (PDMS stamp)°5, thermal
release tape! and wet transfer methods!.

Wet etching

To transfer graphene from copper to a desired substrate using the wet etching
method, a protective polymeric coating of Polydimethylsiloxane (PDMS) or
Polymethylmethacrylate (PMMA) is first deposited on the graphene/Cu sample.
Then the underlying copper is etched in an etching bath with iron chloride (FeCls
in HCI/H20 (10 z 50 )) by immersing the PMMA/graphene/Cu or
PDMS/graphene/Cu in the iron chloride, until a free-standing PMMA/graphene or
PDMS/graphene membrane is seen floating in the solution. The
polymer/graphene can then be fished out and placed on the desired substrate,
with graphene contacting the substrate. After the transfer process is completed,

the polymer is then removed by etching with acetone.

Other chemicals that can be used to etch copper include; HCI, HNO3, Fe(NO3)s in
H20 and (NH4)2SOs. FeCls is the widely preferred option because it slowly and
effectively etches away the copper without forming gaseous products or
precipitates. Etching with HCI releases corrosive vapour and the etching rate is
very slow. HNOs forms H2 bubbles which cause cracking in the graphene sheet,
and the HNOs itself degrades the carbon sp? network.
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Electrochemical delamination

The electrochemical delamination transfer process is a non-destructive and
highly efficient way of transferring graphene from copper to the desired substrate.
In this method, PMMA is first spin-coated onto the graphene/Cu sample, as is
done in the wet etching method. Then a direct current voltage is applied to the
PMMA/graphene/Cu cathode and a glassy carbon anode in an electrolytic cell
with a solution of K2S20s (0.05 & 0) as the electrolyte (Figure 2-18). With the
graphene/Cu electrode polarized, reduction of water begins to take place at the
graphene/Cu interface, and Hz gas is produced. The force from the H2 bubbles
gently detaches the graphene film from the Cu foil beginning at its edges. As
graphene gets detached from the Cu foil, the hydroxyl ions produced from the
water reduction process precipitate CuO and Cu20 on the Cu foil, thereby
passivating the Cu from further chemical etching.

+] -
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Figure2-18: Electrochemical delamination of graphene from Cu%bil

The PMMA/graphene can then be transferred to the desired substrate and the

PMMA dissolved with acetone.

Soak and Peel

The soak and peel method takes advantage of the capability of deionized water
to penetrate nanoscale hydrophobic-hydrophilic interfaces and separate them to
delaminate graphene from metal substrates. With chemical etchants phased out,
cleaner graphene with improved properties is obtained. In this method also, the
graphene film is first coated with PMMA, kapton tape is additionally stuck on the
PMMA to avoid crumpling of the PMMA after delamination. The
kapton/PMMA/graphene/Cu is then immersed in deionized water maintained at

90°C for 2 hours. The kapton tape (together with the PMMA and graphene) is
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then peeled off from the Cu foil and transferred to the desired substrate. To aid
adhesion between graphene and the substrate, the
kapton/PMMA/graphene/substrate is heated for 40 minutes at 140°C and allowed
to cool for 20 minutes. The kapton tape is removed and from the stack and

PMMA dissolved in acetone.

X~ N\
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DI water (90 °C)

M cu Uniform pressure and heating to 140°C
PMMA

Kapton tape “', = ‘...
$o [
| Target Substrate Py
Water goes between graphene and Cu

PMMA removal by acetone and annealing

Figure2-19: Soak and peel delamination meth'8t

Transfer printing

Transfer printing is a dry graphene transfer technique suitable for transferring
large areas of graphene to pre-patterned substrates. To avoid wet processing of
graphene after transfer to the substrate, the graphene is patterned to the desired
shapes and sizes while still on the Cu. The etched graphene is stripped from the
Cu with the polymer N-methyl-2-pyrrolidone (NMP), with ammonium persulfate
(APS) etchant and cellulose nitrate, and transferred to a 3 & & thick PDMS
stamp. The cellulose nitrate is then removed by immersing in acetonitrile for 2
hours and air drying. The stamp with graphene is placed on the desired substrate
and the stamp peeled off in a controlled low speed peeling process. This leaves

the graphene suspended over the pre-patterned substrate.

Thermal release tape

In this method, 200 ¢ &of PMMA is first spin-coated onto graphene/Cu sample,
and thermal release tape is pressed onto the stack. The Cu is then etched in
0.250 solution of sodium persulfate, and the release-tape/PMMA/graphene
cleaned with HCI solution for 30 minutes and dried in N2 gas. Next the release-
tape/PMMA/graphene stack is pressed onto the pre-patterned substrate with
graphene contacting it and heated to aid adhesion of the graphene to the
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substrate. The whole stack is then heated to a temperature above the release
temperature of the thermal release tape, and the tape is easily peeled off. Finally,

the PMMA is dissolved in acetone for 2 hours.

Wet transfer method

With the wet transfer method, as with the other methods, PMMA is spin-coated
on the graphene/Cu as a supporting layer for the graphene. The Cu is etched
away as in previous methods, and the PMMA/graphene stack is cleaned and left
floating in deionized water. The desired substrate is then used to fish the
PMMA/graphene directly out of the water with the graphene side of the stack
contacting the substrate. The PMMA/graphene/substrate is then heated to dry the
stack and aid the adhesion of the graphene to the substrate. The PMMA is
removed using acetone as with previous methods leaving graphene on the

substrate.

Three of the six methods described here have been analysed and compared in
terms of the yield and quality of free-standing graphene produced on a large
scale!. The thermal release tape, transfer printing and wet transfer methods were
used to transfer CVD grown graphene unto SiO2/Si substrates. The SiO2/Si
substrates were pre-patterned with cavity arrays which had holes with diameters
between 2 * dand 10 ‘ & A total of 120 cavities on at least two different SiO2/Si
wafers were analysed per method, to evaluate if the suspended graphene
membranes were intact, partly intact, or completely damaged (Figure 2-20).

For monolayer graphene, only the print transfer method produced intact free-
standing graphene membranes with a 2.7% yield. For bilayer graphene, the
thermal release tape and wet transfer methods had intact graphene membranes
with 5% and 16% yields respectively.
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Figure2-20: Yield comparison of three transfer methods for monolayer and bilayer
graphene a} b) Thermal release tape method) - d) Print transfer methode) - f)
Wet transfer method

2.5.2 Micro- and Nanoscale Micromachining of Graphene

Different graphene shapes and geometries are required in micro- and nano-
devices. Successful patterning of graphene is therefore key to the success of
graphene-based micro- and nano-devices. Several patterning and structuring
methods have been developed for micron- and nanoscale patterning of a wide
range of materials, which are also applicable to graphene. Ultimately, a minimally
invasive patterning method that ensures an intact graphene lattice structure after

patterning needs to be identified or developed.

Photolithography or UV lithography and focused ion beam (FIB) micromachining
are among the most used methods for micro-patterning, from patterning of parts
of a thin film to the bulk of substrates. Photolithography involves the use of a light
sensitive material called a photoresist to selectively etch out portions of a solid
sample or substrate. The photoresist covers the entire surface of the sample, and
is selectively exposed to an intense beam of UV light. Depending on the type of
resist used, the exposed or unexposed portions get dissolved in a developer,
exposing portions of the sample that need to be etched away. After etching, the
resist is removed leaving the patterned sample/substrate. FIB micromachining

techniques involve the impingement of energized ions on the surface of the
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sample. The ions lose their energy to the electrons and atoms of the substrate,

causing sputtering of the neutral and ionized substrate atoms.
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Figure2-21: Focused lon Beam Milling a) bulk substtéib) ultra-thin film°’

Micro- and nanoscale patterning has been achieved for supported and
suspended graphene. With nanoscale patterning being the most challenging of
the two. Electron-beam lithography (EBL) followed by reactive ion etching is the
most common technique for nanoscale patterning of supported graphene. EBL
patterned graphene structures like Hall bars'°8, nanoribbons® and quantum
dots!10 have been reported. Patterning of suspended graphene, on the other
hand, requires the use of resistless patterning techniques, such as FIB methods,
as the resist could damage the suspended graphene structure. FIB provides an
easy and fast method for patterning suspended graphene, with resolutions
comparable to EBL. However, due to the very high energies of the ions, structural
damages are induced in the graphene structures!!!. Other techniques developed
for the patterning of graphene are atomic layer etching (ALET)!?, Gas-assisted
Focused electron beam (FEB)!!3, and scanning tunnel microscope (STM)

lithography, among others4,

2.6 Theoretical modelling of the mechanical behaviour of suspended
graphene sheets (GSs)

Suspended structures, depending on the ratio of their length, width and
thickness, could be classified as beams, thick flat plates, thin flat plates or as
membranes. Assuming the structures are of one material type, their vibrational
response is greatly influenced by their spatial dimension, and consequently their
classification. A more acceptable criteria for the classification of suspended

structures into beams, thick flat plates, thin flat plates and membranes is their
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response to static compressive stresses i whether they buckle or become
wrinkled T or whether they possess a transverse compressive degree of freedom.
Suspended graphene structures being only one atom thick with lengths and
widths in the micron and nano scales, qualify with respect to spatial dimensions
as very thin plates or as membranes, with their ratio of thickness to width (aspect
ratios) being significantly smaller than pj ¢ #°. Due to the cost and level of
complexity in running micro- and nano-scaled experimental vibrational analyses,
almost all analyses of the vibrations of graphene sheets (GSs) reported in
literature are analytical, numerical or semi-analytical; and are mostly based on
nano-scaled graphene sheets. This is most likely because nano scaled GSs have
aspect ratios that correspond to plates and beams, thereby justifying the
application of established plate or beam theories, mostly with the introduction of a
small-scale parameter to account for the miniscule sizes. No work has so far
shown clearly what theories/analyses are best suited for the vibration analysis of
different sized GSs, even though Arash and Wang!'® have shown that for GSs
with lengths less than 8 ¢ athe small scale effect must be incorporated to

achieve accurate estimates of the resonant frequency.

Theoretical studies have gradually become the predominant approach to studying
the mechanical behaviour of mostly nanostructured GSs. Theoretical modelling
approaches can be classified into three categories: atomistic modelling,
continuum mechanics and a combination of atomistic modelling and continuum

mechanics116. 117,

2.6.1 Atomistic and atomistic-continuum modelling

Atomistic modelling involves the representation and analysis of the behaviour of a
system based on the interactions between the molecules or atoms of the system.
Because of the number of atoms involved in the interactions and the resulting
number of model equations, the help of computing software is needed to carry
out these analyses. Macroscopic and microscopic quantities of interest can be
derived from such analyses. Atomistic modelling includes techniques such as
classical molecular dynamics (MD), Monte Carlo (MC), ab initio, molecular
mechanics simulations, tight-binding molecular dynamics (TBMD) and density
functional theory (DFT).
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The MD technique is one of the most widely used numerical methods for studying
the interactions between atoms or molecules of a system. It is basically built on
the Newtonian equations of motion governing the interactions of the atoms or
molecules in the system. Each atom or molecule in the system is treated as a
point mass and Newtonb6és equations are
uses many-body interatomic potential functions to calculate the total energy of
the system, from which the individual force equations of each atom is derived.
The behaviour and properties of the system can be extracted from the computed
motion of all the atoms/molecules in the system. The accuracy of the results from
MD simulations largely depends on the choice of potential function for the system
in question and the computing power used. Several potential functions have been
developed and improved on to cater to the modelling of various material types
and conditions, e.g. TIPS8 UNICEPP®, MM1 1 MM2 17 MM3 i MM4120-123
AMBER i AMBER/OPLS'?4 125 Cornell'?®, MMFF94127. 128 CHARMM??9,
COMPASS!30 Weiner'3!, Morse!3?, Tersoff i REBO i AIREBO?*33-136 etc. Some
of the methods employed in MD simulations include the Verlet, velocity Verlet

and leapfrog methods.

The MC technique is based on the variation in states of the molecules of a
system under a certain stochastic law. It does not use the equations of motion
hence it cannot be used to determine the dynamic properties of the system, but is
best suited for thermodynamic problems. However, MC techniques are still based
on the interatomic potential functions. The ab initio techniques are potential-free
techniques based on accurate solutions of the Schréodinger equation. Here the
atomic forces are not derived from the potential functions but from the electronic
structure and state of the atoms as defined by the Schrodinger equation. The
molecular structural mechanics technique uses computational molecular
mechanics terms in a structural mechanics framework to study the behaviour of
the system. Here the covalent bond between two atoms is modelled as a
structural beam element and the atoms at the ends of the bond modelled as point
masses which form the joint with other bonds. The whole system is viewed as a
space frame structure, and hence governed by structural mechanics
theories/laws. According to structural mechanics theories, only three sectional
stiffness parameters are needed for the analysis of the mechanical behaviour of a

frame structure, viz. tensile/stretching, flexural and torsional stiffness parameters.
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Therefore, the total steric potential energy, which omits interactions resulting from
electrostatic forces, is used to describe the energy of the system, but with the
potential energy due to van der Waals forces also neglected so that only the
potential energy terms from stretching, bending and twisting are reflected. By
imposing equivalency on the molecular potential energies and the elemental
strain energy of the frame structure, the sectional stiffness parameters can be
expressed in terms of the molecular mechanics force field constants. With the
force field constants known, the sectional stiffness parameters can be obtained,
and by employing the stiffness matrix solution procedure for frame structures the
deformation, vibration and other related elastic behaviour of the system can be

simulated.

In atomistic-continuum modelling, the molecular potential energies are also
employed but rather than dealing with individual atoms and tracking the
interactions between each atom, the interatomic potential is incorporated into the
continuum model. This is done by equating the collective molecular potential
energies of the atoms with the mechanical strain energies of the representative

volume element of the continuum model.

Simulations based on MD and other atomistic modelling techniques including
atomistic-continuum techniques have contributed greatly to the understanding of
the mechanical behaviour of nanostructured materials. MD and continuum
mechanics models have been used to comparatively study the transverse
deformation of an SLGS*®’. The generalized tight-binding molecular dynamics
(GTBMD) and ab initio techniques were used to investigate the nanoplasticity of
SWCNT under uniaxial compression*3¢, MD and GTBMD were used together to
study the buckling behaviour of single and multiwalled carbon nanotubes?3°,
Molecular structural mechanics method was implemented to study the vibrational
behaviour of SLGSs'#°. TBMD and MD with the AIREBO potentials have been
used to investigate the dependency of mechanical strength and properties of
graphene under uniaxial tensile test on size and chirality4*. Nonlocal continuum
theory has also been used with MD simulations to study the free vibration of
SLGSs and BLGSs!18. Several other uses of molecular structural mechanics and
MD in the study of carbon nanotubes and graphene are reported in literature 4%

145 Rafiee and Moghadam?4® extensively discussed the use of atomistic,
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continuum and nano-scale continuum models to study the mechanical,

vibrational, buckling and thermal properties of isolated carbon nanotubes.

Although atomistic modelling techniques yield accurate results, the size of the
atomic systems they can analyse is limited. Because the length scale for
coordinates in atomic systems is angstroms (B), systems approaching even the
sub-micron scale in dimension would be made up of several thousands or
millions of atoms which must be simulated. Also, to accurately track the
vibrational motion of the atoms, the timesteps used in the simulation is limited to
the femtosecond ("H)iscale. Which means that to even simulate picoseconds of
the systemdbs motion tens or hundreds of
Therefore, due to the large number of atoms and timesteps needed, the atomistic
modelling of the behaviour of GSs in the micron scale becomes prohibitively
computationally expensive. Though several improved algorithms and new
software have been developed to optimize MD calculations, and with current
advances in hardware capacities and capabilities, atomistic modelling of
relatively large systems remains computationally expensive. Which might explain
why all atomistic modelling techniques used for GSs or CNTs in literature deal

with nanostructures with sizes in tens of nanometers.

2.6.2 Continuum mechanics

Continuum mechanics has recently become the predominant tool for modelling
nanomechanical structures. This explosion in interest and usage of continuum
mechanics for the vibrational analyses of nhano- and micro-mechanical structures
can be attributed to the very high computational expenses of using atomistic and
atomistic-continuum modelling and the complexity and cost of experimental
methods. Several works have been published on the application of continuum
mechanics theories to the study of the vibrations of GSs. These works can be
classified based on several possible classification indices, including the method
of formulation of the governing equations, linearity of the governing equations,
consideration of the small scale effect in form of nonlocal elasticity theory and/or
modified strain gradient elasticity, anisotropy of the material properties, number

of GS layers, the solution method used, etc.
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Chronological survey of the use of continuum mechanics for the vibrational
analysis of graphene-based structures

In 2003, Peddieson et al.'# first proposed and demonstrated the use of nonlocal
continuum mechanics in nanomechanical systems. They formulated a nonlocal
Bernoulli/Euler beam model to study the static response of nanobeams. The
following year, a large-deflection model to study the static and dynamic
responses of thin elastically isotropic films with nanoscale thickness based on
von Karmands geometrically nonlinear theory
kinetic hypothesis was proposed*®. In 2005, an explicit formula was derived to
predict the vdW pressures between any two sheets of a MLGS and was used to
develop the first continuum-plate model for the vibration of MLGSs4? 150 |n the
same year, the nanoscale vibration of MLGSs with anisotropic properties
embedded in an el astic medium was anal ysed,
used to derive the governing equations of motion for the plate. The interactions
between the graphene layers were modelled as carbon-carbon vdW pressure and
those between the graphene and surrounding medium as polymer-carbon vdW
pressure’®l, By 2006, the number of works on the vibration analyses of graphene
structures had increased greatly but with a lot of emphasis on CNTs. The
vibration of a double walled CNT with the interlayer vdW forces expressed as
nonlinear functions of displacement was studied*®2. The nonlinear free vibration
of multi-walled CNTs (MWCNTs) was modelled based on continuum mechanics
and multiple-elastic beam model, and solved using the incremental harmonic
balance method*®3. An elastic, multiple shell model was used to study the
vibration of MWCNTSs, in which vdW forces were modelled as a radius-dependent
function and the effect of the vdW interaction modelling on the vibration
characteristics of the tubes was determined!®*. A continuum-based plate model
was used to derive the natural frequencies and corresponding modes of MLGSs

embedded in an elastic matrix°°,

In the years that followed up to 2011, there was an explosion in the number of
works published on the application of continuum mechanics to study the vibration
of GSs, with an emphasis on nonlocal models. The nonlocal elasticity theory was
used to study the vibration response of SLGSs embedded in an elastic
medium?*%6, Nonlinear free vibrations of embedded double walled CNTs were

investigated based on Eringenés nonl ocal el
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geometric nonlinearity within the framework of the Timoshenko beam model. The

governing equations were derivedusing Hami I t ondés principle

differential quadrature (DQ) method*®’. The CLPT and first-order shear
deformation theory (FSDT) were used for the vibration analysis of nanoplates,

withthesmall-s cal e ef fect accounted for wusing

t he model solved using Naviero6s soluti
continuum mechanics to study the vibration analysis of MLGSs embedded in a
polymer matrix, and investigated the effects of the nonlocal theories on the
vibration of the sheets 18 159 The bending and stretching of a circular graphene
sheet was characterized using von Karman plate theory'®°. A finite element
nonlocal plate model was developed to study the vibrational characteristics of
MLGSs with different boundary conditions embedded in an elastic medium16.

The nonlinear free vibration of SWCNTs based on the von Karman geometric
nonlinearity and Eringends nonl ocal el
conditions was studied. The SWCNTs were modelled as nanobeams within the
framework of the Timoshenko beam theory'62. An investigation of the nonlinear

vibration behaviour of a simply supported, rectangular SLGS in thermal

environmentsmodel |l ed as a nonl ocal orthotropic

geometric nonlinearities was carried out. Where the nonlocal parameter value
was estimated by matching the natural frequencies of the graphene sheets
obtained from the numerical results with those from MD simulation results'®3. The
nonlocal 3-D Navier equations of motion were reformulated and decoupled to
study the vibration behaviour of nanoplates'®4. The large amplitude vibration of
orthotropic MLGSs and the effect of the small-scale parameter on the vibration of
the MLGSs were investigated using linear vdW interactions between any two
layers. The vdW interactions were modelled as linear vdW pressures using the L-
J potential with the coupled nonlinear equations of motion formulated using
Hami | t on 6 dasedrom thecvonKhrman nonlinear geometric model and
Eri ngends n g arddsoivadlwithtthedarmonic balance (HB) method®°,
A nonlinear membrane model for the study of the vibrational properties of SLGSs
was proposed and the finite difference method (FDM) used to solve the model*®®.
The effects of nonlinear van der Waals interaction forces from a surrounding
medium and adjacent nanotubes on the nonlinear vibration of an embedded
DWCNT were investigated'®’. The effect of the small scale parameter on the

buckling analysis of circular GSs under uniform radial compression was
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investigated®®, The small-scale effect on the vibration analysis of orthotropic
SLGSs embedded in an elastic medium was investigated. Winkler- and
Pasternak-type foundation models were used to model the interaction between
the GS and the surrounding medium?'%°. The nonlocal continuum theory was
employed to study the free vibration of SLGSs and DLGSs. The dependence of
the vibrational characteristics on small scale effects, sizes of sheets, boundary
conditions and number of layers of the GSs was investigated. And MD
simulations were used to verify the resonant frequencies obtained from the
model18. The vibrational analysis of MLGSs with different boundary conditions
amongst the sheets using an elastic multi-plate model with vdwW forces modelling
the interlayer forces was studied. A new GDQ method was used to obtain explicit
formulas for the frequencies of a DLGS with all edges simply supported®’®. A
nonlinear continuum model for studying the nonlinear vibration analysis of
isotropic MLGSs with vdW interactions between any two layers was developed.
The small-scale parameter was not incorporated in this model and the model was
solved using the HB method!’!. In 2012, the nonlinear free and forced vibration of
a BLGS embedded in a polymer medium was studied based on the nonlocal
elasticity theory. With a refined pressure expression for the vdW forces between
the GSs and the polymer medium, the in-phase and out-of-phase nonlinear and
linear natural frequencies for both zigzag and armchair configurations were

obtained’2,

In the last five years, the volume of works published on the vibration analysis of
GSs have seemed to drop from what it was in the preceding five years. An exact
solution for the vibration of DLGSs coupled by a viscoelastic medium simulated
as a Visco-Pasternak layer was presented'’3. The nonlinear vibration of GSs
using the CLPT and the nonlocal elasticity theory was modelled and solved
numerically using the element-free kp-Ritz method!’4. In a separate paperi’s, the
same authors apply the kp-Ritz method to a nonlocal continuum model to obtain
the solutions to the vibration analysis of quadrilateral-shaped GSs subjected to
an in-plane magnetic field. The geometrically nonlinear vibration behaviour of
DLGSs was studied using the von Karman plate model and the nonlocal elasticity

theory. The element-free kp-Ritz method was used to solve the model76.
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2.7 Motion actuation, frequency tracking and sensitivity in mass
sensors

Mass sensors as electromechanical systems have mechanical elements coupled
to electronic circuits via electromechanical transducers which convert electrical
energy into mechanical energy and vice versa in the actuation and sensing
operations of the sensor. Critical to the success of a mass sensor is the ease of
actuation of its resonator and sensing of the corresponding response, which
could be motion or displacement. As the mechanical elements and systems of
mass sensors shrink in size, the challenges of actuation and sensing increases.
Thus, the actuation and detection of the displacements of micro- and nano
resonators in mass sensor devices are among the most challenging aspects of
the development of such technologies. A few established techniques for the
actuation of dynamic mode mass sensors and their frequency tracking are

presented in the ensuing subsections.

2.7.1 Motion actuation techniques in mass sensors

Three common techniques for motion actuation in resonant sensors are the

electrostatic, piezoelectric and magnetomotive techniques.

Electrostatic or capacitive actuation technique

In the electrostatic technique, the attractive force developed between the plates
of a capacitor when the plates are charged is used to drive the resonator. To
achieve electrostatic actuation in MEMS/NEMS, a gate electrode is usually
fabricated in the vicinity of the MEMS/NEMS device as shown in Figure 2-22, or
the electrostatic potential is applied through the substrate. In electrostatic
actuation, the capacitance of the actuation gate is usually in parallel with the
parasitic capacitance, which is larger than the gate capacitance by many orders
of magnitude. The effect of this is the reduction of the efficiency of actuation at
high frequencies. A demonstration of electrostatic actuation in NEMS at

frequencies as high as 700 0 "O¢has been reported?’”.
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Figure2-22: Electrostatic actuation in NENF8
Piezoelectric actuation technique

Piezoelectric transducers generate electrical energy when strained and vice
versa. When an ac voltage is applied across piezo-transducers, they are strained
alternatingly and consequently actuated into vibration. Piezoelectric transducers
have been employed as sensing elements in many applications because they are
rugged, have extremely high natural frequencies and exhibit excellent linearity
over a wide amplitude range. ldeally, in mass sensing applications, the resonator
should be fabricated from piezoelectric materials such that the direct application
of voltage to the resonator actuates it directly. However, in cases where
fabricating resonators from piezoelectric materials is impracticable, piezoelectric

shakers can be used to excite the whole unit.

Magnetomotive actuation technique

The magnetomotive technique employs Lorentz force, which is generated when a
current-carrying conductor is placed in a static magnetic field, for motion
actuation. In this technique, an ac current at frequency 5 is driven through the
micro- or nanomechanical beam element in the presence of a strong magnetic

field (Figure 2-23). The force acting on the beam is
O] a 010 (2-1)

expressed in the frequency domain, where 'Q is the harmonic drive current, ais

the length of the beam and 6 is the magnetic field strength.
Jfi) VJ\‘f

Figure2-23: Magnetomotive actuation scheme (Lorentz force used to drive
mechanical element}®
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The actuation force can be applied in the in-plane or out-of-plane direction
depending on the orientation of the nanomechanical beam element with respect
to the magnetic field. The harmonic displacement of the centre of the beam is
expressed as

a 610

o) : 2.2
& 1 1 QJ (2-2)

Magnetomotive actuation of MEMS/NEMS has proven to be an excellent
actuation technique especially that it is not impeded by parasitic capacitances.
The major drawback being the very strong magnetic fields needed to generate

Lorentz force.

2.7.2 Detection techniques and frequency tracking in mass sensors

Dynamic-mode mass sensors detect the mass of an accreted molecule by
detecting the change in frequency of the sensing resonator. The mass effect of
the accreted molecule on the resonance frequency of the sensing resonator
depends on the accretion position and the vibration mode of the resonator. To be
able to detect any change in frequency, the frequency of the resonator must be
tracked. The problem of tracking the resonator®& frequency is the problem of
continuously detecting its minuscule displacement amplitudes. This is a more
daunting task than the actuation of the resonators. Some frequency tracking
techniques are discussed in this subsection.

Magnetomotive detection technique

The magnetomotive detection technique is complimentary to the magnetomotive
actuation technique. Here, a uniform magnetic field is provided, through which
the conducting resonator moves. The time-varying flux that results from the
movement of the resonator through the magnetic field generates an induced
electromotive force in the electrical loop, which is detected in the detection
circuit. With the minuscule displacements typical of MEMS/NEMS devices, the
induced emf is extremely small and will need to be boosted with a low-noise
amplifier. Figure 2-24 shows a schematic representation of a magnetomotive
transducer coupled to an amplifier represented by a standard amplifier model

with uncorrelated voltage and current noise sources.
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Figure2-24: Magnetomotive displacement detection technig(ie

For a doubly clamped beam, the emf generated is given by
o <4 Kme|« (2-3)

Where 0 is the magnetic field strength, ais the length of the beam @ 0 the
displacement at the centre of the beam and , is a geometric factor whose value

for a doubly clamped beam is ~0.885.

The noise power generated in the amplifier determines the displacement

sensitivity, which is expressed as'’®

"Y1 "Y1 a6 (2_ 4)

Y1 5
, a 11

Implementing the magnetomotive detection method with NEMS devices that are
actuated electrically (magnetomotive or electrostatic) poses major challenges.
First, the detection bandwidth will most likely be affected by parasitic
capacitances in the detection circuit. Secondly, the parasitic coupling between
the input and the output reduces the degree of orthogonality of the actuation and
detection transducers, which means that the actuation process will generate huge

noise signals in the detection process.

Capacitive detection technique

The capacitive detection technique is based on the change in capacitance of a
capacitor as the distance between the plates change. The motion of the
resonator effectively modulates the capacitance between the element and a fixed
gate (Figure 2-25). The method of detection uses a bias voltage or current across
the capacitor that monitors for a change in the current or voltage respectively of

the capacitor. Consequently, a capacitance change at constant voltage will
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generate a current flow across the capacitor. This is easily seen from the

definition of capacitance:

R Sl et ¢ (2-5)

Figure2-25: Capacitive detection technigt@

On a MEMS scale, the dynamic capacitance changes due to the motion of the
mechanical element are usually in the 10° 7 102 "Orange, which can readily be
detected given the typically low operation frequency range of MEMS devices. In
contrast, NEMS devices have typical capacitance modulations in the 10-16 7 10-18
"Orange, while parasitic capacitances of the chip and the circuitry may be many

orders of magnitude larger'’e.

Optical detection technique

When a beam of light is incident on a vibrating resonator, the reflected beam is
modulated by its motion. Optical detection techniques focus a laser beam on a
resonator in motion and detect the motion by sensing the modulated reflected
beam using photodetectors. The setup includes a laser source which generates
the laser beam, a focusing lens to focus the beam on the vibrating resonator,
prisms and mirrors to reflect the beams, and a photodetector that converts the
incident beam to voltage or current. A schematic representation of an optical

detection technique arrangement for a Laser Doppler Vibrometer.
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Figure2-26: Schematic representation of an optical detection technique arrangement
Frequency tracking using Phase Locked Loops (PLLS)

Phase locked loops (PLLs) are one of the commonly used frequency tracking
techniques in mass sensing applications. A schematic representation of a PLL
setup is shown in Figure 2-27. A basic setup would include a phase detector or
comparator, a voltage-controlled oscillator (VCO), and a low pass filter hooked up
with the source of the reference signal. PLLs are designed to generate an output
signal that matches the reference signal by detecting the phase difference
between the two signals. The phase detector evaluates the phase difference
between the reference and VCO signals connected to its input ports, and outputs
an error voltage corresponding to the phase difference. The low pass filter
connected between the phase detector and the VCO removes any high frequency
noise elements from the error voltage and governs the stability and lock speed of
the PLL. The VCO generates the output signal and the phase detector input

signal using the error voltage as its tuning voltage.
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Figure2-27: Phaselocked loop (PLL) diagram with basic components

At the initial stages of operating the loop, the reference signal and the VCO

signal are not locked, meaning they are at different frequencies with a phase

difference. The error voltage tunes the VCO to ma
reference signal. With a locked reference and VCO signal, if there are changes in

the reference signal frequency, the error voltage is modified to drive the VCO

signal frequency to match the new reference signal frequency.

2.7.3 Responsivity and mass resolution

Ultrasensitive sensors are vital in various fields and are thus the focus of recent
research works in sensing and instrumentation. The definition and meaning of a
S e n s oesporsivity and resolution depends on the type of sensor and the
transduction method employed in the sensor. The responsivity and resolution for
mass sensors are briefly discussed in this subsection.

The responsivity of a mass sensor is the ratio of the shift in the frequency of its
resonator to the mass accreted on it; this is a measure of how responsive the
sensor is to mass accretion. On a calibration curve for a mass sensor, where the
frequency shifts of the sensor are plotted against the accreted masses, the
responsivity is the slope of the curve i Figure 2-28 illustrates this schematically.
To calibrate a mass sensor and hence determine its responsivity, the resonance
frequency1 of the functionalized resonator is first determined, then the
frequency shifts in steady state ¥ when masses Ya are accreted on the

resonator are monitored recorded.
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Figure2-28: Schematic representation of a calibration curve for a mass sensor

Assuming Ya is much smaller than the effective mass a  of the resonator, the

responsivity is given as,

T (2-6)

The resolution or sensitivity of a mass sensor is the smallest mass it can detect.
As has been assumed for equation (2-6), when Ya L & the mass resolution is
given as in equations (2-7) and (2-8)17% 189, This minimum detectable mass
critically depends on the minimum measurable frequency shift of the resonator

and the inverse responsivity of the sensor, as is shown in equation (2-7).

b T ¥ (2-7)

-, a .

Ya T 1—>’| (2-8)
The quality factor of a resonator at a resonance frequency is a measure of how
quickly the oscillations of the resonator will die out. Typically expressed as 0
1 11 1, whereq 17 is the full width at half maximum (FWHM) of the resonance.

The resonance frequency expressed in terms of 0 when substituted in equation
(2-8) results to
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o

Ya T

’ Q

Y (2-9)

A

11

If 0 remains constant, the mass sensitivity of the sensor is directly proportional to
the effective mass of the resonator and the minimum measurable frequency shift,
which implies that a bigger & and ¥  will yield a higher sensitivity. The
effective mass of the resonator in measurement mode comprises the mass of the
resonator and the accreted mass. The amount of the accreted mass is however
the determining factor for the frequency shift, and for the minimum measurable
frequency shift in a noiseless system. Therefore, the higher the component of the
accreted mass in @ , the bigger the frequency shift and consequently, the
higher the sensitivity of the sensor. When graphene is used as the sensor
resonator, it promises to improve the sensitivity of the sensor because being an
ultra-low mass material with thickness tending to zero, any accreted mass will
make up a huge portion of & and in turn generate a big ¥ . In addition, its
high Elastic modulus makes it possible to carry such disproportionately large

masses without breaking.

In a damped and noisy system, the minimum measurable frequency shift ¥
depends on the noise profiles in the system and the readout technique. An

estimate of ¥ is given as

Y1 oQ (2-10)

K

Y 1 is the weighted effective spectral density of the frequency fluctuations in

i 0 j i Q. Itdepends heavily on the physical noise processes operative
in the sensor system as well as the readout process employed. Noise in the
sensor system could originate from several sources, the principal sources for
MEMS resonant structures being: the thermally driven random motion of the
resonator (thermo-mechanical), large temperature fluctuations, and adsorption-
desorption processes?st, Such noises attenuate the sensitivity of the sensor.
Ultra-high mass sensitivities such as yocto-, and zepto-gram mass sensitivities
reported in literature are achieved in vacuum and usually under cryogenic
conditions, in which damping and noise are greatly reduced. However, in several

real-life situations where mass sensing is applied, measurements are generally
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made in dissipative media and under room temperature conditions. As such, itis
critical that considerations of noise and damping for such systems be made in the

analysis and prediction of their sensitivity and performance.

Thermo-mechanical noise

Thermomechanical noise is a consequence of the interaction of the resonator
with the surrounding fluid, the resonator is driven into random motion by
imbalancesinthes ur r o u n d i thegnalfehetgy. dhie spectral density of

these random displacements is given as

. P 1 QY
o T (2-11)

Where Q is Boltzmann 6 s ¢ o fiYthé rasonatpr temperature, and 0 the
resonator 60s [pouaphasd lgckedl laop (PaLy) readout scheme driven
by a constant-amplitude voltage-controlled oscillator (VCO) assumed to be
noiseless, the thermally induced random displacements give rise to frequency
fluctuations in the sensor output, which have an effective spectral density given
by179

|

Y 1

’:"QUY p
5o T (2-12)

1 1 o

Here,% & 1 @ Ois a representation of the maximum drive energy delivered
by the VCO to the resonator, where @ Ois the mean square amplitude of the
resonator. The minimum measurable frequency shift ¥  for the noisy system is
obtained by evaluating the integral in equation (2-10) using equation (2-12).
Subsequently, the mass sensitivity is determined using equation (2-8). For a
resonator with 01 pandc¢“YQL 1 jO (where ¥Y'Qis the measurement
bandwidth), the minimum measurable frequency shift and mass sensitivity are

evaluated asi7®

Yy ¥yq!

SR (2-13)

K

and
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-, QY
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Ya c(’x N (2-14)

A
—

Large temperature fluctuations

Large temperature fluctuations can induce frequency fluctuations in a mass
sensordéds output, dras@natarso The degreesi saseeptibifity to h e
such fluctuations depends on the thermal contact of the resonator to the
environment. For a materially isotropic doubly-clamped resonator of constant

cross section with a uniformly distributed thermal transport model, where such

large temperature fluctuations exist, the spectral density of the induced frequency

fluctuations can be expressed as!’® 182

C 81 ) 1 QY
" —— 2-15
Y % Tyt T (2-15)
Where & ‘g " is the temperature dependent speed of sound; | pjat g "y

is the linear thermal expansion coefficient, "Qthe thermal conductance, and T the
thermal time constant of the resonator. Evaluating the integral in equation (2-10)
using equation (2-15), the minimum measurable frequency shift can be

expressed as

i

o @ T 1 QYO oogd¥ya
y L c89 glo S ® (2-16)
G 1 a w! Y Q T
and the mass sensitivity as
y 8 C@&hb O QY6 bogya
Yy ——¢0 ——— 2-17
Ya  —-ca T a | R o} ( )

Adsorption-desorption noise

Gas molecules in the surrounding medium of a resonator can be adsorbed on the
resonator surface, mass loading it and consequently changing its resonant
frequency. Thermally induced random adsorption and desorption of molecules
will therefore cause frequency fluctuations in the sensor output. A cycle of
adsorption-desorption can be modelled by a flux-dependent adsorption rate and a

thermally activated desorption rate. The adsorption rate is expressed as

51



Chapter 2Literature Survey F.G. Unom

.con
L i (2-18)
and the desorption rate as
s O
L0 Q0N o (2-19)

Where & is the mass of one gas molecule, )} and “Yare the gas pressure and
temperature respectively, O is the binding energy between the resonator surface
and the gas molecule. i is the sticking coefficient with valuesm i pandv0 the
desorption attempt rate, 0 X p 1 "OQ The adsorption and desorption rates
depend on the resonator and surrounding medium temperature, the nature of the
resonator surface and its treatment, the adsorption gas species, among other
factors. The spectral density of the frequency fluctuations caused by adsorption

and desorption is given ast’® 182

v 1 1 0. , (2-20)

Where 0 is the number of compromising sites for adsorption, ,  is the variance
in the probability of occupying a site, estimated as ,, iiF¥i i ,andt is
the correlation time for an adsorption-desorption cycle, expressed as T  p7¥ i

\

The minimum measurable frequency shift upon evaluating equation (2-10) with

equation (2-20) is given as

v pal N PV TN
G 0 Ol woghYd (2-21)
and the mass sensitivity as
Vi Cﬂa b ol Hogh¥a (2-22)

2.8 Conclusion

An extensive review of various aspects of graphene as a material has been

presented and discussed in this chapter. With a strong interest in using graphene

52



Chapter 2Literature Survey F.G. Unom

for biosensing applications, a general overview of biosensors and biosensing
applications has been presented. Different types of biosensors have been
discussed, including mass biosensors for which graphene resonators have a
huge potential. The world of graphene was briefly explored: its properties,
production, microfabrication, and characterization. The theory of Raman
spectroscopy was presented and its use as a powerful tool for identifying
graphene as a material with its characteristic G and 2D bands. The evolution of
the bands, especially the 2D band, with increasing layers of graphene was also
discussed and highlighted as a means of differentiating layered graphene
membranes. An introduction to the theoretical vibration analysis of graphene was
made, in-depth discussions are however presented in Chapter 3. A few actuation
and sensing techniques for resonators in MEMS/NEMS were presented; brief
discussions were madeont he use of PLLs to track the
Finally, the responsivity and mass sensitivity of mass sensors were discussed for
both noiseless and noisy systems. Ultra-high mass sensitivities of atto-, zepto-,
and even yoctograms have been reported in literature i these have mostly been
achieved with nanosized CNTs or graphene operating at ultra-high resonant
frequencies. Using equation (2-8), the devices developed from the micro-sized
resonators studied in this work should have femtogram mass sensitivities or in
the least should have LODs inthe p Tt p T range to be considered

successful.
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Chapter 3: Vibration analysis of rectangular-shaped

graphene resonators

3.1 Introduction

In this chapter, the vibration analysis of single layer graphene sheets (SLGSS)
and multi-layer graphene sheets (MLGSs) with a focus on double layer graphene
sheets (DLGSSs) is explored. The derivation of governing equations and solution
methods, and their application to SLGSs or DLGSs with various boundary
conditions are looked at in detail. The limit of the applicability of various
continuum-based analytical models to different sizes of GSs is determined. And
numerical solutions are adopted and adapted for the modal analysis of micro-

scaled DLGSs to be compared with experimental solutions.

3.2 Continuum mechanics models for graphene sheets

This work further explores the continuum models used for the vibration analysis
of graphene sheets. As mentioned in section 2.6, these models can be classified
based on a number of classification indices, including the approach used to
formulate the governing equations, linearity of the governing equations,
consideration of the size effect in form of the nonlocal elastic theory or modified
strain gradient elasticity, anisotropy of the material properties, and number of

layers.

When considering the formulation approach, the governing equations of a
continuum model can be formulated by following 1) the dynamic equilibrium
approach, through which the classical plate theory (CLPT) or Kirchhoff plate
model and the Mindlin plate model which is based on a first order shear
deformation theory (FSDT) are derived; 2) the variational method; and 3) the
integral equation formulation method. These approaches are built around the
maxima or minima or the equilibrium of forces or energy i which yields the
equations of motion by considering the balance of forces acting on or the energy
distribution in the model.

Based on linearity of the governing equations, the governing equations can be
classified as 1) Linear i where all the basic components of the vibration of the
sheets (mass, spring and damper components) behave linearly, and 2) Nonlinear

T where the vibration is not linear. Practically, the vibration of most structures in
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mechanics are linear up to displacements in the order of their thicknesses. With
graphene being one atom layer thick and MLGSs a few nanometers thick, the
vibrations of GSs are generally considered to be nonlinear. To model nonlinearity
in these sheets, geometric nonlinearity is mostly considered rather than material

nonlinearity.

Continuum models when applied to micro/nano-systems have been found to
overestimate the properties of the systems?!!é. This may be because the
assumptions made in the formulation of the models only hold true for macro-
systems. To account for this size or small-scale effect several new continuum
theories have been reported in literature which modify the existing models to
predict the properties and behaviour of micro/nano-systems more accurately.
Two of such theories are considered here: 1) nonlocal elasticity theory 1 which is
based on the dependence of the stresses in the sheets on nonlocal strain
components and is the most widely used small scale effect theory for vibration of
nanostructures. 2) strain gradient elasticity i which accounts for the effects of
higher order stress gradients and strain gradient nonlocality.

Based on the directionality of the properties of materials, the GSs can be

modelled as being 1) Isotropici wi t h t he materi al propertie
modulus, being same in every direction. And 2) Anisotropic i the material

properties varying with change in direction. For GSs, because of the hexagonal

|l ayout of the carbon at oms, materi al prope

orthotropic.

In modelling the vibration of GSs, the sheets can be 1) Single-layered i referred

to as SLGSs and is simply one sheet of graphene modelled as a single thin plate,

beam, or membrane. Or 2) Multi-layered i referred to as MLGSs, which could be

2 layers (DLGSs) or more modelled as composite plates. For MLGSs, the
interaction between the | ayers is widely m
pressure using the Lennard-Jones (L-J) potential, or less widely as Winkler-type

strings. It is also possible to estimate the equivalent properties of the MLGSs

using the standard rule of mixture for unidirectional composite plates.

The solution methods that have been employed in solving nonlinear systems can

be broadly classified into analytical and semi-analytical methods. Some of such
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solution methods that have been used for nonlinear systems include: 1)
Perturbation methods 2) Harmonic Balance (HB) method 3) Differential
Quadrature Method (DQM) and its modifications 4) Element-free kp-Ritz method
5) Finite Difference Methods (FDM).

3.2.1 Theories accounting for size effect

As the sizes of plates decrease into micro/nano scales, the plate transits from
being a true continuum to a matrix of atoms acting as discrete mass points
interconnected by the atomic bonds. This might explain why, as earlier
mentioned, the direct application of continuum models to nano-systems have
been found to overestimate the properties of the systems!16. Furthermore,
experiments on metals and polymers have shown that the size-dependency of
mechanical properties and physical responses of materials on a microscale or
microsystems are tangible and should not be overlooked'®3-185 To account for the
size effect on the properties and responses of micro- and nano- structures, new
continuum theories have been proposed such as the plastic strain gradient
theory183 186,187 ‘modified couple stress theory!®®, nonlocal elasticity theory89,

and strain gradient theory!®4, among others.

The scope of this work allows for a focus on the size effects in elasticity, which
manifest in a stiffness softening or hardening response when the structure is
loaded. Hence, the most used theories for size effects in elasticity: the nonlocal

elasticity and strain gradient theory are briefly discussed.

Nonlocal Elasticity theory

To account for the long-range interaction between atoms in a discretized mass
system, Eringen, fin accordance with atomic theory of lattice dynamics and
experimental observationson p honon drogoped ths iomatal elasticity
theory'®. The nonlocal elasticity theory states that the stress at a reference point
win an elastic continuum is not just a function of the strain field at that point but a
function of the strain field at every point aedn the continuum. For homogenous and

isotropic elastic solids, the nonlocal stress tensor , at point ois expressed as!®®

; | % g, ® Q0w (3-1)
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. YR
0

| st ¢rat 1 (3-2)

t 20 (3-3)

Where | s gt is the nonlocal modulus, , & is the macroscopic stress tensor
at aceavhich is related to the strain tensor at any point ¢edn the continuum at time o,

and _ is the volume integral over the region o occupied by the continuum body.

0 is the modified Bessel function, &is an internal characteristic length such as
bond length or granular distance, ais an external characteristic length, and Q is a
constant appropriately selected for each material to calibrate the model to match

experimental results.

The macroscopic stress tensor is related

” (b 6 = (l) (3-4)
Where 6 is the fourth-order elasticity tensor and - is the strain tensor.

The integral constitutive relation in equation (3-1) can be rewritten in a differential

form as162 191
o ta ., (3-5)

Which reduces to the form most commonly used in literature

I (3-6)

Where© Q& isthe small scale or nonlocal parameter and n is the Laplacian

operator ( — — for two dimensional models).

In the limit that the effects of the strain field at the points ceare ignored in the
consideration of the stress at the reference point ®B%8 1, the classical (local)
elasticity theory is recovered. Arash and Wang'°? provide a good review of the
nonlocal elasticity theory and its application in the modelling of CNTs and

graphene.
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Nonlocal strain gradient elasticity theory

It has been argued that Er i n gnemoodas elasticity theory does not adequately

capture the size effect in the analysis of nanostructures as its use of only the

nonlocal parameter only introduces stiffness-softening effects but neglects the
stiffness-hardening effect reported by the strain gradient theory!®3. Therefore,
Eringends nonl oc al enerdlizedtd inatudetthe sttain gradrert 1 s g
effect by considering higher-order stress gradients and strain gradient

nonlocality®4. The stress function is expressed in the nonlocal strain gradient

elasticity theory as

Q,
— 3-7
Qw (3-7)
where,, and, are the stresses related to the strain - and strain gradient

@ o Jespectively, and are given as

6 | dwied- o Qe
(3-8)

a6 | afieo m Qo
where 6 are the elastic constants, Qb and Qdare the nonlocal parameters
accounting for the nonlocal stress field, ais the length scale parameter and
| oo plt is the nonlocal modulus given in equation (3-2). Equation (3-7)
is multiplied by the linear nonlocal differential operator, p * , to derive the

constitutive relation for the nonlocal strain gradient elasticity theory as!%3

p Qb p Qd

e ‘ e (3-9)
Fio ‘)' Qw - E :::ffi =P Qw -

Which reduces, with the assumptionthat @ Q@ ©Qand Q& *,to

o, 6p a - (3-10)

Equation (3-10) is the generalized constitutive relation for the nonlocal strain

gradient elasticity theory.
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3.2.2 Modelling inter-layer interactions

The interaction between layers of GSs and other materials deposited on them or
the surrounding medium in which they vibrate, e.g. in liquids, have an impact on
the vibrations of the sheets and should be considered in their vibration analysis.
Two considerations for modelling these interactions will be discussed in this
subsection: van der Waals interaction model and the Pasternak foundation

model.

Van der Waal 6s (vdW) interaction between g

The interaction between any two GS layers is a non-bonded interaction that can
be an attraction or a repulsion force. This interaction is ubiquitously attributed to
van der Waal &swhitchvacd dBrived foom the Lennard-Jones (LJ) pair

potential.

The Lennard-Jones potential also called the Lennard-Jones 6-12 model is given
as

o d - (3-11)

d g

Where is the distance between the interacting atoms, - is the depth of potential,

and , is a parameter that is determined by the equilibrium distance.

Rappe et al.’% in presenting a universal force field for molecular mechanics and
molecular dynamics simulations express the Lennard-Jones potential between

any two atoms of any given element as
@) o — <% (3-12)

Where O is the well depth or the depth of potential in kcal/mol and @ is the van
der Waals bond length in v. O and @ for any pair of atoms "Cand v are found by

using a geometric mean combination rule for distance.

0 00 (3-13)

O O o (3-14)
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Where o is the van der Waals distances and ‘O the atomic van der Waals
energy. Values for @ and ‘O for atoms of different elements have been
published?®%s.

The vdW force, "Q is obtained from the Lennard-Jones pair potential by taking the

derivative of same with respect to the distance between the interacting atoms.

For the LJ pair potential in equation (3-11), the vdW force is derived as
Qw C*T

od =2

L @15

The vdW force can be estimated by the Taylor expansion around the equilibrium
position ‘Qwith the odd functions of ‘Jignored. Since the initial vdW pressure is
negligible at the equilibrium distance, the first term in the expansion is always set
to zero. The vdW force can be modelled as a linear function by truncating the
Taylor expansion to the first order. In that case, the vdW force becomes

od &% d o (3-16)

ccp,;’—f XE

Where 'dJ is the initial distance between atoms of the different graphene layers,

given as'’t

d o o O o a & (3-17)

When only infinitesimal vibrations are being modelled, it suffices to assume that
the vdW interaction is linearly proportional to the transverse displacements of the
GSst®0. 155 However, Jomehzadeh et al.1’? argues that since the vdW force as
expressed in equation (3-15) is a highly nonlinear function of distance, it is not
reasonable to model it as a linear function. In other works!’%, the vdW force is
also modelled as a nonlinear function to develop a geometrically nonlinear
continuum mechanics model. To model a nonlinear vdW force, the Taylor

expansion is truncated to the third order and the vdW force becomes

of  SF oo
' (3-18)
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Any two layers in an MLGS can be AA- or AB- stacked, depending on the
positions of the atoms in the top layer relative to those in the layer immediately
beneath it. In an AA-stacking, the carbon atoms in one layer are stacked directly
on top of those in the layer beneath it, while in an AB-stacking the atoms in one
layer are located directly above the center of the Brillouin zone of the layer
beneath it (see Figure 3-1). Since the vdW force acts along the atomsédirection,
for AA-stacked layers the force acts in the a direction but this is not the case for
AB-stacked layers. Therefore, to find the vdW interaction pressure between any
two layers in the adirection, the vdW force needs to be projected along the &
direction, divided by the area occupied by one atom, and then integrated over the
entire sheet.

Figure3-1: Graphena) AA-stacking b) AB-stacking

As shown in Figure 3-2, the projection of "'O'Q along the & direction and the
relation between the distance difference of the two atoms and the transverse

displacements of the graphene layers are given as

od  odbhé+ (3-19)
v, ., d
WE+ 5 (3-20)
cod "od’%. (3-21)
.
bahé g o (3-22)
t o v d 'd_%_ (3-23)
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Equations (3-21) and (3-23) hold true for both AA- and AB-stacked layers, with
a dfor the AA-stacked layers. Therefore, for both AA- and AB-stacked layers,

assuming that each carbon atom occupies an area of wdj /o 1°¢ and the GSs are

continuum plates, the linear vdW pressure is derived using equation (3-16) as'’!

o ¢*

n o S (PE X
Mo CcE pb , P X"
n W g ar al— o
Wi
(%1, ¥1.21)
{

| F (vdw)

l h=(z-z)
, | N F (vaw)

(%2,¥2,22)

Figure3-2: Atoms in any two adjacent GS layers and the vdW force acting between

them.

d o %Qwa (3-24)

P v v (3-25)

Similarly, the nonlinear vdW pressure is derived for both AA- and AB-stacked

layers using equation (3-18) as

) Mo ¢ ¥ . S«
f] = $F CoOg X d d—a.QooQoo
(3-26)
Mo o 0-@ n , T a, . .
& vy 0 d o FoeQ
fl Wo GEpb P X P o b
o o O 9 ar 9 ® o ar
o p g-p o', P (3-27)
w5 X © o ar
o = P v U
©oarar
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The net pressure caused by the vdW interactions on a layer (by all the other
layers 'Q pitf8 A with ‘@ "awhen modelled as a linear pressure can be

expressed as

A oo (3-28)

Where 0 is the number of layers in the MLGS, 0 and 0 are the transverse

deflections of the "€h layer and the other layers respectively, with & given as

CEPO. P X P (320
. T S -y

€
El5

When the vdW pressure is modelled as a nonlinear function, the net pressure is

given as
A w0 0 Q0 0 (3-30)
with
Q @ P ¢-p o, P o n —P (3-31)
wo -, O e G

It is worthy to note that the same procedure followed to derive the vdW pressure
between GSs can be used to derive the pressure resulting from the non-bonded
vdW interactions between a GS and any layer/sheet of a different material. One
example is the interactions between graphene and a polymer matrix,
polyethylenel’?. Here, equations (3-28) - (3-31) are thought to suffice for the vdW
interaction between GSs and any other layer of different material type. For the

interactions between GSs and other layers of a different material type, - in
equations (3-28) - (3-31) becomes - ,, becomes, ,and t/owd becomes

g wd , where the subscripts "Hand i refer to graphene and the other
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material type respectively. These new quantities can be obtained using equations

specified in the universal force field periodic table1%.

Pasternak foundation model

Unlike the vdW interaction model, the Pasternak foundation model assumes that
chemical bonds are formed between the GS and the elastic medium in which it is
embedded. The Pasternak foundation model19%: 197. 198 is improved from the
Winkler model to include the shear deformation "O of the elastic medium. The
Winkler model approximates the normal pressure from the elastic medium as a
series of mutually independent, closely spaced, vertical elastic springs whose

stiffnress0 represents the mPBigure®06s modul us

9t as
Y SRA dzY
AaKSI N Y
Q

2 Ay 1t SN2 Rdzf d

Figure3-3: GS embedded in an Pasternak foundation medium with Winkler modylus
and Pasternak shear modul{@,

Where the Winkler model is used, the interactions of surrounding elastic media

with the GSs are modelled as
n 0 0 (3-32)

Where U is the transverse deflection of the topmost or bottom-most layers in
direct contact with the elastic medium. For the Pasternak model, the interactions

are modelled as

B 00 O 0 (3-33)
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3.2.3 Derivation of plate models using the equilibrium approach

In this sub-section, the formulation of the governing equations for various
continuum models using variational and equilibrium methods is presented,
including plate and membrane models. Beam models are not considered in this
work because even though relatively easy and established solution pathways
exist for them, they do not adequately represent the vibration problem of GSs
(except where ¢ GO H).

Classical plate theory (CLPT)

A plate can be considered as a two-dimensional analogue of a beam i which
means that both bending moments and transverse shear forces will be active.
The basic kinematics of the classical theory of thin plates is therefore the same

as that of the Bernoulli-Euler beam.

Isotropic graphene sheets

Consider a graphene sheet modelled as an isotropic thin plate of uniform
thickness, "Q with dimension & @and with its undeflected surface in the ¢

plane as shown in Figure 3-4.

Figure3-4: Isometric plate model

Based on the CLPT, the displacement components of an arbitrary point in the GS

are expressed as

s .. 0 o -
6 cfuftfd 6 aftifd c;T—T - (3-34)
S asae .10 chudd
U0 ahodhd v oo T o
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l’) ‘IV'VZFI‘) l’) \I"r"\

Where 6 , 0 and 0 are the displacement components of the corresponding mid-

plane point afufit along the ¢y wand & directions respectively and ois the time.

For nonlinear vibrations, geometric nonlinearity is modelled by using the

nonlinear von Karman type strain-displacement relations given as
- - - all
- - - ol (3-35)
r r r all

where the subscripts 0 and 0 Orefer to the linear and nonlinear terms

respectively, and the in-plane strains and curvature parameters are defined as

- 1o - P10 N
v v [ ﬁb (Y - o I;l’_ ﬁ) I;P
N W T v r'p 'y II’CT, g
o V]
T Y B (3-36)
N worr T w ooy re v T o (r
I'p I'p - ) 'p P aw -
S I LR N
ul o T v Utol! o

I 1% ro p

[ " - AY -

e I TT W

I — 3-37

rvoror T (Y ( )

A SR LY

vl & o QG —=- .

Note that when only material rather than geometric nonlinearity is considered the
nonlinear terms in equation (3-35) are ignored to give the linear kinematic

relations.

Based on equation (3-6), the plane stress constitutive relation for the GS when

considering the small-scale effect is given as

R O B 21 R
A CENT) :}: pl I ET R
= L (3-38)
IP :t p :t e

u T dﬂr G

<
=
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Where ‘0, "0and  are the elastic modulus, shear modulus and Poisson® ratio

respectively, with '0 —— . The local plane stress constitutive relation is

recovered when the small-scale parameter, *, is set to zero.

The governing equations for the nonlinear vibrations of the GS are derived using

Hami |l tonds principte, which states that
7Y Y1 oo T (3-39)

where "Y "Yand  are the kinetic energy, strain energy of the GS and potential
energy of the external loads, respectively. The equilibrium equations are given

asl74

T6 10 1o T 10

o To to Jo Ta (3-40)
TO 10 ey 0T 10 }
"o To Ote %o To (3-41)
T 0 T 0 T 0 ,
o ST ol oTa N
1o 1 16 10 10 10
T 9T TeTo Cfate Tale (3-42)

Where0 ,0 ,and 0 are the in-plane force resultants, 0 ,0 ,and0 are
the moment resultants. n is the external load due to vdW pressure and the
applied force in forced vibration analysis. 'O, "‘Oand "‘Oare the inertia parameters

expressed in terms of the mass density, ”, of the GSs as

0 " Qa
0 " aQa (3-43)
(@) A Qa

0 is the term arising from the geometrical nonlinearity introduced via the von

Karman strain-displacement relations and is given as*®®
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Tgto 1o I 10 10 (3-44)

Ve Tel To e To ! To
And simplifies to
6 06— o o 5 Y (3-45)
In equation

(3-42), b is absent when the nonlinearity being considered is not geometric, and

where the rotary inertia term is ignored the term '0 —— —— disappears.

The force and moment resultants are given as

O 60 . . .  Qa (3-46)

O 0 D . . GQa (3-47)

According to the stress constitutive relation in equation (3-38), the force and

moment resultants satisfy the following equations

o (o) 10 I 11 p TL P
o 1 — Tk T o ¢! ® :
1) I ' ,:t p . I AP T T 0 "
p | l|j I ’q ! :t O O T[::: ~ "R E Y ™~ (3-48)
T IPI T P t ﬁl»r ’ T ‘ C i '(A) ) l»l"
u"') L,y u s s N '\’;i’ TL TL‘TLITY

) O 10O v ro Iy
] — 7! Tw -
I”l PRT)  p % 'y - 'y

p 1y N :I :t O o T[I:I‘ . ~ (3-49)
U on P c|1—9 f p f :’:I;l’ ) 00 l;l’
il S

v T olhw

It has been shown that the effect of in-plane inertia on large amplitude vibration
of thin-walled structures is neglible?%°, therefore neglecting the in-plane inertia
terms in equations (3-40) - (3-42), and multiplying the equations by p * , with
‘0being zero for sheets that are symmetric with respect to the g-axis, we have

68



Chapter 3Vibration analysis of rectangulashaped graphene resonators F.G. Unom

10 10
10 10
T T 0 T 0
P o ST ol 676
T o ., 10 . 10 .
p 0 o Gu Y S To n (3-52)
g0 1o To
P °To Tolo TaTo

To satisfy equations (3-50) - (3-52),t he stress function is def

function,
g
T
o (3-53)
Tw
5 T -
T O ®

Now substituting equations (3-49) and (3-53) in equation (3-52) and simplifying,

we have
T 10 10
To Tolo 1o
TO T 10 1T 1071
P Ol o T offal oo T o | (3-54)
1O 10 10
P T ToTo 1670
Or
0 0 ror- tor1- t1o1- .
P o T o STolml ado T o |
, , , (3-55)
.,OTU L. 1o T O
P 7o Tore Toro
wheren — ¢—— —, and Ois the bending rigidity given as
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‘0Q
pcp *

(3-56)

Equation (3-54) or (3-55) is the nonlinear, nonlocal fourth order partial differential
equation of motion for an isotropic GS being analysed as part of a MLGS-
composite in terms of the transverse displacementof t he sheet and Airy

function. The subscript “enotes the layer number.

Since equation (3-54) or (3-55) are functions of two unknowns, a compatibility
equation is needed to augment either of them before solutions can be obtained.
The compatibility equation is obtained by eliminating the in-plane displacement
functions, 6 and U, from equations (3-35) - (3-37) and expressing the in-plane
strain components in terms of the stress function. The compatibility equation

starts off with the form9°

) d cT "~ ,T - ) U , ) QT u (3-57)
Tw T ol oTw T ol v Tw Tw

The in-plane strain components are obtained from equation (3-48) as

|'v- v 0 0 T . ,6 - ,6
v 0 e A L (3-58)
- 1 AN 2 > e
Iu’lli 'C: umm 1 & Wud @ vl oo
" " ‘oQ @ .
w0 Ty ¥ pr N
i B . . . . 1 P e I’I
where % © T »is the inverse of the stretching stiffness matrix 1 £2 22 ;.
11 N 9 ¥ p ¢ 0
umm 1 o U T
Umn n o
in equation (3-48). Equation (3-57) then becomes
. 1o 1o T 0 1o 1
P T 76 T 76 Te T Ta TTale
(3-59)
To T OT 0

Tl o To Tw

Substituting equation (3-53) in (3-59) and simplifying, we have
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(3-60)

(3-61)

Equation (3-60) is the nonlocal compatibility equation that complements equation

(3-54). In some works, the nonlocal effects are not included in the compatibility
equation. Equations (3-54) and (3-60) form the nonlinear, nonlocal equations of

motion needed for the vibration analysis of an isotropic GS in a MLGS

composite. Together they are

(3-62)

1o T O T o
o Toto 16
T O T » T O Te T OT o
P Th T e o efa do T e
; 10 1o T
P np 9735 Toro Tolo
e rtete 10 1ot
P % - T fote  To T ol o To 16

Equation (3-62) can be appropriately tailored for a few cases of vibrating isotropic

GSs. For an isotropic MLGS, the nonlinear equations of motion without

considering the nonlocal effects are

’OTD T 0 T 0 T O T . T O T e« T 0T
Tw Tolw T To T w T olTaw? 0 T w
) 1o T o
975 Tolo Talo
é'T‘ 5 5 T e T e T 0 T o1o
T O ot T T ol o To To

n

(3-63)
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For an isotropic MLGS, the linear, nonlocal equation of motion is deduced as

~1 0 T o To
Tw Tl T
) , , (3-64)
, OT o . Twv T o
P 7o Talo Tald
Without considering nonlocal effects, the linear equation of motion for an
isotropic MLGS becomes
~1 0 T o T o N I B T o
o fele Ta ' TTe Tore falo (3-65)

Equations (3-62) - (3-65) are same for an SLGS under the same assumptions for
which they are given for MLGSs, but with the subscript “Qemoved as there is only

one layer of graphene in an SLGS. In cases where the rotary inertia terms are

ignored, the term 0 —— —— vanishes in equations (3-62) - (3-65) for MLGSs

and their adaptation for SLGSs.

Orthotropic graphene sheets

Graphene has its carbon atoms arranged in a hexagonal lattice structure, with the
structural pattern differing depending on the orientation being considered
resulting in armchair and zigzag edges in GSs (see Figure 3-5). Because of this
peculiar structure the elastic properties of GSs are said to differ in the two
perpendicular orientations, consequently the sheets are expected to behave

differently depending on the edge the load/boundary condition is applied.

Armchair Edge
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b)

Zigzag Edge

Figure3-5: a) Armchair and b) Zigzag graphene edges

The governing equations for the vibration analysis of orthotropic plates are

derived in the same way the equations for isotropic plates are derived and are in

fact same except for the bending stiffnesses and the inverse of the stretching

stiffnesses. Therefore, for an orthotropic plate of uniform thickness Q with

dimension & & the equivalent of equations (3-62) - (3-65) with the corresponding

assumptions are given in the next few paragraphs.

The nonlinear, nonlocal equations of motion for an orthotropic MLGS are given

as
1o ) ] T 0 1o
O7% ¢9 © e %7
T O T . T O T . T O T . .
P To T o fTofal de e |
1o T T 0
P T Tolo 1aTo
6T' 5 5 T e 6T‘ T 0 T ot o
P T © ot e o ol @ To To

(3-66)

The nonlinear equations of motion for an orthotropic MLGS without

considering the nonlocal effects are

T o T O T 0 T O T » T O 1 o
0 — 0 0 — 0 — . : .
Th © ot To Te T e °T ol &
T O T o . 1o ) T o
%o T o 1 55 Ciare Taro
6T' 5 5 T e T e T O T O1T 0O
T O ot T T ol o To To

(3-67)
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The linear, nonlocal equation of motion for an orthotropic MLGS is

T o

~ 10

Tolw

g Y

Tw

T o

T o

Twlo

Twlo

(3-68)

The linear equation of motion for an orthotropic MLGS without considering

nonlocal effects is

—a

(e

—a

8‘

T 0 10 .
ol @ o |
) ) , (3-69)
.1 U 10 T 0
1o Tolo felo

The stretching and bending stiffness matrices for an armchair configuration are

given as
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The inverse of the stretching stiffness matrix is deduced from equation (3-70) as
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For the zigzag configuration, the stretching and bending stiffness matrices are

given as
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(3-73)

(3-74)

And the inverse of the stretching stiffness matrix for the zigzag configuration is
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(3-75)

As with the isotropic equations, equations (3-66) - (3-69) are same for the

orthotropic SLGS under the same assumptions for which they are given for

MLGSs, but with the subscript ‘@emoved. Also, in cases where the rotary inertia

terms are ignored, the term E —:. :‘ P

——— Vanishes in equations (3-66) - (3-69)

for MLGSs and their adaptation for SLGSs. The effect of the anisotropy of

graphene on the natural frequency of GSs has been found to be negligible at

higher lengths (+i
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should only really be applied to nanoplates, with dimensions in the tens of

nanometers.

Although equations (3-62), (3-63), (3-66) and (3-67) include geometric

nonlinearities, by incorporating small strain and moderate rotation relations and

thereby including bending-stretching coupling effects, the transverse deflections

are stildl l i mited t o t heThinthedetore meahs thatife pl at e o
the transverse deflections of vibrating GSs are large and not in the order of the

sheet 0s tstiesscskffeneng sffects set in and all equations derived in

accordance with the CLPT including the nonlinear equations may be erroneous

representations of the behaviour of the vibrating sheets.

First-order shear deformation theory (FSDT)

The first-order shear deformation theory (FSDT) is an extension of the CLPT but

with transverse shear deformations considered. The FSDT is sometimes

erroneously called the Reissner-Mindlin plate theory!’®, which is meant to be an
amalgamation of Reissner and Mindlin plate theories. However, the Mindlin plate

theory is slightly different from the Reissner plate theory as is elucidated by

Wang et al?°2. They point out that although both theories were proposed for

analysing thick plates, it is erroneous to associate them asthe 6 Re i sMinred| i n 6
plate theory or to use one of them in an analysis and then compare the results

with those obtained by using the other. In fact, the assumptions upon which the

Reissner plate theory was derived do not allow for it to be classified as a FSDT

which implies a linear displacement variation through the plate thickness.

Isotropic graphene sheets

Consider a graphene sheet modelled as the plate shown in Figure 3-4 but with
thickness in the range of one-tenth to one-fiftieth of the planar dimensions.
According to FSDT, the displacement components for an arbitrary point in the

sheet are given as
é ‘I“,":Fb é “’rl“‘ q_ ‘I","‘
0 chufold 0 ahifd o cfufo (3-76)

0 chohdd 0 ahuo
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Where 6 , 0 and 0 are the displacement components of the corresponding mid-
plane point afudmt along the &y wand & directions respectively, 0is the time, and
[ and[ are the rotations of a normal to the midplane about the & and waxis

respectively (Figure 3-6). When the plates being considered are thin, the
rotations can be approximated as [ —andT —, which reverts equation

(3-76) to the CLPT case in equation (3-34).

The strain-displacement relations are given as

v — Ty

I’y T‘Q) v v Tr v
oo 2w e
Y l’l:r o1 é’r [ N U ¢
Do = e, e (3-77)
r o f ot & C(PT Troor
- " 0 I’y SN
l‘lf l~l’ |’I—, [ e -,T w T G-
U"r u l"IJI w I’y l\l’ Tt LJ’

"o rw s w

Ve IR Mo

where - and - are the normal strains, and[ ,[ and[ are the shear

strains

Tz i

Figure3-6: Plate rotational components
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The stress-strain constitutive relation based on the nonlocal elasticity theory is

expressed as
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(3-78)

The force and moment resultants are expressed as has been given for CLPT in
equations (3-46) and (3-47). Substituting equations (3-77) and (3-78) in those

equations, the force and moment resultants for FSDT become1°8 203
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(3-79)

(3-80)

where Q is the shear correction factor, and ‘O and "Oare the bending rigidity and

shear modulus, respectively, as have already been defined.

The equilibrium equations for the Mindlin plate theory as restated by Ansari et

al.l’0 are

6010 .16 1T
> 16 Cte 1o
I R B
T To 1o 276

78

(3-81)
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1y do d L
Tw To 1o 10
Y5 s ¢ S O

where 'O ‘Oand ‘'Oare mass moments of inertia as given in equation (3-43). Ois

zero for sheets that are symmetric about the & axis.

Equation (3-81) is multiplied by p ‘n and equations (3-78) to (3-80) are

substituted and simplified to yield the governing equations in terms of the five

unknowns 6 ,0 ,0 ,[ andf
oQtr 6 16 t@ 10 1o 1o
P flw To p i ch ) o’oOTb 10
@ ,mré T oQtr o 1 10
p 1 Tol @ To p 1o 1o 10
TQ.‘:]:] U TQ.‘:]:] U TQ.‘:L_!F‘ TQ.‘:]:ET o B
Tw Tw T w T W
.,OTL:) TL:)
ToO T0
(3-82)
TQ.‘:ﬂU‘ ,OT r‘ Q' Op %1 f’ Op 1 r‘ ’
T w Tw q TW C T o
o 1T TT
Oro 1o
el 0 Op T T T Op 171 e
Q0 Q
CXIch ¢ Tl OTa ¢ To R
T TT
© 1o 1o

Equation (3-82) is the nonlocal FSDT equations of motion for isotropic GSs in an

MLGS composite interms of 6 , 0,0 ,T

and [ . Since "Ois zero the first two

equations of equation (3-82) are not coupled to the last three and can be ignored
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to reduce the number of unknowns to be found and consequently the amount of
computations to be carried out. Therefore, the nonlocal equations of motion for
isotropic GSs in an MLGSs composite in terms of the transverse displacements

and the rotations, 0 ,[ and[ are given as

TQ.‘:L,;{J TQ.‘:ﬂQ TQ.‘:,;(‘ TQ.,:dr' o
Tw Tw T w T w

R R B
° 73 o
TQ.‘jﬂu‘ 'oT r‘ Q0 Op iTrl Op ¢Tr‘ ’
T w Tw C Tw C T o
(3-83)
.,OTr R
10 10

1o Op %101 11 0Op t1r ..
Q2 Q
G‘Iro’o T o T C To R
tr oty

\

10 10

O

For the local equations of motion, { is set to zero in equation (3-83).

Some works?%4: 295 have proposed a new FSDT that also reduces the five
unknowns in the classical FSDT to four and eliminates the use of the shear

correction factor.

Membrane theory

Various continuum models and approaches based on plate models have been
predominant in the vibrational analysis of GSs and some of them have been
discussed here. However, very little attention has been given to the use of
membrane models for such analyses. Membranes are two dimensional structures
that cannot resist compressive stresses and bending moments, with restoring
forces arising exclusively from the in-plane tensile forces. An easily observable
distinction between membranes and thin plates is the length to thickness aspect
ratio. Generally, based on length to thickness ratio, classification of structures

could be made as Table 3-1 presents.
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P QP M
Q C v pTT CTT cTmowm Y 1t
Structural | Very thick Thick Moderately Thin Membranes?
classification| plates plates thick plates plates '

Table3-1: Classification of structures based @nQratio

The mechanical behaviour of a structure depends on its material type and spatial
dimension. To classify a structure as a membrane, the question that begs
therefore is whether with a ratio wQ @ rthe structure has negligible resistance to
compressive stresses and bending moments and as such behaves as a

membrane. The next section derives the equation of motion for the nonlinear

vibration of an SLGS modelled as a membrane structure.

Consider an orthotropic SLGS modelled as a taut membrane under in-plane
tensile force “Yand consider a rectangular element of the membrane in a

deflected configuration as shown in Figure 3-7.

dx

Figure3-7: Tensile forces on a deflected rectangular membrane element

“Y and “Y are the intensity per unit length of the tensile forces acting along the w

and waxes and 1) is the pressure acting on the membrane element. The resultant

force acting on the element in the ¢-direction is given as
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—a

vy -

0 Y 00l Qe TT—d')Q(b'Qd) Yi REQ G

Py i (3-84)

Y00l V- 0000 Yi REQO | QOQ
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Expanding brackets and collecting like terms, equation (3-84) becomes

— "y —
0 Vi 0 F06 {0 00— 0 F 00000
T w T T @

Yioe 06 i et 0o — 0 —ocoms (385
T w T w T w

NnQwQw

Replacing the triangular partswi t h t he first two ter ms

and neglecting higher order terms and terms with trivial parts like ——, we have
0 LY 00 0dvdiH—000d—| BO0REYoEi4H 000
T o I i O T & " (3-86)
NnQwQw
Applying Newt on 0 s ¢-direcion,wd hateaw i n the
QOO0 T
0 g 20 T Y (3-87)

Where 0 is the deflection of the membrane in the adirection, ” the mass per unit
area of the membrane and othe time. Equating equation (3-86) to (3-87) and
simplifying, the general form of the equation of motion for the vibrating SLGS
membrane is given as

To p 1y T— 1y

e Tl QEQEHDEH YDE —DEH— i QEOEFDES
To QT w Tw ! o

YweE+wE |_T—(b N (3-88)

From Figure 3-7 , the following geometric relations can be deduced

R )
0ot (3-89)
Which means
1= gl 2ol 2 (3-90)
w ) Tw

Similarly,
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., 10
0 Gt (3-91)
and,
T— ., ., 1To0 10

Substituting equations (3-90) and (3-92) in (3-88), the general form of the

equation of motion for a SLGS membrane with large amplitude and large rotation

is given by
TO pT"Yrux’?’rr’?’rr Ny T r ’;‘”TUTl,"\’?‘,,’?‘,,
— — —i QeEwEH+wE+ YWE HHWE——F— —i Qewét+we+
To QT w Tw T o

(3-93)

T oror X oo

. o |
YWeE+WE ——— N

Tw

For very small rotations, @ é+¢e p, 0é—+e p,i Ree mandi Q& e T equation

(3-93) becomes
e (3-94)

The tensile forces per unit length, Y and "Y are given as6®

) TT_U Qo O,
YUY, . )
w
o o
(3-95)
| T_U QW
b P RO W
Y Yy, Y &
oy w ¥y
(o4 o

where ®and ware the length and width of the SLG membrane in the equilibrium
position, O and O aret he Y o u n g 6 af thenredthbrdna is the wand w
directions, “Y;, and "Yj are the pretensions per unit length in the wand w
directions, respectively. Equation (3-95) is substituted in (3-94) to give the
equation of motion for the large amplitude vibration of an SLGS with small

rotations as
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' (3-96)
' o W]
o o P Y Qo andy "
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& o & gl @
When the amplitude of the vibrationissmall,, p — Qde & and
p  — Qu & Equation (3-96) becomes
re p 70 TO0 |
S Yhm Yhm n (3-97)

Equation (3-97) is the equation of motion for the small amplitude vibration of an
SLGS with small rotations. In the language of this chapter, equation (3-96) is
the nonlinear equation of motion for the vibration analysis of orthotropic
SLGSs, while equation (3-97) is the linear equation of motion for the orthotropic
SLGS.

3.2.4 Boundary conditions

The boundary conditions (BCs) of a vibrating structure are pertinent in its
vibration analysis because they influence the resonant frequencies and mode
shapes of the vibration. To solve any of the plate models presented in Section
3.2.3, appropriate boundary conditions must be applied to the model. Boundary
conditions are conditions/equations that hold true at each point on the periphery
of the structure. Generally, when solving a mathematical model in a domain, the
BCs define the constraints existing at the extremes (maximum and minimum
states) of the domain. When the BCs are the major determining conditions in the
solution of a problem, such problems are described as Boundary Value Problems
(BVPs). A similar set of problems called the Initial Value Problems (IVPs) use

initial conditions (ICs) as the constraints in the solution of the problem. Where the
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initial conditions are the values of the independent variable at the lowest domain
point; for time domain, the ICs are usually the values of the independent
variables when 0 Q& ‘Q . Because vibrating problems involve both spatial and

time domains, the ICs also have to be defined.

The BCs applied to a given problem depend on the physical condition and
meaning of the problem being modelled. Classically, there are three basic BCs
that can be applied to a classic vibration problem in any combination that
represents the physical boundaries of the problem. These are the simply
supported (SS), clamped (C), and free (F) boundary conditions.

Simply Supported

Physically, when an edge of a structure is prevented from deflecting transversely
but can rotate freely as though hinged at that edge, the edge is said to be simply
supported. Consequently, the value of the transverse displacement variable and
the bending moments along any edge that is simply supported will have a value

of zero, as shown mathematically in equation (3-98). The specific expression for

the bending moments will however depend on the plate model being used.

lr) ‘I" VIV\ S F] n
(3-98)

GSH 0 . Tt

Clamped

For the clamped case, the edges of the structure are prevented from deflecting
transversely and from rotating. On such edges, the value of the transverse
displacement variable and the rotation angles along the edges being clamped are

zero (equation (3-99)).

0 o s ; m
(3-99)
° \I" II"\ s ﬁ . \I h B _,_[
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Free

When the edges are free, they can deflect transversely and rotate. Consequently,
the effective transverse shear force and the bending moments along those edges

must be zero, as shown in equation (3-100).

CR

SH o . T
(3-100)

D@ﬁ 0 . Tt

3.3 Solution methods

The derived partial differential equations (PDEs) of motion for the vibration of
GSs, particularly nonlinear vibrations, are appreciably complex and difficult to
solve. A few different solution methods have been employed by different
researchers in the search for accurate solutions to the PDEs derived in the
preceding subsections. Most of these solutions are numerical solutions that have
been developed for problems in engineering and physical sciences. Some of
these solution methods applied to the vibration problem of GSs include the
Differential Quadrature method (DQM), the Generalized Differential Quadrature
Rule (GDQR), Navi er 6s solution met hod, Har moni c Bal
Difference Method (FDM), the Element-free kp-Ritz Method, etc. Of all these
methods, only the GDQR has been demonstrated to be robust enough to handle
any combination of the classic simply supported, clamped and free boundary
conditions. This work therefore used the GDQR methods to solve the derived
PDEs of motion for the GSs. Since a huge chunk of the literature on vibration of
GSs deal with the fully simply supported (SSSS) or fully clamped GS, the focus in
this work and the presentation here is for a simply supported-free-simply
supported-free (SSFSSF) and a clamped-free-clamped-free resonator (CFCF).
To validate the GDQR, the basic CLPT model (linear local Kirchhoff plate model

for a SLGS) was solved and compared with results from exact solutions.

A few works296-210 have outlined the DQM and GDQR in detail, but a few
loopholes still exist that make their application a bit difficult to understand.
Therefore, step by step processes in using the DQM and GDQR are outlined in

this work.
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Differential Quadrature Method (DQM)

The DQM is a numerical method for solving initial- and/or boundary-value
problems, initially proposed as a general numerical method for solving nonlinear
PDEs?!, After it was first applied in structural mechanics?'? 213 it became one of
the widely used numerical methods in solving structural mechanics problems.
Detailed reviews on its chronological development have been published?°” 214, as
such this work will not delve into that. However, a generalised form of the
classical DQM that has been proposed to particularly ease handling problems

with multiple initial or boundary conditions will be reviewed in detail.

The Differential Quadrature Rule (DQR)

The basic idea of the DQM is that the partial derivative of a function with respect
to a spatial variable at a discrete sample point can be approximated as a
weighted linear sum of the values of the function at all sample points in a certain
spatial direction in the domain. Because this work focuses on two dimensional
structural problems, the DQM rule for two dimensional problems is presented.
Consider a function "Q "Qafto with its field in a rectangular domain 1 & ¢t
® @ Let the grid of discrete sampling points with ¢ and ¢ points in the & and
wrdirections, respectively, be as shown in Figure 3-8. An i th-order partial

derivative with respect to wat a discrete point @  along any line w « parallel
to the craxis can be approximated as?%’

T "Qadw
Tw

6 "anf  phciofs . (3-101)

where £ is the total number of grid points in the adirection, 6 are the
weighting coefficients, and "Q are the function values at the point " i.e.’Q

"Q( . Similarly, an i th-order partial derivative with respect to wat a discrete

point @ ® along any line @ @& parallel to the ¢raxis can be approximated as?°%’

6 QN plchof8 i (3-102)
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here, ¢ is the total number of grid points in the «xdirection, 6 are the

corresponding weighting coefficients. For a mixed derivative, the quadrature rule

is

— 6 6 MQnNn phMRE N phB e (3-103)

Twlw N
ny
A ny-l
ny-2
3
2
1

y 1 2 3 nx'z n,

x L Nl

Figure3-8: DQM grid distribution of solution domain

With the quadrature rules in equations (3-101) - (3-103), the quadrature analogue
for a given differential equation can be written for every point in its solution
domain. Thereby, reducing the differential equation to a set of algebraic
equations, the number of which depends on the number of sample points
selected. The accuracy of the solution depends heavily on the accuracy of the

weighting coefficients and the choice of sampling points2°”.

Weighting coefficients

The weighting coefficients of the DQR can be determined by some appropriate
functional approximations, with the approximate functions called test functions.
Using the Langrangian interpolation shape functions as the test functions, the

weighting coefficients for the first derivative whenry Qandry & are given as

88



Chapter 3Vibration analysis of rectangulashaped graphene resonators F.G. Unom
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where 0 1T is defined as
01 T (3-105)

Whent) Qandn &, the weighting coefficients for the first derivative are given

a3198
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(3-106)

And the weighting coefficients for the second and higher order derivatives are

given as?%’
(B4 o 6 F]‘ ';'Q
(3 ! ° W d
o) . nQ phcBrEM 1 & p
r'p o h n Q
¢
5 (3-107)
i 6 8 —— hn &
Iy )
o) . A phgfB FE I i
r'r 6 h n a
w n
€ P

Distribution of sampling points

The choice of grid distribution for a solution domain, as earlier mentioned,
impacts the accuracy of DQM solutions. Six typical grid distributions commonly

used in literature are209 215
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1. Equally spaced grid points
W QP
o = ph Q phghB hy (3-108)
2. Roots of Chebyshev polynomials of the first kind
& ——h 0 pici i
(3-109)
.ox, CQp"
l wWE | m
0]
3. Roots of Chebyshev polynomials of the second kind
o T 0 pich i
(3-110)
I WE b——
v P
4. Roots of Legendre polynomials
& —h 0 i
) (3-111)
P P = TQp”
[ P —— —— WE I—
Jo Y LSS
5. Quadratic grid points
Qp h Q ph FBh—ﬁ P
v ST o phc c
o (3-112)
v Qop Q p - ., U p o
i G 5 o T 5 o ph Q c ph8
6. Chebyshev-Gauss-Lobatto grid points
o Lo o e % B0 pif (3-113)

Where & @ & 1s the normalized sample point (& w ofor sampling points in the

wrdirection) and 0 is the number of grid points in the specified direction (¢ and
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¢ inthe @ and wdirections respectively). The number of grid points and choice
of grid point distribution for the & and wdirections do not have to be the same.
Ultimately, the choice of grid point distribution will depend on the problem to be
solved, however, the Chebyshev-Gauss-Lobatto grid points are recommended for
structural mechanics problems?%’. With the DQM, when solving two-dimensional
vibration problems in which two boundary equations exist for each boundary, the
first boundary equations are applied to the sampling points on the boundary lines
and the second boundary equations are applied to sampling points adjacent and
very close to the points on the boundary lines. These points adjacent and close to

the boundary points are called| -points and the method called the | -technique.

Generalized Differential Quadrature (GDQ) Method

One major challenge with the DQR presented in equation (3-101) is the difficulty
in handling multiple BCs, even with the -technique. The -points used in thej -
technique no matter how close they are to the BPs are still inner domain points
and as such are mathematically unsound and are bound to cause ill-conditioned
problems in the DQM solution?%, Consequently, a new DQR called the
generalized differential quadrature rule (GDQR) was developed that accurately

and efficiently handles multiple BCs2%6,

Consider a one-dimensional field variable "Qw prescribed by a differential
equation in a field domain @ @ w which may also be constrained by a set of
given conditions at any point(s) in the domain. The solution domain is divided into

0 parts by points @ ‘Q phefB H) that include all points in the domain whether
they are constrained by conditions ornot. Let™Q "Q & i 1ipfgB be the
i th-order derivative of the field variable "Qw , with "Q "Qbeing the function

value at point w. If the number of equations applicable at point w is denoted by

¢ , the highest value of i is ¢ p and the independent variables at that point

which are chosen as the function value and its derivatives of possible lowest

order wherever necessary, are " Q 1 Tiplcl8B R p.

The test function used here is the Hermite interpolation shape function, the field

functionds interpolation expression is
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Qw Mo QMo E 10 ®w'Q

(3-114)

where 0 is the total number of independent variables in the domain, *Y the
independent variable at w, and 'Q the Hermite interpolation shape function which

are given as

(3-115)

The Hermite interpolation shape functions have the following properties?°

MNQ e @ i
q  PT OWES (3-116)
m €8I VLQ Q

Taking the i th derivative of equation (3-114), we have

(3-117)

QQw
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where O are the weighting coefficients of the i th-order derivative of the function

at point w. Therefore, the GDQR is

QQw o ]
o o Y |(3-118)
And the weighting coefficients
. Q0w )
o) o (3-119)

By rule, the number of independent variables at a sampling point in the solution
domain must equal the number of equations that point must satisfy.

GDQR and explicit weighting coefficients for rectangular plates

For vibrating rectangular plates, the GDQR for &, &> and  epartial derivatives is

T "Qoh .
_ o Y
Tw
T Qoo ,
- oY
Tw
(3-120)
1 "Qoho )
—_— O 0O 7Y 6 O 7Y o Y
Tw!w
6 0 7Y o 7Y

where Q phelBB R MQ pheBRE ND & ¢cNO & ¢andd andd are
the Langrangian interpolation shape functions given in equations (3-104), (3-106)
and (3-107). For convenience in the application of the Hermite interpolation

functions as derived by Wu and Liu?'%, equation (3-120) is rewritten in the form

—_— O Qw™Q aw O O Q
Tw
(3-121)

93



Chapter 3¥Vibration analysis of rectanguleshaped graphene resonators F.G. Unom

1 "Qohd
TR O

Where @ @ and a w are the Lagrange functions at points wand wrespectively,

and

. TQ w
@] _

Tw

(3-122)

, TQ w
0] _

Tw

and the derived Hermite interpolation shape functions?®"Q @ are given in
Table 3-2.

" p a
) — —
®» © ®»
QO Ow OO O aw . o
W - — O O ®
® ©
O p OO O®
" p
)
®» O
Q ® OB O O aow a ® ©
®»
. Ww
® -
O ®
. p a
IR -
®» ®»
> p
w — W W W
® ©
Q w WWw 0w wao (I)pww&oo
0 mh p
Q 1ip & _ P
®»
- 0w
® —
®» O
. 0w
® -
® ©
Q w ———— 0 W
® O O O
0 chotBh p

Table3-2: Hermite interpolation shape functions for rectangular plate vibration problem
given for thewdirection(d ¢ ) but also applicable in thedirection
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GDQR application to rectangular plate vibration problems

As with the DQM, the GDQR is applied to discretize the governing equation and
BCs and the resulting set of linear equations are solved.

Step one
The governing equation(s) of motion are expressed as a function of the

transverse deflection (0) and vibration frequency ( ) and the BC equations for

the boundary conditions are specified according to the desired continuum model.

Step two
The number of grid points ¢ and ¢ in the & and wdirections, respectively, and

the grid point distribution to be used are specified. Although the authors of the
GDQR claim it does not require solution domain decomposition, the deduction of
the eigenvalue form of the model (described in step five) requires the solution
domain to be decomposed. Figure 3-9 shows the grid points and the solution
domain decomposition for the GDQR. The solution domain decomposition is
different to that of the DQM in that the boundary domain does not include -
points but only the points on the boundary lines & mhwand & mha The
number of sampling points in the inner domainis ¢ ¢ &€ ¢ andinthe
boundary domainis ¢ ¢ ¢ 1. At each of these sampling points the
independent variable(s) is/are defined. If ¢ is the number of equations satisfied
in the inner domain, then the total number of independent variables in the inner
domainis€¢ ¢ ¢ &€ ¢ ;similarly, if ¢ isthe number of equations satisfied
on each point in the boundary domain, the total number of independent variables

in the boundary domainis ¢¢ ¢ ¢ C .
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Figure3-9: GDQRgrid distribution of solution domain

Step three
The guadrature analogues of the equation(s) of motion and BCs are written using

the GDQR with respect to the domains in which they are satisfied. Since the
number of independent variables in a system of linear equations must equal the
number of equations in the system to be solvable, the total number of equations
in the inner domain must equal the total number of independent variables,
therefore the number of equations required for the inner domain is ¢ ¢

¢ € ¢ .Similarly, the number of equations required for the boundary domain
isce & ¢ C .

Step four
Assemble, rearrange and express in matrix format the quadrature analogues of

the equation(s) of motion and BC equations within the framework of a
generalized eigenvalue problem. The assembled matrix equation is of the form

o (3-123)

where 0 is the stiffness matrix with its elements being functions of the elastic
and geometric properties of the GS. The subscripts wand “Qlenote the boundary
and inner domains, respectively. Therefore, 0 isan&¢ &¢ ¢ & ¢ ¢ ¢
¢ & ¢ matrix, O isact & ¢ C ¢C& & ¢ ¢ matrix, U isan

¢ & 3 CE c¢ & &€ 1¢ matrix, and 0 is a
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¢ € € 1 € cE € cE matrix. 0 is the equivalent
mass matrix whose elements are functions of the mass moments of inertia. And
M and m are the displacement vectors of the points in the inner and boundary

domains, respectively.

Step five
Equation (3-123) from step four is re-written into the standard form of the

eigenvalue equation using the condensation technique as

0.0 030 UOgp= M T 0O M T (3-124)

Equation (3-124) is solved to obtain the eigenvalues and eigenvectors of the
vibrating plate.

3.4 Results and Discussions

3.4.1 Validation of the GDQR

To validate the GDQR method, the classical Kirchhoff plate model was solved for
an SSFSSF plate using the GDQR method and compared with results obtained

from exact solutions.

The governing equation for the classical Kirchhoff plate model deduced from
equation (3-65) by neglecting the rotary inertia terms and the vdW pressure, 1,

from adjacent layers is given as

o To 10 T o

0 o STole To "oT 5 (3-125)
The boundary conditions are given as
0 TTTU i o TN @ 6 (3-126)

T p o aw mw - (3-127)

for the free edges.

Assuming a sinusoidal time response solution to equation (3-125) of
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O D & WHo (3-128)

the corresponding mode shape function @ o is the classical Voigt function

@ i PEd I QEQ | ® 6 WEITQ | W
] (3-129)
6 i@ Q | ® 0Owfr Q | o
where Q "0, a “j& ,1 isthe frequency of vibration, and & is the
number of half waves in the wdirection.
For an SSFSSF plate the frequency equation is given as?6
C %0 %0 _ a “ P T (I)é%od)é"mo P
% _ & “ p % (3-130)

% _ o “ p T i i W T

where _ 1 @ "jOis the non-dimensional frequency parameter, and

®
%o - - «
5 =
(3-131)
%o - - «a
5 =
Equation (3-130) assumes that’Q | , howeverif Q | equation (3-130)
becomes
——- _ & p I  DOEE OEQ p
—_av op t (3-132)
- _ @ p ¥ Ii"@®i®™ n
Where
®
- = o -
3 -
(3-133)
- - a =
2 -

The "Qa ‘Qe¢otnmand was utilized in a MATLAB programme to solve the frequency
equation (equation (3-130)). The "Qa ‘Qcommand finds the roots of a nonlinear

function by identifying the points at which the sign of the function changes. Table
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3-3 gives the normalized natural frequencies of the first few modes for the free
vibration of a classical Kirchhoff plate,usi ng a Poifs OB withspatiaht i o
aspect ratios (¢j ) of 0.4, 1.0 and 2.5. The fundamental frequencies as shown in
the first row of Table 3-3 occur at the points where the value of the frequency
function switches from zero to a positive or negative real number. All the values
of the frequency function before zero are complex numbers, as such the MATLAB
programme was unable to find that first switching point since the "Qd ‘Q¢ommand
will only accept real and finite inputs. Hence, _ for all & hhiand& pcould
not be extracted and have been taken from the literature?!8. It should be noted
that in at least one other place?!’, the fundamental frequencies are reported as
those in the second row of Table 3-3, for example, _ 16.1348 for a square
plate and not _ 9.6314. By comparing the mode shapes of _ 9.6314 and
16.1348 (Figure 3-10), both shapes satisfy & pand¢& p the difference
being the position of the nodal lines, therefore a labelling of _ for both
frequencies will not be totally wrong. However, since 9.6314 is the lower of the

two frequencies, it should be considered as the fundamental frequency.

Mode W ®
sequence 0.4 1.0 2.5
1 11 11 11
9.7600* 9.6314* 9.484%
2 12 12 12
11.0368 16.1348 33.6228
3 13 13 21
15.0626  36.7256  38.3629*
4 14 21 22
38.9450 75.2037
5 15 22 31
46.7381  86.9684*
6 21 23 32
39.2387* 70.7401 130.3576
7 22 14 41
40.5035 155.3211*
8 16 31 13
87.9867 156.1248
9 23 32 23

44,9416 96.0405 199.8452
* Values taken from literature?®

Table3-3: Nondimensional frequency parameters 7 & G ‘Ofor SSFSSF plates
deduced from the frequency equation
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Omega11=9.6314

Omega12=16.1348

Whbar
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a) b)
Figure3-10: Mode shapes foa) _ 9.6314b)_ 16.138

The GDQR was applied to equation (3-125) and boundary equations (3-126) and
(3-127) following the steps outlined in section 3.3. The Chebyshev-Gauss-
Lobatto grid distribution was used for the solution domain. Table 3-4 shows the
convergence rate of the method for the free vibration of an SSFSSF plate. Unlike
the rates in literature%% 210 the rates achieved here are not fast and even at high

sampling points of 39 39 the frequencies do not properly converge.

Grid SSFSSE (¢
11 11 30.7674
15 15 -

21 21 33.4836
24 24 34.1197
27 27 32.8243
35 35 32.3349
39 39 32.1514
50 50 332412

Table3-4: Convergence of the GDQR applied to vibration problem of an SSFSSF plate.

As a result of poor convergence rates a grid with a large number of sampling
points (50 50) was used as the solution domain for the validation of the GDQR
method. This was necessary as very accurate mode shapes were required to
ensure that the frequencies being compared with those from the exact solution
method were for the same resonant mode. Table 3-5 shows the comparison of
the frequencies obtained from the GDQR with those from exact solution methods
for a SSFSSF square plate. The percentage error is calculated as

000 Q& Q O O®Bd 6 6 Qf &
Qi i 3-134
POl e Ono®dasco e PN ( )
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Mode GDQR %
Exact ;
label : (This error
Solution
work)
14 752834 71.3934 -5.167
44 236.2620 223.8526 -5.252

Table3-5: Comparison of the GDQR Irequencies with those from exact solution methods.
W pht ™

The percentage errors of the GDQ are not too large as to discard the method,

however, the ultra-low error percentages of the method as shown in literature for

plates with opposite sides simply supported?!9, have not been repeated here. It is

also noted that the GDQR as used in this work by comparison with exact solution

methods did not yield the first few occurring frequencies.

3.4.2 Vibration of micro and nano-sized plates

Although the GDQR did not show very low percentage errors, which might mean
it may not be a suitable method for determining the natural frequencies of
graphene resonators, it was used to study the effect of the small-scale parameter
on the vibration of micro and nanosized rectangular resonators. It is assumed
that the error margins for one solution will be roughly the same as another,

allowing for both solutions to be reasonably compared.

The value of the small-scale parameter used in literature varies from work to
work. Severalear | i er wor ks used Er iQnigteersidal-scala | u e
parameter relation ‘Qd . However, it has been demonstrated that suitable
values of Qdcan be chosen to constrain the analytical solution to match MD
simulations'®3, with values in the range 0 1 2.0 ¢ & A few other works have used
this range as values of Q& and not Q@ The effect of the small-scale
parameter has been shown for the vibration of different sized nanoplates®®, while
a no-effect verdict has been implied for micro-sized plates!*. The plot in Figure
3-11 shows the change in the first non-dimensional frequency for different Q&
selected between 0 and 2.0 ¢ afor a linear, nonlocal model. When Qis 0, the
local plate model is achieved. It is evident from Figure 3-11 that the frequency
parameter when Q& O is several orders larger than the frequency parameters
for all the other values of Q& which seemingly agrees with literature that
classical plate models overestimate the frequencies of nanoplates. The effect the

inclusion of the small-scale parameter has on the frequencies can also be seen;
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the pertinent question then becomes, what value of ‘Q@should be used for

different sized plates? With experimental or MD simulation data, an appropriate

value of Qcan be selected for a given resonator size range.

Non-dimensional Frequency

1E+7—é
1E+6—é
1E+5—;
1E+4—é
1E+3—é
1E+2—é

1E+1

1E+0

—=— 1st Frequency
—— 2nd Frequency

0.00 025 050 0v5 100 125 150 175 200 225
g,a (nm)

Figure3-11: The effect of the small scale parameter on the-dimensional frequency.

Ggo pht ™ po a

Figure 3-12 shows the change in the effect Qwhas on the first frequency of

various micro-scaled SSFSSF graphene resonators. It should be noted that

frequencies in these plots are referred to as the first non-dimensional frequency

or first frequency and not the fundamental frequency of the plate in line with

previous discussions on the inability of the GDQR as used in this work to produce

the fundamental frequency for the model being solved. Notwithstanding, all

values of the small-scale parameter rescale the overestimated frequency of Q®

0. Most importantly, it can be deduced that for micro-scaled GSs, the choice of

‘Qis unimportant as all 0

‘Qd 2 scales the overestimated frequency to the

same value for a given resonator length. Figure 3-13 shows the effect of Qcon

the first frequency of nano-scaled SSFSSF graphene resonators which is very

much in agreement with literature!®8 161 The small-scale parameter scales the

overestimated frequency, but with nanoplates the choice of ‘Qmatters as

different values scale the overestimated frequency to different frequencies.
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Figure3-12: The effect of small scale parameter on the frequency of rEcabed GSs
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Figure3-13: The effect of on the first frequency of nanosized GSs
To validate the effect the small-scale parameter has on micro-scaled GSs,
comparison is made with experimental results reported in literature. Figure 3-14
shows the plot of the first frequency derived from the nonlocal linear equation of
motion foral‘ aby 2 ‘' &SSFSSF SLGS with fundamental frequency, 'Q 70.5

0 "O& for different small-scale parameter values.
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Figure3-14: Nonlocal linear equation solution compared with experimental results
foral‘ aby 2‘ &SLGS resonator.
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The local linear plate equations (when Q@ 0) are clearly not suitable for the
vibration analysis of micro-sized GSs because they overestimate in no small way
the natural frequencies of the sheets. Therefore, the small-scale parameter must
be incorporated in the governing equations in the modelling of the vibration of the
sheets. Even though the small-scale parameter rescales the overestimated
frequency in Figure 3-14, the rescaled frequencies are still about 168% higher
than the measured fundamental frequency. This is not completely out of place, as
the first frequencies from the GDQR as used in this work are not the fundamental
frequencies of the vibration being modelled. The comparison is made to validate
the theory that the small-scale parameter is important for the vibration analysis of

micro-sized GS.

3.5 Conclusion

This chapter has looked at the theoretical analyses of the vibration of rectangular
GSs. The transition from the use of MD simulations to continuum mechanics
models in the analyses of the mechanical behaviour of nano-sized structures is
discussed. A few different continuum models are looked at in detail and their
respective governing equations derived. The theories developed to account for
the size effect of the structures, models for the interlayer pressures,
consideration of nonlinearities in the models are also discussed. The GDQR
method is used to deduce the applicability of some of the discussed continuum
models in the vibration analysis of nano- and micro-sized GSs. As has been
presented in the literature, the small-scale parameter Qwwas found to resolve
the overestimation problem encountered when classical plate models are applied
to nano-scaled sheets. This work extends the necessity of a small-scale
parameter to micro-sized GSs. It shows that when Q@& T, the frequencies of
micro-sized GSs are overestimated, but at any value of Qwother than zero, the
frequencies are scaled closer to the expected values. Hence, we establish that
the choice of value for Qis insignificant compared to its incorporation in the

governing equations applied to micro-sized GSs.
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Chapter 4: Computer Aided FE Analysis of graphene

resonators

4.1 Introduction

This chapter presents the modelling and vibration analysis of rectangular
graphene resonators using ANSYS Mechanical APDL. Section 4.2 presents the
specification and derivation of some parameters used in the FEA simulations and
subsequently in the mass sensor design in Chapter 5 - including resonator sizes,
actuation forces from piezoelectric shakers and Lorentz force. ANSYS Electronics
Desktop is used to model the magnetic fields used in deriving Lorentz force.
Section 4.3 presents the modelling of the graphene resonators. The resonators
are modelled as thin plates by selecting appropriate element types. A mesh
sensitivity analysis is carried out to determine the optimum mesh size for the
models. Modal analysis and subsequently harmonic analysis are carried out for
the graphene bridges. Monolayer and bilayer GSs are modelled. The accuracy of
the models depends on using appropriate element types and mesh size, inputting
correct material properties, defining appropriate boundary conditions and loads,
and running the appropriate analysis types in the correct order where applicable.
Section 4.4 presents a structure-field interaction model for the graphene
resonator-air interaction. The damping coefficient and spring force constants are
extracted from the analysis and compared with estimated analytical values. An
estimate of the mass sensitivity of a mass sensor based on the simulated

performance of the resonators is given.

4.2 Parameter specification and derivation

The graphene resonators of interest in this study are GSs with lengths less than

v 11 & Due to characterization and measurement resolution limits, the lengths of
the GSs are however kept above p 1 @& with widths varying from 2 * ato x*' &
The modal frequency characteristics of resonators are a function of their spatial
dimensions, material properties, and boundary conditions. The specification of
these therefore suffices to run a modal analysis for the resonators. To derive the
frequency response of the resonators, the forcing function acting on the resonator
needs to be specified. And damping can be estimated and included for more

accurate results.
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4.2.1 Lorentz Force

The use of Lorentz or magnetomotive force for the actuation of mass sensor
resonators was briefly discussed in Section 2.7.1. Equation (2-1) describes the
relation for Lorentz force. To correctly estimate its magnitude, the magnetic flux
density 0 at the resonator position must be specified. It is good practice to ensure
that the current density limits of the resonator are not exceeded, to avoid
electrically damaging it, and that the currents flow through the current signal track
and resonator and not through the sensor substrate.

Magnetic flux density at resonator surface

Two permanent magnets with strengths T® ¢ &§Ysupply the magnetic field. A
magnetic flux keeper is created with Swedish iron as shown schematically in
Figure 4-1. The magnetic flux and flux density in the keeper and the surrounding
medium are derived using an FEA model in ANSYS Electronics Desktop. The

magnetic properties of the magnet and keeper are given in Table 4-1.

oY Ma

A
\ 4

Swedish

magnets

—> <« cxYa

944 &
404 a

A

Figure4-1: Schematic representation of magnets and Swedish iron magnetic flux path

Material Relative Coercive Flux Density at
Pernmeabilty force YIE3aySiQa
Magnets Neodymium 1 J ohp 1 éiFa ™ @ 6YO
Flux keeper | Swedish Iron pTTT
Surrounding Air p
Medium

Table4-1: Magnetic properties of magnets, flikeeperand surrounding medium
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To model the magnetic field, the geometries of the magnets, iron keeper, and air
are first defined as shown in Figure 4-2 Their material properties and the
boundary conditions are defined next. The model is then meshed with a level 7
mesh resolution on a resolution scale of 1 to 10 in increasing order of fineness
(Figure 4-3), before solving. The magnetic flux vector plot is shown in Figure 4-4
The keeper conserves the magnetic flux and forms a path for it from one magnet
to the other. The colour plot of the magnetic flux magnitude in Figure 4-5
indicates that the flux density is approximately zero everywhere except in the
keeper and the medium between both magnets. Figure 4-6 shows how the
magnetic flux density varies along the line ® 1 between both magnets, where

the resonator will be located.

Ansys Student

.
P—x

AN P

Figure4-2: Model of magnets an@wedish iron keeper

Ansys Student

-
4z p—>x
-

Figure4-3: Magnet and iron model mesh
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Current density in graphene

The current density of a current carrying conductor is the ratio of the current
flowing through it to its cross-sectional area, as is expressed in equation (4-1).

0 (4-1)

5
The graphene resonators used in this work were designed to have a minimum
width of T * & Assuming inaccuracies in the microfabrication process resulted in
the resonator widths of ¢ & with an ideal thickness of & © d&the cross
sectional area of a monolayer graphene resonator willbe p8t¢ pm ®a.
Breakdown current densities in graphene have been reported in orders of
pTOja andp mMOj B ,e.q.p& p TOjH and p® P p TOj G among
others?18 219 Assuming a maximum current density of an order lesser than

reported, the maximum working current in this work willbe p & * 0

Impedance of signal tracks and substrates

Standard equations have been developed for determining the impedances of a
wide range of signal-carrying (transmission) line circuits. These can be found in
transmission line design handbooks and guides, one of such resources is
recommended and used in this work. The transmission line designs used in this
work are best described as nonhomogeneous dielectric embedded coplanar
waveguides, for which there are no direct standard equations for the impedance.
As such this works merges the equations and principles used for normal coplanar

waveguides and nonhomogeneous dielectric embedded microstrip line.

Consider a standard coplanar waveguide as shown in Figure 4-7. For the
proposed equations to be applicable, the ground plane must extend greater than
vowon each side of the gap. And are recommended to be periodically connected

depending on the frequency being used.

Signal carrying track
Ground

Dielectric

Figure4-7: Coplanar waveguide
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The characteristic impedance of the conducting track, &, is given as

ot 0 Q
(4-2)

where - s the effective dielectric constant, 0 is the complete elliptic function

given in equation (4-13).

6 2= (4-3)
Mp Qi Q&
i i - p
h W WjgL Q (4-4)
O UL Q P
_ * ’-"Q t ’E’Q
pu ] (4-5)

-.'Q p TQ -.'Q p -.'Q (4_6)
imty, . ——
Q "5 Q p Q
| m_[—
pg 0 T
8_

(4-7)

where - is the relative dielectric constant.

The characteristic impedance for an embedded or buried microstrip line is given

as
" (4-8)
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: S~ - p Q— (4-9)

For the nonhomogeneous dielectric embedded microstrip line illustrated in Figure
4-8, the equation for its characteristic impedance is same as that of the
embedded microstrip line in equation (4-8) but with R j bound by the
relation R R h R p.And- 5 evaluated using the standard

- equations but with - replaced with - | -

<Y /— Signal carrying microstrip
”QV W Dielectric 2
A
Q Dielectric 1
Y
N~ Ground

Figure4-8: Nonhomogeneous dielectric embedded microstrip line

The transmission line designs used for this study are illustrated in Figure 4-9.
Using equation (4-8), the characteristic impedance for an embedded coplanar

waveguide is expressed as

& — " (4-10)

B -k -k (4-11)

> Signal carrying
/ﬁ— Groun

0 |
)

€

A

9]
o
c
S
/
e
Y

Dielectric

Dielectric

Q
Y

Figure4-9: Nonhomogeneous dielectraanbedded coplaner waveguide
R f is equation (4-5), R j is also equation (4-5) but with - replaced by
- - is equation (4-2). The parameter values for the

nonhomogeneous dielectric embedded waveguide as indicated in Figure 4-9 are:
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M oNMmMEQ ¢ 40 CmMIELO CUIEMA O OT W LT G- f

p &, and - j o0& Evaluating equation (4-10) for the conducting track in
Figure 4-9 gives an impedance of p p& x 13 The silicon substrate (dielectric 1 in
Figure 4-9) is insulated from the track by a ¢ aSiO:z layer (dielectric 2). SiO2
has resistivity values betweenp p 1T andp p 1 nma, considering current flow
through the thickness of the layer and using an upper limit of cross-sectional area
(area of the whole die), the smallest resistance of the insulating layer will be

@ @& p 1 m CVD grown graphene sheets have been shown to have
resistances of x x T p mmji HForap ¢ dabyt‘ dagraphene resonator, using
the upper limit of p 1T Tjii  Qits resistance will be in @ @ TGy With the resistance
of the SiO2 layer being about 11 and 14 orders of magnitude higher than those of
the graphene resonators and conducting tracks respectively, the flow of current
will be through the tracks and resonator and not through the substrate. Because
the conducting tracks are designed as coplanar waveguides, the frequency

components of the drive signal have a minimal impact on their impedance.

Lorentz force acting on the graphene resonators

The mass sensor resonator was designed to be located at any point along line
@ T1in Figure 4-6. Assuming a p ¢ daresonator is located at one of the points
with lowest magnetic flux densities, for a current of p 1@ 0oflowing through the
resonator, using equation (2-1), the maximum force acting on the resonator will
be o @ v K O Figure 4-10 to Figure 4-12 present plots of the forces acting on
resonators of different lengths for different current values and magnetic flux

densities.
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Figure 4-10: Lorentz force for selected resonator lengths in a magnetic field of strength 0.2341 T
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Figure 4-11: Lorentz force for selected resonator lengths in a magnetic field of strength 0.3579 T
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Figure 4-12: Lorentz force for selected resonator lengths in a magnetic field of strength 0.3948 T

4.2.2 Forces from Piezoelectric actuators

Piezoelectric actuators are used in several sensor experimental setups, mostly as
actuators. For resonator-based mass sensors, they can be used to shake the
whole sensor device and consequently actuate the sensor resonator. A PIC181
piezoelectric actuator is selected for use in this work. It is made from modified
lead zirconate titanate (material properties are given in Table 4-2) and boasts a
very high mechanical quality factor with good temperature and time stability of its

dielectric and elasticity constants.

A

YO

Figure4-13: Piezoelectric actuator with orthogonal coordinate system fi®ling
direction, u = applied drive voltage, TH = thickness, OD = outside diameter)
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Physical and Symbol Value Electromechanical | Symbol Value
dielectric properties properties
Density ? X& TTQ Coupling factor Q ™ @
t2A43a2yQ ' ™ T Q e ¢
Specific heat xogouomQ U 0 ™ C
capacity
Specific thermal o) ™ @
conductivity X ppwd U
Coefficient of | 0TI 0 ™ o
thermal expansion @ pTU
| AY: FANCT Piezoelectric charge Q pCT
pTO coefficient p 1 00
Curie temperature Y 0 031 Q CoQu
p 1 00
Relative - pPCTT Q TXU
permittivity in the ) p T 00
polarisation
direction
Relative - 1500 Piezoelectric voltagg ™Q P&
permittivity ) coefficient p T wdd
perpendicular to
polarity
Dielectric loss 0 WE G pT Q CVu
factor p 1 wdd
Acoustemechanical properties
Frequency 0 ¢ ¢ TIO@ Elastic compliance| Y p @&
coefficients coefficient pmm a o
0 p @ TO® Y PR
pmm a o
0 ¢ T PO Elastic stiffness 0 p @
coefficient pmm 0&
0 ¢ p PO Mechanical quality 0 CTTT
factor

Table4-2: Material properties of a PIC181 piezoelectric actuator

An estimate of the pressure generated in a piezo-transducer when a voltage is
applied across it is given as

(4-12)

Where - is the relative dielectric constant, - is permittivity of free space, wis
the applied voltage, 0is the thickness, 'Q and Q are as given in Table 4-2. A plot
of the estimated pressure against the applied voltage for a PIC 181 piezo-
actuator using equation (4-12) is presented in Figure 4-14.
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Figure4-14: Plot of Piezoelectric actuator pressure to applied voltage

Assuming a voltage of 10 V is supplied to the piezo-actuator, for a p@‘ abyt*‘ &
resonator the force acting on it will be ¢ @ & G Which is several orders bigger

than the estimated Lorentz forces in Section 4.2.1.

4.2.3 Damping coefficient

The energy dissipation in a resonator could be intrinsic but is majorly a result of

the Sftlrwicd ured interaction between the res
medium. Consider a microcantilever or bridge with length & width Gand thickness

'Q assuming a free-molecular-flow regime around the resonator, if the structures

vibrate transversely, the drag force per unit length on them is given as

N We DD o (4-13)

Where "Qis the damping parameter, 6 the velocity, is the damping coefficient,
and 0 the ambient pressure. The fluid-structure interaction quality factor, 0 is

then estimated as
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(4-14)

cn
=)
ol O
2

~1O

Here, Ois the elastic modulus, ” the density of the structure, and "Q the constant
for the €th-order resonance mode, with a first mode value of p& x for cantilevers
and t® w for bridges.

The net drag force on the structure, assumin

than the thermal velocity @, is given as

GO 4 YooQ,
O =0 ¢ e P ~ SO (4-15)
Therefore, the damping coefficient is expressed as
" a G YooQ,
W cavy C N p ~ Son (4-16)

where & is the mass of the gas molecules (1  p 1 Q"@r air), Qis the
Boltzmann constant (p& Y T @ T YpuTg UFO),, is the normal accommodation
coefficient, , the tangential accommodation coefficient, “Y is the wall

temperature and “"Ythe ambient temperature.

For an isothermal system with a low aspect ratio and full momentum

accommodation, Gbecomes

S, (4-17)

© Tay

For a room temperature of p 8 (¢ w$ W), the damping coefficient for the
resonators used in this study when operated in air are estimated to be
W T pTT.

4.3 Graphene resonator FEA models
4.3.1 Model setup and mesh sensitivity

Graphene resonators are generally considered to be 2 dimensional; here they are

modelled as very thin plates. First, they are built geometrically as rectangles.
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Then the element type used to discretize the geometric model is specified T
shell181, a structural shell element type having six degrees of freedom at each of
its four nodes, suitable for modelling thin to moderately thick shells with capability
for large strains and nonlinear behaviour, is selected for the models. Next the
material properties for the model are defined. Then the model is meshed,

boundary conditions are applied, and the appropriate solution type is run.

Before the model is meshed, a mesh sensitivity analysis is carried out to
determine the optimum mesh fineness for accurate results. Figure 4-15
represents the mesh sensitivity analysis fora p ¢ daby 1 d&resonator. As the
element size decreases (the mesh fineness increases), the value of the
fundamental resonant frequency converges to about ¢ & Q" QdFrom the plot, a
mesh fineness of ¢8t° &  would suffice in meshing the models. The meshed
model is shown in Figure 4-16. The resonators are clamped at opposite ends as
shown in Figure 4-17; all values of the six degrees of freedom (displacements in

@ @ and ¢, and rotations about &y &y and &) at those nodes are set to zero.
37k

36k q\

35k

— Ansys|
il

STUDENT

34k —

33k o =

32k A

31k

Fundamental frequecy (Hz)

30k

29k H

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0

1/Element size (mm™)

Figure4-15: Mesh sensitivity analysis for graphene resonator madeksert 1:Mesh
fineness foelement siza * & Insert 2: Mesliineness foelement siza® X «&
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ELEMENTS

VIBRATION OF A GRAPHENE SHEET MODELLED AS A THIN PLATE

Ansys

2021 R2
STUDENT

Figure4-16: Meshed rectangular graphene resonator model with element sizé @5

ELEMENTS

VIBRATION OF A GEAPHENE SHEET MODELLED AS A THIN PLATE

Mnsys

2021R2
STUDENT

Figure4-17: Boundary conditions on rectangular graphene model

4.3.2 Modal analysis of rectangular graphene resonators

Four sensing platform types were designed with four different cavity sizes over

which graphene was suspended and microfabricated into doubly clamped

bridges. The modal analyses for all four resonator sizes were carried out and
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their fundamental frequencies are presented in Table 4-3 for monolayer and

bilayer graphene. The mode shape for the fundamental resonant frequency of a

16 & 4 ‘' agraphene resonator is given in Figure 4-18.

Monolayer graphene Bilayer graphene
Resonatorsize fo Participation fo Participation
(MH2z) factor (MH2z) factor
16° a 4 & 0.029404 0.35757E-33  0.060539 -0.11702E-32
22' @ 5' a 0.015537 0.79404E-33 0.031989 0.14277E-32
27 a 7' a 0.010329 -0.12147E-33 0.021266 0.23772E-32
32 a 7' a 0.0073417 -0.47513E-34 0.015115 -0.85316E-33

Table4-3: FEA predicteflndamental frequencies for graphene resonators

NODAL SOLUTION

STEP=1

SUB =1
FREQ=29404.4
Uz (RVG)
RSYS=0

DMX —.233E+09
SMX =.233E+09

L EEEEEESSe— |
0 .517E+08 .103E409 .155E+09

VIBRATION OF A GRAPHENE SHEET MODELLED AS A THIN PLATE

.207E+09
-Z58E+08 - 1T75E+08 .128E+09 .181E+08

Mnsys

2021R2
STUDENT

-233E+09

Figure 4-18: Mode shape for fundamental resonant frequency for 16 * aby 4 * d&resonator

4.3.3 Frequency response of the resonators

Lorentz force excitation

Harmonic analysis of the graphene resonators is carried out with Lorentz force

excitation fora16‘ & 4 °‘ d&bilayer graphene resonator. Lorentz force and

damping coefficient as estimated in sections 4.2.1 and 4.2.3 respectively are

used for the analysis. The frequency response plot is presented in Figure 4-19.
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The response plot does not show the expected peaks at the resonance
frequencies predicted by the modal analysis. This could be as a result of the
magnitude of the Lorentz force or it could be that the resonance modes for the
selected frequencies cannot be excited, given their negligible participation

factors.

Piezoelectric shaker excitation

The harmonic analysis fora16‘ a@ 4 °‘ dabilayer graphene resonator is run for
a piezo excitation with the estimated pressure at p T of @ o @ 0 drom section
4.2.2. The frequency response plot is presented in Figure 4-20. As with the
Lorentz force excitation, the expected peaks are not seen in the frequency
response when using a piezoelectric shaker. The values of the displacement are
several orders higher than the Lorentz force values, however, the lack of peaks is

same. This could also be a non-excitable frequency mode problem.

Ansys

2021R2
STUDENT

POST26

AMPLITUDE

.72

.64

.06

.48

VALU

.32

.24

.16

.08

(xl0**1)

1] 1600 3200 4800 6400 8000
800 2400 4000 5600 T200
FREQ

VIBRATION OF A GRAPHENE SHEET MODELLED AS A THIN PLATE

Figure4-19: Frequency response plotrfd6‘ &by 4* dabilayer graphene resonator
excited via Lorentz force
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AMPLITUDE
STUDENT
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VIBRATION OF A GRAPHENE SHEET MODELLED AS A THIN PLATE

Figure4-20: Frequency response plot for 16adby 4* d&bilayer graphene resonator
excited with a piezoelectric shaker

4.4 Conclusion

In this chapter, FEA models of graphene resonators were used to predict their
resonant frequencies and frequency response to excitations by Lorentz force and
a piezoelectric actuator. The magnetic flux density at the device surface was
estimated to be 0.2341 T. With a maximum current of p ® * Oestimated for the
resonators to avoid electrical breakdown, the maximum Lorentz force that would
act on the resonators was estimated to be ¢ @ & v fp (0 The impedances of the
conducting tracks and parasitic paths were checked to ensure the current flows
through the resonator and not the substrate. The pressures generated in the
piezoelectric actuator were estimated for various applied voltages. Viscous
damping was assumed to be majorly responsible for energy dissipation in the
resonators, and the damping coefficient was estimated to be about «u® T p 1T .
The frequency response of the resonators could not be obtained from the FEA
harmonic analysis carried out. This could probably be because the modes excited
were not active modes 1 this is supported by the very low participation factors the

activated modes had.
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Chapter 5: Design of a graphene-based mass sensor

5.1 Introduction

Chapter 2 highlighted several graphene sensor designs reported in literature and
reviews the various techniques used in driving and sensing them. This work has
focused on the use of graphene as the resonator in a mass sensor design type.
Though graphene is one of the strongest contenders for micro- and nano-
resonators in mass sensing applications, it does present peculiar challenges in
production in research labs, handling and manipulation, and microfabrication. In
this chapter, the design of a graphene-based mass sensor and the fabrication
routes taken to achieve the design are presented. Subsections include: the

sensor design, sensor fabrication, experimental test rig design and setup.

5.1.1 Principle of operation

Mass sensitive sensors, as described in Chapter 2, are a family of mechanical
systems that sense the presence of the target analyte by detecting the forces,
motion, change in mechanical properties or mass that result from the interaction
of the target analyte with the recognition system in place. They can be surface-
stress or dynamic-mode sensors; where the dynamic-mode sensors output a
change in resonance frequency when the target analyte binds to the resonator.
The sensors designed in this study are dynamic-mode mass sensors that utilise
doubly clamped rectangular graphene resonators. The resonator is driven at one
of its resonance frequencies during operation. The resonance frequency is then
tracked to note any shift in frequency which would be an indication of an accreted

mass to the resonator, hence detecting the presence of the target molecules.

Various techniques for driving and sensing NEMS and MEMS devices have been
discussed in Chapter 2. Due to potential challenges with parasitic capacitances
or coupling between the drive and sense capacitances, the magnetomotive
driving technique which employs the use of Lorentz force was chosen for this
study. Graphene is assumed to behave as any current carrying conductor in the
presence of a magnetic field, however, in very strong magnetic fields changes in
its electronic configuration, e.g. splitting of its Landau levels, have been shown to
occur??5-227_ To actuate the resonator harmonically, a periodic Lorentz force can
be generated either by driving an alternating current (ac) through the resonator

whilst the magnetic field is static or driving a direct current (dc) through the
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resonator in the presence of an alternating magnetic field. As it is easier to
achieve a static magnetic field than an alternating one, the former method is
preferred. For sensing, a capacitive sensing technique was chosen. This
technique monitors the change in capacitance between the resonator and a
parallel electrode plate. As the resonator vibrates, its distance to the electrode
plate and consequently the capacitance, changes continuously and can be
detected as an induced alternating current with a frequency associated with the
vibrating frequency of the resonator. A change in the frequency of the induced
current would indicate a change in the vibrating frequency of the resonator.
Although lateral comb capacitive structures have been shown to offer better
sensing performance in terms of generating a change in capacitance that varies
linearly with the motional amplitude of the resonator?28 229, achieving such
structures with the graphene resonators were deemed impracticable for this

study.

5.2 Graphene transfer trials

Free-standing graphene structures can be achieved via a few routes (see
Chapter 2). To avoid exposing graphene to the harsh chemicals used in etching
away the underlying substrate after graphene transfer, transfer to prepatterned

substrates by the wet transfer method was preferred.

Transfer trials were carried out on SiO2/Si wafers prepatterned with trenches of
widths ranging from 5 ‘i to~35‘i and 10 ‘i depths. To transfer graphene to
the wafers, commercially grown CVD graphene sandwiched between a
supporting PMMA layer and hydrophobic polymer layer was gently introduced to
deionized water. The PMMA/graphene detached from the hydrophobic polymer
film and was left floating in the deionized water. The polymer film was removed
and the prepatterned substrate used to fish out the PMMA/graphene at an angle
of approximately 45°. The PMMA/graphene/substrate was dried in air overnight.
To remove the PMMA supporting layer, the PMMA/graphene/substrate was left to
sit in acetone for 1 hour and subsequently in IPA for another hour and then left to

dry in air.

Figure 5-1a shows HIM images of the suspended graphene over 5 * & trenches.
Raman spectroscopy of the suspended membrane showed the characteristic G

and 2D Raman peaks found in graphene (Figure 5-1b), which was a confirmation
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that graphene was suspended. However, by optical imaging, the quality of the
suspended membrane was deemed very poor, moreso, the suspension was
achieved only on one of several prepatterned substrates used. The collapse or
rupture of the graphene membranes across the trenches might have been due to
the

Figure5-1: a) HIM images of graphene transferréd a5 pmtrenched SiO2/Si wafer
b) Raman spectra of graphene/PMMA/substrate

sizeoft he width of the trenches, thereby all owi
the drying process or acetoneds action durin
the membrane. Other factors that could have hampered successful transfers

include the environment where the transfer process was carried out (not in a

clean room), availability of a vacuum chamber to store the wafers immediately

after transfer to avoid detachment of the graphene from the substrate, and

availability of a controlled atmosphere oven for a thermal release of the PMMA to

avoid using acetone.
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