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Abstract

Graphene has been considered to be a desirable material in the application of
semiconductor devices for the next generation due to its outstanding electrical
and mechanical properties. In this thesis, the research focuses on the realiza-
tion of graphene-based acoustic microelectromechanical systems (MEMS). The
applications of acoustic MEMS include microphones, hearing aids and ultra-
sound identification and non-contact testing. Apart from acoustic technology, the
graphene-based MEMS designs can be applied in areas for sensing and actuation
purpose, such as pressure detectors, micro-drums and ultrasensitive mass sensors.
The performance of the devices is determined by the structures of devices, ma-
terials properties, dimensions, and the spacing between the membranes and the

substrate.

In this project, for the first time, the resonant frequency of graphene-based
acoustic sensors has been extended to lower ultrasonic frequency range (20 kHz
to 200 kHz). Additionally, a modified dry transfer method with Kapton tape and
a novel graphene transfer method with silicon dioxide sacrificial layer have been
developed for millimetre-size graphene membranes. To be more specific, three
types of devices’ structures, including open cavity, closed cavity and partly open
cavity, have been developed, in order to detect the frequency for both audio and
ultrasound range (from 11 kHz to 200 kHz). 450 nm polymethyl methacrylate
(PMMA) layer has been laminated onto 6-layer graphene to support and form
millimetre-size bi-layer membrane. The open cavity resonator for ultrasound
sensing has been fabricated with graphene wet transfer process. For closed cavity
resonators, a modified dry transfer method with the use of Kapton tape frame

has been developed. Using the modified dry transfer method, it is the first time
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that the millimetre-size graphene/PMMA have been transferred and suspended
over the closed cavity. Due to good gas encapsulation of graphene/PMMA closed
cavity devices, the vibration of membrane has been prevented due to the air
damping when the air gap is decreasing. For the purpose of increasing the
capacitance between membrane and substrate and improving the electrical output
signal, the air gap should be optimized and decreased. Thus, the partly open
structure has been designed for the realization of the graphene/PMMA electro-
static sensors. The graphene/PMMA membrane has been released by etching
silicon dioxide sacrificial layer. The air gap of 2 um of between the millimetre-size
graphene-based membrane and the substrate has been achieved for the first time
and reported to be minimum among the literature. Furthermore, the dynamic
behaviour of the devices have been characterized with laser Doppler Vibrometer
(LDV), the confirmation of graphene has been detected by Raman spectroscopy.
Finite element analysis has been applied for the simulation of membranes’ dy-
namic behaviour. The static deformation of graphene after modified dry transfer
method has been measured by white light interferometry (WLI). The realization
of graphene/PMMA acoustic devices paves the way to the integration of graphene

with MEMS to achieve sensors with high sensitivity.
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Lay Summary

Acoustic sensors for the frequency of audio range (20 Hz to 20 kHz) and ultra-
sound range (> 20 kHz) are used to convert a mechanical signal to electrical
output. For example, microphones, hearing aids and ultrasound identification
are the acoustic sensors which could been found in daily life. In order to improve
the performance of devices, integrating new materials with excellent properties
to existing technology is interesting for researchers in industry and academia.
Since its discovery in 2006, graphene, an allotrope of carbon consisting of a single
layer of atoms, has been under intensive research for its outstanding electrical
and mechanical properties and is considered to be a desirable material in the

application of acoustic sensors.

In this project, three designs of graphene-based acoustic sensors have been illus-
trated. The designs have been developed for sensing different ranges of frequency.
The sensors could be used to measure frequency from 6 kHz to 200 kHz, which
covers the audio and ultrasound frequency ranges. The fabrication process and
dynamic behaviour of the devices have been illustrated in the thesis. The devel-
opment of the graphene-based acoustic sensors promises a prospective future for

reliable acoustic sensors with advanced performance.
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Chapter 1

Introduction

In this chapter, a brief introduction to microelectromechanical systems (MEMS)
is given in Section 1.1. The properties of graphene are illustrated briefly in section
1.2. Then the goal and objectives of this research are shown in section 1.3 and

the outline of this thesis is provided in section 1.4.

1.1 Introduction to Microelectromechanical systems

(MEMS)

The first resonant gate transistor (RGT), as shown in Figure 1.1, has been
published in 1967, which is also the first MEMS device [1]. The operating principle
of RGT is that as the gate has been actuated by its resonant frequency, the gate
capacitance has been changed with the distance between vibrating gate and chan-
nel. Thus, the I-V characteristics of the transistor have been shifted by dynamic
behaviour of gate electrode. MEMS have integrated the electrical and mechanical
clements at the dimensions of micrometres[2-5]. MEMS has been commercialized
and produced a wide range of devices, namely, microphones, accelerometers,
gyroscopes, pressure sensors, display sensors, switches and biosensors[6-9]. The
actuation mechanisms of MEMS sensing include piezoelectric method, capaci-
tive method, electromagnetic method, electro-thermal method. MEMS sensors
have been used widely in consumer electronics, industrial manufacture, medical

equipment and telecommunication[10].
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Figure 1.1: The schematic of resonant gate transistor [1]

1.2 Introduction to graphene

Graphene is a two-dimensional sheet of sp? hybridized carbon. A single layer
of graphene is a hexagonal structure with each atom at the vertex forming 3
covalent bonds with each of its nearest neighbours [11]. The covalent bounds give
graphene superior mechanical and thermal properties, like diamond. The fourth
valance electron in the 2p, state oriented perpendicular to the planar structure of
graphene sheet forms a conducting 7 band [12]. The 7 band has been attributed
to the remarkable electron properties of graphene. The honeycomb shape on a
single layer graphene topography has been observed under scanning tunnelling
microscopy (STM) [13], which is shown in Figure 1.2.a. Multilayer graphene and
graphite are formed by the stack of graphene layers due to van der Waals forces
and the image of five layers thick graphene measured under STM is illustrates
in Figure 1.2.b. The asymmetry observed in the Figure 1.2.b suggests the A-B
stacking in multilayer graphene [13,14].



1.2. Introduction to graphene 3

Figure 1.2: STM topographic image of single layer (a) and five-layer thick (b) of
graphene [13]
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1.2.1 Mechanical properties of graphene

As mentioned above, the covalent bonds play an important role in the mechanical
properties of graphene. The strongest C' — C' chemical bond has been reported
to be in sp? carbon [15]. The three-fold C' — C' chemical bond in graphene
indicates the excellent mechanical properties [12], including the superior intrinsic
mechanical strength (~130 GPa) [16], the remarkable Young’s Modulus (~1
TPa) [17] and the ultra-low mass density (~2200 kg/m?) [18]. The outstanding
mechanical properties of graphene hold the promise of acoustic applications and

flexible electronics with good performance.

1.2.2 Thermal properties of graphene

Like other carbon allotropes, graphene has remarkable thermal properties [12].
The thermal conductivity has been measured to be between 2000 to 5300 W/mk,
which has been the largest thermal conductivity detected so far [19,20]. In
addition, a negative coefficient of thermal expansion (TCE) of around —7 x
1075/K has been measured in graphene [19,21], which means graphene layer
shrinks as the temperature increases. The unique TCE has been applied to
tuning the resonant frequency upshift of graphene resonators by electro-thermal
actuation [22]. The thermal properties of graphene show the potential of electro-

thermal applications.

1.2.3 Electrical properties of graphene

The lattice of graphene is described as two interspersed triangular sub-lattices,
named A and B, as shown in Figure 1.3, which is firstly used to calculate the band
structure of mono-layer graphene in [24]. Using a simple nearest neighbouring
tight-binding approach considering a single 7 electron per atom [23,25,26], the

band structure of mono-layer graphene has been calculated by[12]
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Figure 1.3: Sub-lattice description of graphene. Each atom on the A sub-lattice
is surrounded by three B sub-lattice atoms and vice-versa. [12]

Valence Band

Dirac Point

Conduction Band

Figure 1.4: Left:Band structure of graphene showing the conductance and
valence bands meeting at the Dirac points. Right: zoom-in of the energy bands
close to the Dirac points. [23]
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E*(ky, ky) = 1—70\/1 + 4 cos

where a = v/3a._., a._. denoted by the distance of two atoms in the hexagonal

graphene lattice, vy refers to the nearest neighbour overlap integral.

The band structure calculated by the equation (1.1) is shown in Figure 1.4, In
the Dirac points, which are defined by where the conduction and valence bands
meet, each carbon atom in intrinsic graphene contributes one electron filling the
valence band and empty the conduction band. Thus, graphene is called as a
zero-gap semiconductor. The unique band structure of graphene results in the

remarkably high intrinsic charge mobility up to 250,000 cm?/V's [19].

1.2.4 Biocompatibility of graphene

The cytotoxicity of graphene-based material differs in the dimension, number of
layers, carbon-to-oxygen ratio atomic ratio and functionalisation degree[27]. After
exposure to graphene-based materials, the decrease or slight decrease of bacterial
and mammalian cell viability has been reported in 2013[28]. However, the effect
of the particle dimension on the cell viability were lacking. In another study,
hemolysis in red blood cells caused by pristine and functionalised graphene has
been reported to be negligible [29]. Additionally, more studies have shown that
the chemical vapor deposition (CVD) graphene on copper foils has been used as
substrates for neuronal and other mammalian cells with no cytotoxic effects|30,
31]. Recently, using a non-animal test, graphene-based materials prepared with
non-irritant exfoliations agents have been reported not to induce skin irritation,
which suggests the safety of applying graphene-based materials in direct skin
contact[32]. The cytotoxicity of graphene-based materials should be investigated

dependent on the different biomedical applications.
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In a word, the biocompatibility of graphene-based materials should be categories
according to their physico-chemical characteristics instead of a single type of
materials. The biocompatibility has been demonstrated to be improved after
surface modification both performed in vitro and in vivo [33]. More research on
the biocompatibility of graphene-based materials would eventually develop safer

graphene-based biomedical applications.

1.3 Literature Review

1.3.1 Acoustic MEMS sensors

Acoustic application plays an important role in MEMS sensor, which includes
sensing the frequencies of infrasound (0 - 20 Hz), sound (20 Hz — 20 kHz) and
ultrasound (higher than 20 kHz). The infrasound sensors can be used to detect
earthquakes, volcanos or meteorites [34-36]. For audio sensing, MEMS sensor
has been applied to microphones [37-39], speakers[40,41] and hearing aid [42].
The ultrasound detection can be applied to non-destructive testing[43] or medical
imaging[44]. The resonant frequency of mechanical components, such as mem-
brane, plates or cantilever, can be used for the detection of the target frequency.
The resonant frequency has been determined by the material properties, structure
of sensors and the dimensions of the resonant components. By changing the
resonant frequencies of mechanical components, the target frequencies of MEMS
acoustic sensors can be set to cover the acoustic frequencies from infrasound to

ultrasound.

Additionally, acoustic MEMS sensors have been designed in various structures,
based on different mechanisms including capacitive, piezoelectric, optical meth-
ods. To be more specific, the different designs of MEMS microphones have been
shown in Figure 1.5. Capacitive structure with movable membrane or plate and
a back-plate electrode has been shown in Figure 1.5.a [45]. Additionally, using
planar interdigitated electrodes to replace back-plate (Figure 1.5.b) has been used
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to minimize air damping [46], which is an improvement of capacitive design.
A bio-inspired piezoelectric microphone has been shown in Figure 1.5.c [47],
as piezoelectric MEMS acoustic sensor with less power consumption compared
to capacitive design. A hybrid design of capacitive and piezoelectric structure
has been illustrated in Figure 1.5.d, in order to enhance the acoustic electrical
response [48]. Optical MEMS microphone has been designed, which is based on
the Fabry-Pérot cavity formed by fibre tip and cantilever (Figure 1.5.e) [49]. As
the cantilever has been actuated by acoustic waves, the white light interferometry
detects the vibration and transfers the vibration into electrical signals. The
comparison of different MEMS acoustic sensors has been shown in Table 1 [10].
Capacitive structures have been selected and used in this research due to its high

sensitivity, high signal to noise ratio and low noise level [10].

Capacitive MEMS microphones

The basic structure of capacitive MEMS microphone includes a flexible diaphragm
and a perforated back plate, as shown in Figure 1.6. The flexible diaphragms
for conventional MEMS microphones have been reported to be fabricated by
silicon nitride with metal layer [50], silicon nitride with polysilicon [51], and
polysilicon [38]. The diaphragm has been actuated by the applied sound pressure
and the parallel-plate capacitance between the diaphragm and the back plate
has been changed. Thus, the acoustic waves have been converted into electrical
signal [52]. The frequency response of a MEMS microphone has been shown in
Figure 1.7 [53].In order to decrease in-band noise and distortion in the MEMS
microphone, the resonance of the diaphragm, has been shifted above the audio

band by modifying the size of the diaphragm [54].

The use of acoustic MEMS sensors has been growing as the rapid development
of the fifth-generation cellular network technology (5G), virtual reality (VR)
technology and augmented reality (AR) technology [10]. To develop MEMS

acoustic sensors with better performance and characteristics, the integration of
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conventional MEMS acoustic sensors and two-dimensional materials has raised

interest from the research and industrial community.

Table 1.1: The comparison of different types of MEMS acoustic sensors

Disadvantages
Sensitive to environment disturbances;
Bias voltage required
High noise level;
Low sensitivity
External light source;
Fabrication and packaging difficulties

Advantages
High sensitivity;
High signal-to-noise ratio;
Low noise level
High acoustic overload;
Low power consumption;
High reliability
High sensitivity;
Wide dynamic range;
Immune to electromagnetic interference

Capacitive
Piezoelectric
Optical

MEMS acoustic sensor types

1.3.2 Preparation and transfer method of graphene

Several methods to fabricate graphene have been developed so far. Mechanical
exfoliation of graphene from graphite is the first illustrated method for graphene
fabrication [56]. The 3 nm thick mechanical exfoliated graphene flake on oxidized

silicon wafer has been shown in Figurel.8.a. The exfoliated graphene films are in
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Figure 1.5: The schematic of different acoustic MEMS microphone designs: (a)
capacitive MEMS microphone; (b) A no-back-plate capacitive microphone with
interdigitated electrodes (IDT) structure; (c¢) Bio-inspired piezoelectric
microphone; (d) Hybrid-mode microphone with piezoelectric and capacitive
mechanism; (e)optical microphone [10]
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Poly Silicon Membranea
Contact '

Figure 1.6: Cross-sectional view of a MEMS microphone[55]

small size, with inconsistent shape and thickness [57]. Therefore, the mechanical
exfoliation of graphene is not suitable for large scale graphene production. Ad-
ditionally, an epitaxial growth of graphene is reported in [58] and results from
the reduction of silicon carbide (SiC) in the high temperature. The Scanning
tunneling microscope (STM) image of monolayer and bilayer graphene has been
shown in Figure 1.8.b [58], Alternatively, the graphene films are developed by
chemical vapour deposition (CVD) synthesis of graphene on transition metal [59].
In CVD graphene(as shown in figure 1.8.¢[59]), carbon precursor gas decomposes

on catalyst metal, like Ni or Cu, under high temperature and low pressure [59-61].

The transfer method differs depending on the fabrication techniques of graphene.
For the mechanical exfoliation method, as shown in Figure 1.9.a, the graphene
flakes on the Scotch tape are rubbed on the substrate [56,62]. In the case of epitax-
ially grown graphene (Figure 1.9.b), mechanical support layer, like polyimide (PI)
or thermal release tape is attached on the graphene/SiC. Then the graphene film
with support layer is peeled off from the SiC substrate and is transferred on the
target substrate. However, the transferred epitaxial graphene films are reported
with defects [63—-65]. As depicted in Figure 1.9.c, in the case of CVD graphene,
polymer mechanical supporting layer, like Polydimethylsiloxane(PDMS) or Poly
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Figure 1.7: The frequency response of a MEMS microphone[53]

(methyl methacrylate)(PMMA), is attached on the graphene/ catalyst mental
and graphene with supporting layer is released after the metal is etched [62,
66, 67]. Transfer methods based on CVD graphene, which have been studied
and illustrated by researchers are with high percentage yield and repeatability
[60,62,66,67]. Therefore, CVD graphene has been used in this research.

(a) (b) (c)

Figure 1.8: The preparation of graphene: (a) optical image of mechanically
exfoliated multilayer graphene flake on oxidized silicon wafer fabrication [56];
(b) STM image of epitaxial single-layer and bilayer graphene on 6H-SiC(0001)
[58]; (c) SEM image of graphene films on thin (300 nm) nickel layers and thick

(1 mm) nickel foils(inset) [59]
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Figure 1.9: The preparation of graphene: (a) optical image of mechanically
exploited multilayer graphene flake on oxidized silicon wafer fabrication [56]; (b)
STM image of epitaxial single-layer and bilayer graphene on 6H-SiC(0001) [58];

(c) SEM image of graphene films on thin (300 nm) nickel layers and thick (1

mm) nickel foils(inset) [59]
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1.4 Research aim

The aim of this research is to develop millimetre-sized graphene-based transducers
for acoustic sensing. The transfer methods of graphene-based membrane have
been modified and developed in order to transfer ultra-large size of graphene-
based membranes (the aspect ratio of the membrane’s diameter to thickness
between 1100 and 7800) onto the substrates to form the devices. The target
resonant frequencies of the devices have been designed to be audio frequency
range (20 Hz to 20 kHz) and lower ultrasound frequency range (lower than 200
kHz). Design, fabrication and characterisation of the acoustic graphene-based
transducers have been included in the research. The sensors for audio range can be
used in the application of microphones, speakers and other acoustic transducers.
The sensors for lower ultrasound frequency can be applied to non-destructive
detection, ultrasound identification and ultrasonic range finding. Due to the
remarkable mechanical properties, stretching ability and good biocompatibility,
graphene has been considered as an ideal component for the soft electronics and
biosensors. This research on graphene-based transducers have paved a path to

graphene-based soft acoustic sensors for biomedical applications.

1.4.1 Research objectives

The objectives include developing process for the fabrication of and character-
ization of graphene-based open cavity resonator for lower frequency ultrasound
detection, graphene-based closed cavity for audio and lower frequency ultrasound
sensing and graphene-based electro-static transducers for audio and lower fre-
quency, as shown in Figure 1.10. The fabrication process and graphene transfer
methods have been modified and developed to achieve different structures of
graphene-based sensors. By changing the size of cavity, the devices can be
modified into sensing audio frequency or lower ultrasound frequency (lower than

200 kHz). The characterization of the devices, including the frequency response,
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Graphene-based resonators for audio and
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Figure 1.10: Main objectives of the thesis showing the different structures of
acoustic resonators based graphene membranes.

Raman spectrum, the strain study of graphene-based membranes, will be inves-
tigated comprehensively. In addition, finite element analysis simulation has been
applied. The capability of making large aspect ratio of graphene-based devices,
opens a door to the development of acoustic transducers with higher sensitivity

and better performance.

1.5 Thesis arrangement

The thesis includes six chapters. Chapter 1 introduces MEMS technology, briefly
describes the important properties of graphene and illustrates the motivation of
this project. Chapter 2 shows the graphene transfer methods which has been
used widely so far and the working principles of Raman spectroscopy, white light
interferometry, laser Doppler Vibrometer and finite element analysis. Chapter
3 is devoted to fabrication and characterisation of graphene-based open cavity
resonator for ultrasound sensing (lower than 100 kHz). Chapter 4 is dedicated

to fabrication and characterisation of ultra-large graphene-based closed cavity
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resonators for the detection of audio and lower ultrasound frequency. The new
modified transfer method using Kapton tape as frame will be illustrated in this
chapter. Chapter 5 includes fabrication and characterisation of graphene-based
electro-static sensors using oxide sacrificial layer for audio and lower ultrasound
frequency detection. The newly developed graphene transfer method has achieved
the relatively minimum air gap of millimetre size graphene-based membrane
devices, which have been reported so far. Chapter 6 concludes the main achieve-

ments of this project and suggestions for future work.



Chapter 2

Methodology

This chapter introduces the preparation and transfer method of graphene related
to this research, shown in Section 2.1. The mechanism and characterization of
the Raman spectrometer, white light interferometry, laser Doppler vibrometer
and finite element analysis are illustrated in Section 2.2, Section 2.3, Section 2.4

and Section 2.5 respectively.

2.1 Preparation and transfer method of graphene

In this project, the 6 - 8 layers CVD graphene on copper foil produced by the ACS
Material has been used. The CVD graphene transfer technique is divided into wet
transfer and dry transfer, according to the structure of the target substrate. The
schematic of wet transfer method and dry transfer method is shown in Figure
2.1. With the supporting frame, the membrane can easily be taken out from
the enchant and dried in the air. Dry transfer method avoids the liquid from
being trapped inside the closed cavity, unlike wet transfer method. A modified
dry transfer method, which is developed by our group and used for fabricating

acoustic sensors with large aspect ratio, is described in Chapter 4.

17
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Figure 2.1: The schematic of wet and dry transfer method for CVD
graphene.[66]

2.2 Raman spectroscopy

2.2.1 Principle of Raman spectroscopy

The Raman effect is considered as the inelastic scattering of electromagnetic radio,
which is the basis of Raman spectroscopy. The energy is transferred between
the photons and the molecular vibrations under incoming radiation (typically
from the laser beam). The scattered photons have a different energy to the
incident photons [68]. From Schrodinger equation under harmonic oscillation

approximation, the limited number of energy levels(eigenstates) are allowed [68]:

1
E, = (U+§)hvv (v=0,1,2,...), (2.1)

with v referring to the vibrational quantum number, A Planck’s constant and v,

the molecular vibrational frequency.
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Figure 2.2: The idealised model for the dispersion of light by molecules. [68]

The quantum number (v) 0 or +1, during the transition between one vibration
level to the next. The quantum number of 0 suggests the energy difference during
the interaction is zero and this elastic process is termed as Rayleigh scattering. On
the other hand, the Raman scattering is considered, where stokes or anti-stokes
scattering referring to the higher or lower energy difference, respectively. The
idealised energy levels of Rayleigh and Raman scattering are showed in Figure
2.2. The energy difference during the scattering determines the position a Raman

band in the spectrum, which is decided by the vibrational frequency (vy).

Additionally, the vibrational frequency (v,) can be estimated as:

1
v = — %, (2.2)
2\

and k is the force constant of the bond, with p the reduced mass.

For a diatomic molecule, the reduced mass (p) is defined as:

- = — 4+, (2.3)
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where m; and msy represent the masses of the atoms forming the bond. More

atoms are involved for the complicated systems and the equation can be expanded.

The force constant of the bond (k) and the reduced mass (u) are related to the
type of bond or a functional group. From the equation (2.2), the Raman band
position can be determined, Therefore the Raman effect are applied to the non-

destructive spectroscopic technique for material characterization.

2.2.2 Raman features of graphene

Raman spectrum shows the layers number and the quality of graphene, which
reflects change in electron band [69]. As shown in Figure 2.3, G peak at 1580
em~! and 2D peak at 2700 em~! can be observed in the Raman spectrum of
graphene. The presence of G peak results from the doubly degenerate zone center
Es, mode [70]. 2D peak is the second order of zone-boundary phonons. D peak
at 1350 cm~! is generated by the zone-boundary phonons in defected graphene

[70], which is absent in Figure 2.2.2.

The Raman spectra functions as the fingerprint of the graphene and shows the
quality and properties of the graphene films. The layer number of graphene can

be determined by the equation [71]:

16 11

6~ 2.4
T WL — 15816 (2:4)

where n refers to the number of the membrane layers, as well as W shows the

band position in wavenumbers.

The peak intensity ratio of 2D and G bands (Iyp/Ig) reflects the film quality.
The strain in the membrane can also be estimated from the Raman analysis. The

specific analysis of Raman spectrum on our research will be illustrated in Chapter

4.

During this project, the Raman measurements have been performed in Raman
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Figure 2.3: Raman spectrum at 514 nm for graphite and graphene. [69]

Spectroscopy (inVia Renishaw) using 0.8 mW laser power, with laser excitation

of 514.5 nm and a 100x objective.

2.3 White light interferometry

White light interferometry (WLI) is an equipment for measuring the surface
topography optically and with non-contact. The phase difference between the
measurement beam and reference beam which are generated by a light source
passes through a beam splitter, results in interfaces [72,73|. The constructive
interference generates from the same optical path between the measurement
beam and reference beam, which is with maximum intensity of the camera pixel
[72-74]. The destructive interference takes place when the optical path is different,
which is with minimum intensity of the camera pixel [72-74]. The setup of

interference microscope has been shown in Figure 2.4 [74] and for WLT, the
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white light has used as the light source. In this project, WLI(Zygo, New View 100
Interferometer) has been used for the non-contact surface profile measurement of
graphene/PMMA membranes. The surface profile of graphene/PMMA resonator
measured by WLI is shown in Chapter 4.

Digitized Intensity
Detector Array s Data
Magnification
Selector

/Beamsplitter

Microscope
Objective

Mirau
Interferometer

Sample

Figure 2.4: The schematic of interference microscope. [74]

2.4 Laser Doppler vibrometer

Laser Doppler vibrometer (LDV) is a technique used to measure the velocity of
a moving sample by projecting it with laser beam and detecting the Doppler
shift of the light scattered by the moving sample [75]. To be more specific,
the frequency of the incoming light is changed by a moving object, which is
termed as the Doppler effect [76]. As shown in Figure 2.5, the laser beam has
been split into two beams with equal intensity via beam splitter and a fringe
pattern is formed. A sample moves through the fringes and reflects light which is

collected by photodetector and converted to electronic signal [77]. The Doppler
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shift between incident light and scattered light is proportional to the moving
sample velocity. The electrical signal from the photodetector is proportional
to the sample velocity [78]. With LDV, the dynamic behavior of the devices

including resonant frequencies and mode shapes have been determined.

In this project, the dynamic behavior of the graphene/PMMA membranes has
been characterized by Polytec NLV-OPTIK LDV and measured at room temper-
ature and under atmospheric pressure. For the mechanical actuation, the samples
have been placed on the sticky pad on the piezo-electronic disks. The piezo-disks
have been mounted on the LDV station with Blu Tack. For other actuation
methods, the samples have been placed on gel carrier chip boxes. The chip boxes

have been mounted on the LDV station with Blu Tack.

) Lens | = Doppler signal | 1DV signal
N S = o S [y e [t

Photodetector syslem

Beam splitter
Frequency shifter Transparent flow
system: cylindrical
stirred tank immersed
in a square tank

Figure 2.5: The schematic of laser Doppler vibrometer. [77]

2.5 Finite element analysis

Finite element analysis (FEA) is a numerical model to solve patrial differential
equations in engineering, namely, structural analysis, heat transfer and elec-
tromagnetic filed. To solve complicated geometries, material properties, finite
elements which are smaller and simpler units are divided equivalently from the
body, and interconnected at nodes, boundary lines or surfaces. The equations
of each fine element are formulated and combined to solve the entire body [79].
In a FEA model for structural analysis in continuous domain (Figure 2.6), the
applied external forces are termed as volume force(e.g. gravity), surface force
(e.g. drag force by pressure) and concentrated load (e.g. point load on subject).

The external loads affect the stress distribution over the domain [77,80].
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Coventorware 10 is used for FEA simulation in this research project. The dynamic
behavior of the devices including the frequency response, stress analysis and
mode shape can be simulated with FEA model. During this research project,
the constraints have been set to the anchor between the membranes and the
substrates as well as the substrates. For the simulation of mechanical actuation,
the pressure has been loaded on the back surface of the substrate. In case of the
electro-thermal simulation, the voltage has been applied to the electrodes on the
membrane. The properties of material used in FEA simulation have shown in

Table 2.1.

Surface
loads
Concentrated - 4 f Volume
loads : — & | loads
dej| Wy [
\
z Fined | Free
Boundary Boundary
#)
i
X

Figure 2.6: A description of a finite element analysis model for structure
analysis. [80]

2.6 Summary

This chapter includes the normal fabrication and transfer of graphene developed
by other groups, the working principles and characterization of Raman spec-
troscopy, WLI, LDV and FEA. The conventional graphene wet transfer method

has been used for the graphene-based open cavity ultrasound resonator, which
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Table 2.1: Parameters of the materials used in simulations of graphene/PMMA

membranes
properties value
graphene PMMA
Thickness 1.8 mm 450 nm
Young’s modulus 1 TPa [18] 3.8 GPa [81]

Poisson’s ratio 0.16 [82] 0.4 [83]
Mass density 2 x 10%kg/m? [18] 1.1 x 10%kg/m? [81]
Thermal expansion coefficient —7 x 107K~ [19,21] 7.7 x 107°K~! [81]

Thermal conductivity 5.3 x 103W/mK [19,20]  0.24 W/mK [81]

will be illustrated in Chapter 3. A modified graphene dry transfer method with
Kapton tape as supporting frame has been used for graphene-based closed cavity
resonators and will be illustrated in Chapter 4. The newly developed graphene
transfer method using silicon dioxide as sacrificial layer to achieve around 2 pum
air gap for millimeter-size graphene-based membranes and to fabricate graphene-
based capacitive sensors will be presented in Chapter 5. The confirmation of
graphene layers measured by Raman spectroscopy will be provided accordingly.
The static deformation of the graphene-based membrane suspended over closed
cavity resonator has been detected by WLI and illustrated in Chapter 4. The
dynamic behaviour of the devices has been characterized by LDV and analyzed

by FEA simulation.



Chapter 3

Fabrication and characterisation of
graphene-based open cavity

resonator for ultrasound sensing
(lower than 100 kHz)

In this chapter, the experimental realization of graphene/PMMA open cavity is
presented. The graphene/PMMA membrane has been wet transferred onto the
square open cavity with the side length of 0.5 mm. The characterization under

the mechanical and electro-thermal actuation scheme has been determined.

3.1 Introduction

The discovery of graphene[84] has granted an entrance to the new design of
nanoelectromechanical systems (NEMS)[85,86] and microelectromechanical sys-
tems (MEMS)[87-90] due to the unique mechanical and electrical properties of
the graphene, including its extremely high Young’s modulus (up to 1 TPa)[91],
remarkably high mechanical strength (~130 GPa)[91], super low mass density
(2200 kg/m?) and superior electro-conductivity (200,000 cm?V ~1S~192].

The remarkable mechanical and electrical properties of graphene also suggest
graphene hold the promise of be ultrasound application with good performance[93].
Ultrasound detection has been applied to diagnostic imaging[94], non-contact

and non-destructive sensors|95, 96], ultrasonic range finder[97] and ultrasound

26
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identification[98]. Due to the extremely large Young’s modulus, the typical
resonant frequency of the graphene resonators has been reported to be in the order
of Mega Hertz[22,93,99-104], which shows the potential of achieving ultrasound
sensors with resonant frequency up to 10-100 MHz. Thus far, the frequency
response of the graphene resonators has been measured in vacuum [22,93,99-104].
Under atmospheric pressure, the vibration of graphene membrane is hard to
be detected due to the presence of air damping and therefore graphene-based
ultrasonic detector might not be used to measure the air-carried ultrasound.
Furthermore, to detect ultrasound frequency (lower than 100 kHz), the dimension
of the suspended graphene membrane should be around hundreds of micrometres.
The difficulty increases to achieve a free-standing atom-scale graphene membrane

with such a large aspect ratio (the membrane’s diameter versus thickness).

In this work, we report a graphene/PMMA open cavity resonator for ultrasound
sensing. The 450 nm thick PMMA layer has been laminated to 6-layer graphene
membrane to support the multilayer graphene membrane during the graphene wet
transfer and also works as protection layer. The graphene/PMMA membrane has
been transferred and clamped fully over the square open cavity of the side length
of 0.5 mm. The aspect ratio (the membrane’s side length versus thickness) has
been estimated to be around 1100. Two samples using graphene wet transfer
method have been fabricated with the success rate of 100%. The wet transfer
method has been widely and considered to be a reliable and simple graphene
transfer method with high repeatability and success rate. The resonant frequency
of the graphene/PMMA open cavity resonator has been measured to be less than
80 kHz under mechanical and electro-thermal actuation at room temperature in
atmospheric pressure. The dynamic behaviour of the graphene/PMMA ultrasonic

open cavity resonator has been determined for the first time.
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3.2 Device design and operating principles

Electrodes

(a) (b)
Figure 3.1: The optical image (a) and cross-section schematic (b) of the
graphene/PMMA open cavity resonator for ultrasonic sensing.
The optical image of the graphene/PMMA ultrasonic open cavity resonator has
been shown in Figure 3.1 (a). The membrane includes 6-layer graphene and 450
nm PMMA suspended over the open cavity with a side length of 0.5 mm. The
graphene layer has been attached on the silicon dioxide layer and connected to the
aluminum (Al) electrodes. As the cross-section schematic shows in Figure 3.1 (b),
the square open cavity has been etched through the silicon substrate with thick-
ness of around 380 pm. The natural frequency formula for the graphene/PMMA

membrane in vacuum can be expressed as[105, 106]:

to =ty + tp, (3.1)
po = Lepeeele, (3.2)

vac __ 1 /N(m2+n?2)
mn T2 Peftleft ’ (33)

where ¢ and p are thickness and density of the material, t.g and peg refer to
the effective thickness and effective density for graphene (g)/PMMA (p) bi-layer

membrane, d is the dimension of the square membrane, N represent the overall
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tension in the membrane, m and n describe the mode number.

Under atmospheric pressure, the air damping should be considered, using[107]

vac

fmn = = (34)

paird ’
W1+ 1.34pcﬁtcﬁ

where p,;; is the density of the air. Despite having applied atmospheric damp-

ing correction for the circular membranes [107], a proper estimation should be

obtained by applying to the square membranes in this work.

3.3 Materials and methods

Electrodes
-~

PMMA/GR/Cu FeCls i N\

vii

Figure 3.2: The fabrication process of the graphene/PMMA open cavity
resonator for ultrasonic sensing: the preparation of the substrate: i. the
deposition of silicon dioxide; ii. the deposition and patterning of electrodes on
the silicon dioxide layer; iii. the etching of the square open cavity with the side
length of 0.5 mm; the preparation of the graphene/PMMA membrane: iv: the
graphene/Cu foil; v. PMMA spin-coated onto the graphene/Cu foil; vi. the
etching of Cu by ferric chloride; the wet transfer of graphene/PMMA
membrane: vii. the graphene/PMMA membrane being wet transferred onto the
substrate; viii. the resonator has been cooled down to the room temperature in
the open air.
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As shown in Figure 3.2, the schematic of the fabrication process includes: a. the
preparation of the substrate: i. The 275 nm silicon dioxide has been deposited
onto the silicon substrate; ii. the aluminum electrodes with the thickness of 300nm
have been deposited and patterned on the silicon dioxide layer; iii. the square hole
with the side length of 0.5 mm has been patterned and etched into silicon dioxide
and through silicon; b. the preparation of the graphene/PMMA membrane: iv.
the chemical vapour deposition (CVD) grown 6-layer copper (Cu) foil has been
cut to the square with the 5mm side length. The 5 mm side length has been
chosen to decrease the difficulty of graphene wet transferred onto chip with 7 mm
side length; v. 450 thick PMMA has been spin coated onto the graphene/Cu foil
and then has been dried in 80 °C for 5 minutes and following in 130 °C for 20
minutes; vi. the Cu foil has been etched in the 4.5% iron chloride (FeCl3) etchant
and the graphene/PMMA membrane has been released from the Cu layer; vii. the
graphene/PMMA membrane has been scooped from the etchant and placed into
the deionized water (DI water) and transferred onto the target substrate inside
the DI water; he resonator with graphene/PMMA membrane has been placed
on the hot plate at the temperature of 80 °C for 5 minutes for the DI water to
be evaporated and moved to the other hot plate at 140 °C for 10-20 seconds to
prevent the ripples on the graphene/PMMA membrane[83]; viii. the resonator
has been cooled down to the room temperature in the open air. The side length
of the substrate has been designed to be 7 mm and the side length of membrane

has been measured to be around 5 mm respectively.

3.4 Results and discussion

3.4.1 Dynamic actuation

To characterise the dynamic behaviour of the graphene/PMMA membrane fully
clamped on the open cavity, mechanical and electro-thermal actuation have ap-

plied to the resonator. The dynamic characteristics have been detected by the
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Polytec laser Doppler Vibrometer (LDV). In the case of mechanical actuation,
the graphene/PMMA membrane has been placed on the piezoelectric disk. By
applying voltage to the piezoelectric disk, the vibration has been transmitted
from the piezoelectric disk to the substrate of the resonator. In the electro-
thermal actuation, the voltage has been applied between the aluminum electrodes
which are connected to the graphene layer and the membrane has been actuated
by the thermal stress generated by the Joule heating. The actuation signal of
frequency sweep and the square waves of the measured resonant frequency of
the suspended graphene/PMMA membrane have been applied to the resonator.
Compared to the signal of frequency sweep, the graphene/PMMA membrane
under the actuation of the square wave function has longer time for vibration
and reaches the larger amplitude. The sensitivity of amplitude under the square
wave function and the related mode shape of the device actuated mechanically

and electro-thermally have been measured.
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Mechanical actuation

The frequency response of the graphene/PMMA membrane under mechanical
actuation varying from 0.1 V AC to 2 V AC and constant 1 VDC has been shown
in Figure 3.3.a. The resonance at the 0.1 V AC has been hardly observed, of which
the potential explanation is the small amplitude of the membrane’s displacement
actuated by the vibration from the piezo-disk at the AC voltage of 0.1 V. At
AC voltage from 0.2 V to 2 V, the resonant frequency has been measured to be
75.208 kHz + 0.006%. The displacement of membrane at the resonant frequency
has been detected to rise from 0.18 nm to 1.79 nm with the increasing AC voltage
from 0.2 V to 2 V.. The frequency response ( 1 V AC, 1 V DC) on the substrate of
open cavity resonator has been shown in Appendix A, which shows the frequency
response has been associated with the membrane. With Equation (3.5), the
quality factors of the frequency response under mechanical actuation(as shown in

Figure 3.3.a) have been estimated to be 17.024 + 2.5 % .

The quality factor has been derived by:

fe

QZA—f,

(3.5)

where () as the quality factor, f, refer to the resonant frequency and Af is full

width at half maximum (-3 dB of attenuation).

Electro-thermal actuation

The frequency response of the membrane actuated electro-thermally has been
shown in Figure 3.3.b. The frequency sweep signal with the voltage of varying
3-9 V AC and constant 1 V DC has been applied to the membrane via the
electrodes. The resonant displacement has been observed to be relatively small
under 3 V AC. The resonant frequency has been detected to be 79.005 kHz +
0.14% and the displacement has been detected to rise between 3.5 pm to 18.7 pm
at the range of the actuation AC voltage from 4 V to 9 V and constant 1 V DC.
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With Equation (3.5), the quality factors of the frequency response (Figure 3.3.b)
have been estimated to be 8.96 + 11% at the AC voltage from 4 V to 9 V.

The increase of the resonant frequency of the device has been observed under
electro-thermal actuation compared to the mechanical actuation. The possible
contribution to the frequency upshift is that the different actuation mechanism be-
tween the two actuation methods and electro-thermal hardening of the graphene
layer[22]. In the case of mechanical actuation, the direction of the dominant
actuation stress has been out-of-plane which has been generated by the piezo-
disk underneath the substrate of the resonator. In the case of electro-thermal
actuation, the actuation stress has been introduced by thermal expansion of the
graphene/PMMA membrane and the direction of the dominant actuation stress
has been in-plane. The different direction of the dominant stress is the possible
reason for the shift of the resonant frequency by the two actuation methods. Ad-
ditionally, due to the negative thermal expansion coefficient of graphene[108], the
frequency would increase as the graphene membrane’s temperature increases|22].
The temperature graphene/PMMA has been higher under the electro-thermal
actuation than under the mechanical actuation, which might be related to the

upshift of the frequency.

The smaller quality factor of the device in the case under the electro-thermal
actuation (8.96 & 11%), in comparison to mechanical actuation (17.024 £ 2.5 %),
can be explained by the smaller amplitude under the electro-thermal actuation,
which suggests that lower power has been transferred and stored in the device by

electro-thermal actuation[109].

3.4.2 Sensitivity of amplitude

By applying the square wave signal at the resonant frequencies under the different
actuation methods, the displacement of the graphene/PMMA membrane has
been measured to increase with the input AC voltages, as shown in Figure 3.4.

The displacement has been observed to increase linearly with the enlarging AC
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Figure 3.4: The amplitude of the open cavity resonator: (a) mechanically
actuated at the frequency of 75.375 kHz and with increasing AC voltage from 0.1
V to 2 V and constant 1 V DC; (b) electro-thermal actuation at the frequency
of 79.125 kHz and varying AC voltage from 1 V to 9 V and constant 1 V DC.
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voltage (Figure 3.4.a), which shows the linear relation to vibration from the
piezo-disk which has increased with the input AC signal. In the case of electro-
thermal actuation, the displacement of the membrane has been observed to be
quadratically related to the increasing AC voltage (Figure 3.4.b). The tension
has been linear with Joule heat which is quadratic with the input AC voltage.
The quadratic relation between the displacement and input AC voltage shows
the displacement of the membrane has detected to be linear with the tension
generated by the Joule heat. The linearity in displacement versus the actuation
stress has been observed in both mechanical and electro-thermal actuations . The

amplitude and the sensitivity of amplitude have been summarized in Table 3.1.

3.4.3 Mode shape

(0,1) mode shapes have been observed at the resonant frequencies under me-
chanical (0.2 V AC, 1 V DC) and electro-thermal (3 V AC, 1 V DC) actuation
methods, which are shown in Figure 3.5. When the graphene/PMMA membrane
has been actuated, the air is supposed to be pumped into the cavity to support

the deformation of the membrane under the (0,1) mode.

Table 3.1: The amplitude and sensitivity of amplitude.

Actuation Actuated Input volt- | The range of am- | Sensitivity of am-
resonant . .
methods age plitude plitude
frequency
0.1 V AC
Mechanical | 75.375 kHz | 0 2V AC | 1145mm 1022092116 06y
and 1 V | nm
DC
1VACto9
Electro- 1 20 195 1Hy | VACand 1 | 002 10 00 27700 454 0 v2
thermal V DC nm
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Figure 3.5: The mode shape observed under: (a) mechanical actuation at the
frequency of 75.375 kHz and with the voltage of 0.2 V. AC and 1 V DC; (b)
electro-thermal actuation at the frequency of 79.125 kHz with voltage of 3 V AC
and 1 V DC.
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3.4.4 Strain analysis

The strain and tension of the graphene/PMMA membrane over the open cavity
have been estimated from the Equation (3.1) to (3.4) and shown in Table 3.2. The
resonant frequency has been measured to have 5% shift between the mechanical
and electro-thermal actuation, which is related to the different tension in the
graphene/PMMA membrane actuated by the two methods. The different tension
is contributed by the different direction of the stress or the negative TCE of
graphene.

3.4.5 Simulation

Finite element analysis (FEA) has been conducted on the membrane suspended
over the open cavity in order to investigate the relationship between the de-
vice’s dynamic behaviour and input signal in the mechanical and electro-thermal
actuation. The simulation has been performed with Coventorware 10. The
mechanical simulation has been conducted by applying pressure to the membrane.
As illustrated in Figure 6 (a), the stress over the membrane generated has been
observed to be proportional to increasing pressure (from 0.1 Pa to 1 Pa) that has
been applied to the membrane. The displacement which has been actuated by
rising stress has been observed to increase linearly with the input pressure. In case
of electro-thermal simulation, by applying the increasing voltage from 1 V to 10
V through the electrodes of the membrane, the stress and temperature have been

simulated to grow quadratically, which has been shown in Figure 6 (b). The stress

has been observed to be linear with the membrane’s temperature and quadratic to

Table 3.2: the strain and tension in the graphene/PMMA membrane derived
from the measured frequency.

. Resonant . .
Actuation frequency (kHz) Tension (N/m) | Strain (%)
Mechanical 75.21 7.16 0.1940
Electro-thermal | 79.01 7.90 0.2140
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Figure 3.6: The FEA simulations: (a) the simulated stress and displacement of
the membrane suspended over the open cavity versus the increasing input
pressure; (b) the simulated stress and temperature with the rising voltage; (c)
the simulated mode shape of the membrane under the mechanical and
electro-thermal actuation.

the applied voltage. The simulated mode shape of the membrane has been (0, 1)
mode and shown in Figure 6 (c) in both mechanical and electro-thermal actuation.
Furthermore, in the case of the mechanical actuation, the actuation pressure has
been applied to the membrane vertically, and the resonance of the membrane
has simulated to be dominated by the out-of-plane stress. In the electro-thermal
actuation, the voltage applied via the electrodes has produced the Joule heat
and the corresponding thermal expansion over the membrane. The resonance has
been simulated to be dominated by the in-plane stress. The simulated dynamic
behaviour of the membrane has shown to be consistent with the experimental

results.

3.4.6 Raman spectrum of graphene on open cavity ultrasonic
resonator
The Raman spectrum of the graphene layer has been shown in Figure 3.7 and the

positions and full width at half maximum have been summarized in Table 3.3.

The Raman spectrum indicates the confirmation of graphene layer.
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Figure 3.7: The Raman spectrum of graphene layer on the open cavity
resonator for ultrasound sensing: full scan and PMMA peak at 2943.69 cm~*

Table 3.3: Positions, full width at half maximum (FWHM) of the D, G and 2D
peaks.

D G 2D

position FWHM position FWHM position FWHM
(em™)  (em™)  (em™")  (em™")  (em™h)  (em™)

1352.6 213.3 1594.4 49.1 2706.5 58.9
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3.5 Conclusions

In conclusion, the graphene/PMMA open cavity resonator for ultrasound detec-
tion (less than 100 kHz) has been presented for the first time. The membrane
consisted of 6-laye graphene and 450 nm PMMA has been fully clamped over the
square open cavity with the side length of 0.5 mm. The graphene/PMMA closed
cavity resonator has been actuated mechanically and electro-thermally. The res-
onator frequency has been measured to be around 75 kHz (mechanical actuation)
and around 79 kHz (electro-thermal actuation) by applying the frequency sweep
signal. The linear relationship between the membrane’s displacement and applied
mechanical stress has been observed. In addition, the membrane’ displacement
has been detected to be quadratic with input AC voltage in the case of electro-
thermal actuation. The FEA simulations are in agreement with the experimental
results and shows the linearity between the displacement of the membrane and
actuation stress. The (0,1) mode has been observed to dominate the vibration at
the resonant frequency. The overall strain in the graphene/PMMA membrane has
been estimated be around 0.2 %. Our graphene/PMMA open cavity resonator

shows the potential of ultrasound detection.

3.6 Summary

In this chapter, the fabrication and characterization of the ultrasound open
cavity resonator have been illustrated. The substrates to form the capacitive
structure and to enable electrical output signal are not included in the open
cavity resonators, which is a challenge for open cavity devices to be integrated
into the circuit. Thus, closed cavity graphene-based resonators for audio and

ultrasound sensing are developed and will be illustrated in the next chapter.



Chapter 4

Fabrication and characterization of
graphene-based closed cavity

resonator

The devices in the open cavity structures could not achieve capacitive sensing
and could not be used as the microphones or speakers. Thus, the closed cavity
structures are designed to study the dynamic behavior of graphene-based mem-
brane suspended over the substrates. Compared to open cavity structures, the
challenges of the designing closed cavity devices are associated with how to modify
the fabrication process, especially the transfer of graphene, and how to optimize

the air gap and damping effect.

In this chapter, the realization of closed cavity resonators for audio sensing and
ultrasound detection will be provided in Section 4.1 and Section 4.2 respectively.
The chapter will illustrate a newly developed dry transfer method for millimeter
scale graphene/PMMA membranes to fabricate the closed cavity resonators for
acoustic sensing. Additionally, the dynamic behavior of the devices has been
shown in this chapter, which reveals the potential of achieving graphene-based

audio and ultrasound sensors.

43
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4.1 For audio sensing

4.1.1 Introduction

To target the audio frequency range, processes for fabricating large aspect ratio
graphene membranes around a few millimetres’ diameter are necessary. Unlike the
micrometre diameter graphene-based resonators [103,104,110-113], the millimetre
diameter membranes are much more difficult to be suspended or clamped fully
over the cavity due to the larger membranes’ diameter to thickness aspect ratio.
In particular, mono-layer and few layer graphene membranes could be damaged
easily. Therefore, graphene-based membranes in previously reported acoustic
sensors have been thickened by increasing the graphene layer number from 67
[90] to 1800 [114] or by attaching 200 nm to 3 um thick PMMA layer [89,114], in
order to increase the robustness of the membrane. The advantage of using PMMA
as the supporting layer instead of increasing the graphene layer number by 1 to
3 orders of magnitude, is that lower resonant frequency can be achieved from the

graphene-PMMA bilayer due to the lower density and elasticity of PMMA.

Previously, the fabrication methods developed for capacitive graphene-based mi-
crophones [87,89,90, 114], involve multiple steps, have been assembled manually
and may have air leaking into the devices. The reported process is complex
and can decrease the consistency of the devices’ characteristics as a result of the
manual assembling steps. Nevertheless, the devices reported exhibit relatively

high sensitivity, ranging from -70 dB V to -20 dB V [87,89,90,114,115].

Recently, an ultra-large graphene-PMMA open cavity resonator [83, 105], has
been reported by us. However, this design is not suitable for integration into
the circuit system because the bottom electrode cannot be processed in the open
cavity configuration. In addition, the open cavity device had been made using a
wet transfer method. To fabricate large aspect ratio graphene-based membrane

onto a closed cavity device, where electrical connections can be integrated into
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the substrate, it is necessary to use a dry transfer method since in the wet transfer

method, liquid could be trapped inside the closed cavity.

Indeed, there are many challenges associated with suspending graphene-based
membrane with large aspect ratio over a closed cavity as a device for acoustic
sensing, namely, the optimization of the spacing between the membrane and the
substrate, the prevention of the membrane from shorting the device by touching
the substrate and the minimization of damping effects within the formed cavity.
Thus far, despite the progress made in the fabrication and characterisation of
graphene-based acoustic sensors, the resonance and associated dynamic defor-
mation of the graphene-based acoustic sensors have not been studied, which are
significant in understanding the membrane’s characteristics and hence, improving

the performance of the graphene-based acoustic sensors.

In this work, we have developed a simplified one-step reliable process for fabri-
cating a graphene-PMMA closed cavity resonator with an optimum gap of 220
pm for acoustic sensing. The bilayer membrane, with aspect ratio of 7800 over
the closed cavity, includes 6-layer graphene and 450 nm PMMA. The device has
been formed by a simplified one-step graphene-PMMA dry transfer method using
Kapton tape as a supporting frame. Because the graphene-PMMA membrane has
been attached and sealed on the closed cavity substrate by van der Waals force,
the gas encapsulation is better than the devices in which the membrane and the
substrate are connected by case or cartridge via manual assembly. The static
deformation of graphene-PMMA membrane suspended over the closed cavity has
been measured in this study. Furthermore, the dynamic resonance characteristics
of the graphene-PMMA closed cavity resonator actuated mechanically, acousti-

cally and electro-thermally have been determined for the first time.
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4.1.2 Device design and operating principles

Figure 4.1 (a) shows the structure of the graphene-PMMA closed cavity resonator
which has been fabricated by transferring an ultra large area of graphene-PMMA
membrane, over the closed circular cavity with 220 pm depth and 3.5 mm diam-
eter. Figure 4.1 (b) shows an optical image of the resonator after transferring the

graphene-PMMA layer over the closed cavity.

450 nm poly (methyl methacrylate) (PMMA) layer has been spin-coated on the
6 layers graphene as a supporting layer, to improve the stability of the graphene
resonator and decrease the resonant frequency of the bilayer membrane. The

resonant frequency formula for such a membrane [105] is:

Bom | N
= , 4.1
f 2R peffteff ( )

where peg refer to the effective thickness and effective density for graphene (g)/PMMA

(p) bi-layer membrane, R is the radius of the membrane, p is the density of the
material, /V is the tension in the membrane and [, is a dimensionless coefficient

of the resonant mode.

The (0,1) and (1,1) modes of resonant frequency in such bilayer membrane has
been estimated to be within the audio frequency range (20 Hz to 20 kHz), with

the assumption of the 2.0 N/m tension in the membrane [105].

4.1.3 Materials and methods

Figure 4.2 illustrates the fabrication process of the graphene-PMMA closed cav-
ity resonator, including the hollow substrate fabrication, modified graphene dry
transfer method and the optical image of the graphene-PMMA membranes with
the Kapton tape frame. Figure 4.2 (a) displays the procedure of making the

hollow substrate. First, 500 nm silicon dioxide has been deposited on the silicon.
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Figure 4.1: The schematic (a) and the optical image (b) of the graphene-PMMA
membrane closed cavity resonator with the silver paste as electrodes.

Next, 3.5 mm diameter hole has been patterned. After the silicon oxide layer on
the cavity has been etched by reactive-ion etching (RIE), the silicon inside the
cavity has been etched by deep reactive-ion etching (DRIE) to form a well with
220 pm depth.

Figure. 4.2 (b) shows the process of the dry transfer using the Kapton tape as a
supporting frame. Firstly, 450 nm PMMA has been spin coated on the chemical
vapor deposition (CVD) grown multilayer graphene copper foil. Kapton tape
has been used to attach the edges of the PMMA /graphene/copper foil. Next,
the copper has been etched away with 4.5% ferric chloride solution. After the
membrane has been dried in the air completely, the membrane with Kapton tape
frame has been transferred onto the substrate on the hot plate at a temperature
of 140°C which is inside the range of PMMA glass-transition temperature (105°C-
165°C) [66,67]. The membrane has been stuck on the substrate immediately when
using a brush to make the membrane contact fully onto the substrate. When
PMMA is heated to the glass-transition phase, the membrane area expands and
the contact area enlarges. As a result, the adhesion between graphene-PMMA
and silicon dioxide substrate increases [66,67]. When the chip has been cooled

down to room temperature, the frame could be peeled off easily from the sample
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Figure 4.2: The fabrication process of the graphene-PMMA closed cavity
resonator: (a) fabrication process of the substrate: (i) 500 nm oxide deposited
on the silicon with PECVD; (ii) spin coat the 7 pm photoresist; (iii) pattern 3.5
mm diameter holes; (iv) etch silicon dioxide with RIE and silicon with DRIE;
(v) dissolve the photoresist with acetone. (b) the modified dry transfer method
process: (i) spin coat PMMA on the graphene/copper foil; (ii) use the Kapton
tape to make a frame; (iii) wet etch the copper; (iv) dry the membrane in the
air; (v) transfer the membrane onto the substrate on the hot plate on the
temperature of 140°; (vi) peel off the frame after the substrate cooled down;
(vii) the sample schematic illustration. (c) The optical image of
graphene-PMMA membrane with Kapton tape supporting frame.

once the membrane has been clamped fully on the substrate.

Figure 4.2 (c) shows the optical image of the graphene-PMMA membrane with
the Kapton tape supporting frame. The membrane is observed to be flat and
without folding or wrinkling. The residual etchant has been cleaned by the DI
water. The supporting frame has prevented the wet membrane from touching

and sticking on the container surface.

In our work, the modified graphene-PMMA dry transfer method is faster and
simplified for suspending ultra-large graphene-based membrane. In previous
work, the graphene has been dry transferred to small features around a few
microns [66,67]. The graphene with the Polydimethylsiloxane (PDMS) supporting
frame requires more than 12 hours heating [66] or high temperature at around
200°C [67]. Here, for the large feature design, a brush could be used to make

contact between the membrane and substrate, which replaces the long time and
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high temperature heating. In addition, the Kapton tape has been used to attach
the edges of the membrane and work as a frame. Unlike PDMS, using Kapton
tape frame does not require the step of patterning or etching the polymer, and
decreases the process complexity. In previous research, the Kapton tape frame [90]
with a hole in the centre has also been used as a supporting frame and spacer and
has been included into the devices. Here, the Kapton tape frame can be peeled
off easily once the membrane has been stuck on the substrate. This modified dry
transfer method for ultra-large graphene-PMMA membrane has been conducted

with 95 % success rate over 20 samples.

The graphene-PMMA closed cavity resonator has been characterized by: white
light interferometry (WLI, Zygo), Polytec laser Doppler Vibrometer (LDV) and
Raman Spectroscopy (inVia Renishaw). The static deformation is measured by
WLI. Additionally, the dynamic behaviour actuated mechanically, acoustically
and electro-thermally, is detected by the LDV. The presence of graphene is studied
by Raman Spectroscopy.

4.1.4 Results and discussion

Static deformation

From the WLI measurements, the graphene-PMMA membrane has been found

to deform by around 180 nm after it has been transferred over the closed cavity.

The three-dimensional image of the graphene-PMMA membrane suspended over
the substrate is shown in Figure 4.3 (a). As the cross section over the membrane’s
diameter has been illustrated in Figure 4.3 (b), the static deformation of the
membrane has been measured to be around 180 nm. The membrane’s static
deformation aspect ratio (the membrane’s diameter over the membrane’s static
deformation) is about 19,500. The static measurement indicates the surface static
deformation is extremely small when using the Kapton tape frame dry transfer

method to transfer ultra-large graphene-PMMA membrane over the closed cavity
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Figure 4.3: The static measurement with WLI: (a) the topography and (b) the
cross section of the graphene-PMMA membrane over the diameter.
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resonator 1.

Dynamic actuation

The dynamic behaviour has been performed by actuating the graphene-PMMA
membrane over the closed cavity by a sweep of sine wave, mechanically, acousti-
cally, and electro-thermally. For the mechanical actuation: the graphene-PMMA
closed cavity resonator has been placed on the piezoelectric disk. The disk has
been actuated by a sweep of AC voltage from 0.1 V to 2 V. For acoustic actuation:
a speaker has been placed next to the graphene-PMMA closed cavity resonator.
The sound pressure (sound volume) has been changed from 0.002 Pa (40 dB)
to 0.04 Pa (66 dB). For the electro-thermal actuation: silver paste has been
attached on the two sides of the membrane edge, serving as two electrodes. The
input voltage to electrodes connected to the membrane is held constant at 1 V DC
while AC voltage is varied from 1 V to 9 V. Using different actuation methods,
the resonant frequency of the graphene-PMMA membrane over closed cavity is
detected to be around 10.58 kHz 410%, which is within the audio frequency
range. The membrane is measured to exhibit the (1, 1) mode at the resonant

frequency.

Mechanical actuation The frequency response of the graphene-PMMA mem-
brane actuated mechanically is shown in Figure 4.4 (a). As the input AC voltage
to the piezo-electric disk increases from 0.1 V to 2 V, the displacement amplitude
of the graphene-PMMA membrane over the closed cavity at 11.72 kHz has been
observed to rise from 12.6 nm to 237.3 nm. Around the membrane’s resonant
frequency at 11.72 kHz, other peaks, at about 6 kHz and 8 kHz are observed.

This is probably due to the noise caused by the piezo-disk since the peaks at the

!Considering the thickness of the membrane has been measured to be around 450 nm, the
membrane has been estimated to be 270 nm deformed towards the ground. For the open cavity
structure, deformation would be occurred during the graphene wet transfer process, the surface
tension of DI water and the combined effect of membrane’s gravity
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Figure 4.4: The frequency response measured at (a) mechanical actuation with
input AC voltage from 0.1 V to 2 V; (b) acoustic actuation with sound pressure
from 0.002 Pa to 0.04 Pa; (c) electro-thermal actuation with AC input voltage
from 1 V to 9 V and constant 1 V DC voltage.
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frequencies around 6 kHz and 8 kHz disappear when the membrane is actuated
acoustically and electro-thermally, as shown in Figure 4.4 (b) and Figure 4.4 (c).
The results from the mechanical actuation illustrate that the graphene-PMMA

membrane over closed cavity is changing by varying the mechanical pressure.

Acoustic actuation The graphene-PMMA membrane’s frequency response, to
increasing sound pressure from 0.002 Pa (40 dB) to 0.04 Pa (66 dB) has been
measured. Figure 4.4 (b) shows that the resonant displacement of the membrane
increases with the sound pressure. The displacement rises from 13.3 nm to 246.8
nm with increase of the sound pressure. 10.58 kHz is the resonant frequency
observed for the graphene-PMMA membrane over closed cavity by acoustic ac-
tuation. The acoustic actuation measurement shows that the graphene-PMMA

membrane over the suspended cavity is sensitive to sound pressure.

Electro-thermal actuation The electro-thermal actuation experiment is con-
ducted by keeping constant 1 V DC voltage and changing AC voltage from 1
V to 9 V. As shown in Figure 4.4 (c), the displacement of membrane increases
from 1.4 nm to 21.6 nm with increasing AC input. The resonant frequency is

detected to be around 10 kHz.

From the frequency response measurement, the quality factor of the membrane
has been estimated to be 6.63 +0.05%, 13.78 +0.01% and 7.51 +0.05% under

mechanical, acoustic and electro-thermal actuation respectively.
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Sensitivity of vibration amplitude

The sensitivity of the vibration amplitude has been calculated by fitting the
resonant displacement of the membrane versus the input signal. As shown in
Figure 4.5, the black squares represent the experimental results and the red dash
lines correspond to the fitting. In the case of mechanical and acoustical actuation,
the vibration amplitude has been observed to be linear with the input signal. For
the electro-thermal actuation, the vibration amplitude shows a quadratic relation

with the input AC voltage.

In the case of electro-thermal actuation, the current goes through the membrane
and generates heating in the graphene-PMMA membrane. The vibration of the
membrane is introduced by thermal stress due to Joule Heating. The displacement
is proportional to the thermal stress and therefore can be derived in the quadratic
relationship with input voltage [116,117]. The relationship between the thermal

stress and input voltage has been confirmed by simulations (see section E).

As shown in Table 3.1, the vibration amplitude sensitivity of the graphene-
PMMA membrane over the closed cavity is calculated to be around 120 nm/V by
mechanical actuation, 6 um/Pa by acoustic actuation and 0.3 nm/V? by electro-

thermal actuation.

The membrane’s high sensitivity by acoustic actuation indicates the potential of
applying graphene-PMMA membrane over the closed cavity resonator to high

sensitivity condenser microphone and loudspeaker.
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Figure 4.5: The resonant displacement vibration amplitude sensitivity versus
(a) mechanical actuation with input AC voltage from 0.1 V to 2 V; (b) acoustic
actuation with sound pressure from 0.002 Pa to 0.04 Pa; (c) electro-thermal
actuation with AC input voltage from 1 V to 9 V and constant 1 V DC voltage.
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Table 4.1: Sensitivity of vibration amplitude

Actuation methods  Varying input signal range  Measured resonant frequency

Sensitivity of vibration amplitude

Mechanical 0.1 Vto2V AC 11.72 kHz 119.74 nm/V
Acoustic 0.0002 Pa to 0.04 Pa 10.58 kHz 6.06 pm/Pa
Electro-thermal 1Vto 9V AC 10.01 kHz 0.3 nm/V?2
Mode shape

Figure 4.6: Continued
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scale bar

Figure 4.6: The (1, 1) mode shape of the membrane over closed cavity substrate
on resonant frequency actuated: (a) mechanically with 0.1 V AC; (b) by 40 dB
sound pressure; (c) electro-thermally with 1 V AC and 1 V DC.

Figure 4.6 shows the graphene-PMMA membrane mode shapes at the resonant
frequency under the three different types of actuation methods. Figure 4.6 (a)
to ¢ illustrate the mode shapes of the same membrane suspended over the closed
cavity under the mechanical (0.1 V AC), acoustic (0.002 Pa/40 dB) and electro-
thermal (1 V AC and 1 V DC) actuation respectively. From the mode shapes
shown in Figure 4.6, it can be seen that the (1, 1) mode of the graphene-PMMA
membrane has been actuated and dominates the frequency response in the closed
cavity. Unlike the open cavity device, where the (0, 1) mode resonance dominates
[105], and the air could flow freely through the open hole, in the case of graphene-
PMMA closed cavity resonator, the impermeability of the graphene layer [118]
and the closed cavity substrate seal the air inside the closed cavity. The change
of gas volume inside the closed cavity is too small to support the relatively large
membrane movement needed to generate the large volume change in the (0, 1)

resonant mode. Therefore, in the graphene-PMMA closed cavity resonator where
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gas encapsulation is good, and hence only small gas volume changes, the observed

(1, 1) mode resonance is dominant.

In addition, the orientation of the mode shape has been observed to change
depending on the actuation methods. For mechanical actuation, the orientation
has been observed to be determined by the position of the piezo-disk; for the
acoustic actuation, the orientation has been detected to vary with the position
of the speaker and for the electro-thermal actuation, the mode shape orientation

changes with the position of the electrodes.

In order to achieve the resonance of the ultra-large graphene-PMMA membrane
suspended over the closed cavity, an optimized 2 air gap distance of 220 pum
has been found. In the investigation of the relationship between the air gap
distance and the dynamic behavior of the membrane over the closed cavity, the
resonance for the acoustic frequency range of the graphene-PMMA membrane
over the closed cavity could not be observed when the air gap distance has been
decreased. The disappearance of the resonance in the closed cavity device with
smaller air gap distance might be due to damping effects [67,118]. Our observation
suggests that in the previously reported graphene-based microphone designs [87,
89,90, 114, 115], there might be the presence of air leaking in the connection
between devices’ substrates and the graphene-based membranes attached on the

supporting frames.

Simulations

Finite element analysis (FEA) simulations of the device under mechanical and
electro-thermal actuation have been performed with Coventorware 10, in order to
investigate the relationship between the actuation stress and the input signal. To

simulate mechanical actuation, pressure from 0.01 Pa to 0.1 Pa has been applied

2The resonance has not been observed at the frequency range from 20 kHz to 100 kHz in
closed cavity designs where the air gap has been less than 150 pm. The threshold air gap when
the resonance would occur has been not investigated. Further investigation on relationship
between air gap and the dynamic behavior of graphene-based membranes should be performed.
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(f)

Figure 4.7: FEA simulations: (a) Simulated stress (black square) and
displacement (red triangle) of the membrane versus input pressure; (b)
simulated thermal stress (black square) and temperature (red triangle) of the
membrane with respect to input voltage; (c¢) simulated mode shape of the
membrane under the mechanical and electro-thermal actuation.
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on the bottom surface of the silicon substrate. As shown in Figure 4.7 (a), the
stress and displacement of the graphene-PMMA membrane a linear relationship
with the input pressure and is consistent with the measured results. In the case
of electro-thermal actuation, voltages from 1 V to 10 V have been applied to
the electrodes. As Figure 4.7(b) illustrates, the thermal actuation stress over the
membrane has a quadratic relationship with the input voltage for electro-thermal
actuation. The temperature increase as a function of input voltage has also been
plotted. As the displacement is proportional to the thermal stress, the simulations
confirm the experimental results. Figure 4.7 (c) shows that the graphene-PMMA
membrane suspended over the closed cavity has been observed to be under (1, 1)

mode for both the mechanical and electro-thermal actuation.

Strain analysis

In addition to the actuation stress derived from simulations, the strain, including
built-in strain and actuation strain, in the graphene-PMMA membrane over the
closed cavity has been estimated from both the experimentally measured resonant

frequency and Raman shift.

The strain can be deduced from the measured resonant frequency using

pairR

m = ) 42

3peffteﬁ ( )
/an Ni + Na

mn — y 4.3

f 2R peffteff(]- + Am) ( )

where p,;, is the air density, Ay, is the air mass, IV; and N, represent the built-in

tension and the tension caused by the dynamic actuation.
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The tension and strain of the graphene-PMMA membrane have been calculated
with Equation (4.3) [105]. The air mass is considered, since the resonance mea-
surement of the sample has been conducted in air medium [119]. As shown in
Table 4.2, the tension (IV; + NV,) and strain of the graphene-PMMA membrane
by the three actuation methods have been calculated. As the actuated tension

changes with different actuation methods, the measured resonant frequencies vary.

Table 4.2: Overall tension (V; + V,) and strain in the graphene-PMMA
membrane deducted from the measured resonant frequency

Measured
Actuation resonant Tension Strain
methods frequency  (N/m) (%)
(kHz)
Mechanical 11.72 2.09 0.057
Acoustic 10.58 1.74 0.046
Electro-thermal 10.01 1.53 0.041

Raman spectroscopy

Table 4.3: Positions and full width at half maximum (FWHM) of the G and
2D peaks.

G 2D

position FWHM position FWHM
(em™)  (em™)  (em™Y)  (em™h)

Center 1589.7 23.2 2693.4 39.24
Substrate  1592.5 27.01 2703.4 35.03

Raman spectroscopy measurement has been taken on the suspended membrane’s
center and with the membrane on the substrate respectively, using 0.8 mW laser
power, with laser excitation of 514.5 nm and a 100x objective. The experiment
has been conducted on four different and random points around the suspended
graphene-PMMA membrane’s center and on the membrane stuck on the substrate
respectively. The Raman spectrum observed from the selected points have been

consistent. Figure 4.8 shows the Raman spectrum of the graphene-PMMA closed
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Figure 4.8: The Raman spectrum of the graphene-PMMA closed cavity
resonator: (a) full scan of the Raman spectrum at the center of the suspended
membrane; (b) 2D peak position shift of suspended membrane’s center (red)
and the membrane stuck on the substrate (blue); (¢) G peak position shift of
suspended membrane’s center (red) and the membrane stuck on the substrate
(blue).
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cavity resonator. The dash lines represent plots of the Lorentz Fitting. Figure
4.8 (a) illustrates the appearance of the D peak, G peak, 2D peak and 2D’peak,
which shows the graphene-PMMA membrane is suspended over the closed cavity
when using the Kapton tape dry transfer method. The narrow shape of G peak
and 2D peak indicates that the graphene film is between 5 to 10 layers [120],
which agrees with the fact that the graphene on copper foil is 6 layers before
transfer. The intensity ratio between D peak and G peak has been estimated to
be 0.51, which indicates, the graphene sample is defected [120]. However, from
visual inspection, no large scale defects have been found. The appearance of D
peak in the suspended structure of graphene might be due to structural disorder
[121,122]. Figure 4.8 (b) and Figure 4.8 (c) show the Raman shift of 2D peak and
G peak between the graphene-PMMA membrane suspended over the closed cavity
and stuck on the substrate. As Table 4.3 shows, compared to the membrane on
the substrate, 2D peak and G peak of suspended membrane’s center have been
detected to shift by 10.0 em~! and 2.8 em~!. The shift of the 2D peak and G peak
positions related to biaxial tensile strain in graphene has been measured to be -77
+7 em™! /% and -203 420 cm ™! /% , in the previous work [123]. With the Raman
shift, the strain of the suspended graphene-PMMA membrane is estimated to be
0.04 +0.01%.

In the case of the electro-thermal actuation, the strain, which is deduced from the
resonant frequency, in the graphene-PMMA membrane is the smallest amongst
the three different actuation methods. The value of the strain in the graphene-
PMMA membrane with electro-thermal actuation drops by about 24 % compared
to other two actuation methods. The observation might be due to the strain

softening generated by Joule Heating.

The bi-axial tensile strain estimated from the Raman shift is associated only with
the built-in tension (NNV;). The tensile strain deduced from resonant frequency is

related to both the built-in tension (XV;) and actuation tension (N,). The value of
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the strain in the membrane deduced from the measured resonant frequency and
the one calculated from the Raman shift is similar, which suggests that the built-
in tension dominates the overall in-plane tension in the three actuation methods.
Therefore, the overall strain in the graphene based membrane suspended over the

closed cavity, is estimated to be 0.04 +0.01%.

Finally, Table 4.4 shows a comparison of our work to other research on graphene-

based acoustic sensors.

4.1.5 Conclusions

In summary, it is the first time that an ultra large area graphene-PMMA closed
cavity resonator has been fabricated and actuated successfully. The ultra-large
graphene-PMMA membrane has been dry transferred using Kapton tape as a
supporting frame. The modified dry transfer method has been tested with about
95 % percentage yield over 20 samples. Raman spectrum confirms that the ultra
large graphene membrane has been transferred safely using the modified graphene
dry transfer method. The WLI results indicate that the dry transfer method can
be used to transfer graphene-PMMA membrane over the large area closed cavity
with small static deformation. The fact that (1, 1) mode resonant frequency
dominates, suggests gas encapsulation is good in comparison to open cavity
designs with the same suspended graphene-PMMA membrane size, in which
the (0, 1) mode frequency is dominant. Furthermore, the frequency response of
the graphene-PMMA membrane suspended on closed cavity resonator actuated
mechanically, acoustically and electro-thermally, has been characterized in this
work. In agreement with the experimental results, FEA simulations have shown
that the membrane’s displacement and stress during actuation vary linearly as
a function of either the applied mechanical force or the applied acoustic pres-
sure. Similarly, the quadratic relationship between the electro-thermal actuation
voltage and the stress has been confirmed with FEA simulations. The overall

strain in the graphene-PMMA membrane suspended over the closed cavity is
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estimated to be 0.04 +0.01%. The metric acoustic vibration amplitude sensitivity
of the multilayer graphene-PMMA membrane over the closed cavity indicates
the promise of achieving high quality graphene-PMMA microphones with high

sensitivity.

4.2 For ultrasound sensing

4.2.1 Introduction

In this work, a fully clamped graphene/PMMA closed cavity resonator for ul-
trasonic detection will be presented. To avoid the membrane being transferred
on the supporting ring and assembled onto the substrate afterwards, a one-step
graphene dry transfer process, has been developed by our group[124]. The 6-layer
graphene reinforced by 450 nm thick PMMA has been transferred directly onto
the substrate and suspended fully over a closed circular cavity with a diameter of
0.5 mm and formed an air gap of 105 ym. The thin PMMA layer functions not
only as the attachment between the graphene and the anchor of the substrate but
also the supporting layer for the graphene to be suspended over the closed cavity.
The air gap of 105 um has been designed to minimize the effect of air damping.
Two devices have been fabricated with the success rate of 100% and with this
fabrication method, decrease the complexity of fabricating closed cavity samples.
As mention in previous section, the success rate of modified dry transfer method
to fabricate closed cavity resonator has been over 95%. The sensor has been
actuated mechanically, electro-statically and electro-thermally in atmosphere. It
is the first time that the dynamic resonant characteristics of the graphene/PMMA

closed cavity resonator for ultrasound detection have been determined.
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4.2.2 Materials and methods

The optical image of the graphene/PMMA ultrasonic closed cavity resonator is
shown in Figure 4.9.a. The graphene/PMMA membrane has been transferred
onto the silicon dioxide on silicon substrate with the closed cavity, of which an
air gap has been designed to be 105 um. The squares at the corners of the
chip have been patterned and etched into silicon to serve as electrodes. As
the cross-section schematic of the device shown in Figure 4.9.b, an air gap of
105 pm has been formed by the suspended membrane and the silicon substrate,
which has been measured by Leica 150x optical microscope. The capacitance
between the membrane and the substate has been calculated to be 16.5 fF. The
graphene/PMMA membrane and the silicon substrate work as two plates for the
capacitive structure. The natural frequency formula for the graphene/PMMA

membrane can be determined by Equation (4.2)

bhottom electrode

Figure 4.9: The optical image (a) and cross-section schematic (b) of the closed
cavity resonator with 105 pm gap.

The fabrication process of the graphene/PMMA closed cavity ultrasonic sensor
has been shown in Figure 4.10. The preparation of the device’s substrate has
been shown in Figure 4.10.i & ii, the 500 nm silicon dioxide has been deposited
onto the silicon substrate. The circular cavity with the diameter of 500 pum,

together with three square holes with 100 pm width that serve as electrodes have



4.2. For ultrasound sensing 73

Figure 4.10: The fabrication schematic of the graphene/PMMA closed cavity
ultrasonic sensor. The preparation of the substrate: (i) 500 nm silicon dioxide
deposited on the silicon; (ii) the cavity and the electrodes patterned and etched
into the silicon; The preparation of the graphene/PMMA membrane: (iii) the
Kapton tape frame attached on the copper CVD graphene; (iv) PMMA
spin-coated on the CVD graphene; (v) the copper foil etched by ferric chloride;
The dry transfer of the graphene/PMMA membrane: (vi) graphene/PMMA
membrane dry transferred on the substrate at the temperature of 140°C; (vii)
the device cooled down in the air.

been patterned and etched into the silicon dioxide and silicon. The preparation
and dry transfer of the graphene/PMMA membrane onto the substrate using
Kapton tape as frame: (iii) the Kapton tape frame attached on the copper CVD
graphene; (iv) PMMA spin-coated on the CVD graphene; (v) the copper foil
etched by ferric chloride; The dry transfer of the graphene/PMMA membrane:
(vi) graphene/PMMA membrane dry transferred on the substrate and the Kapton
tape frame peeled off from membrane at the temperature of 140°C; (vii) the device

cooled down in the air.
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4.2.3 Results and discussion

Dynamic actuation

The graphene/PMMA ultrasonic resonator has been actuated mechanically, electro-
statically and electro-thermally to characterise its dynamic behaviour. For the
mechanical actuation, the graphene/PMMA ultrasonic resonator has been placed
on the piezoelectric disk. The ultrasound vibration has been actuated by the
voltage applied to the piezo-disk. For the electro-static actuation, silver paste
has been attached on the graphene layer to work as the top electrodes. The
patterns etched into the silicon with the resistivity of 1-10 Q2cm has been used as
the bottom electrodes. The electro-static stress between the graphene membrane
and the substrate has been generated by the voltage applied to the top and
bottom electrodes. For the electro-thermal actuation, the thermal expansion of
the membrane has been actuated by the voltage applied to the silver paste on the
graphene layer. The dynamic characteristics have been measured by Polytec Laser
Doppler Vibrometer (LDV). In addition to actuating the resonator by the signal
with the frequency sweep, the sine-function signal of the membrane’s resonant
frequency has also been applied in order to provide the larger response time for
the membrane to be actuated and to improve the accuracy of the displacement
of the membrane which has been measured. All the measurements have been

conducted on one device at room temperature and in atmosphere.

Mechanical actuation For mechanical actuation, the varying AC voltage from
0.2 V to 3 V and constant 1 V DC voltage with the frequency sweep from 150
kHz to 220 kHz has been applied to the piezo-disk. The frequency response
of the membrane has been shown in Figure 4.11.a. The resonant frequency of
the membrane has been measured to be around 163.15 kHz 40.2 % with a side
band of around 169.487 kHz. The side band can be explained by the coupling
between the membrane and substrate. The frequency peak at around 169 kHz

has been observed with the graphene/PMMA membrane stuck on the silicon
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dioxide substrate anchor. The amplitude of the graphene/PMMA at the resonant
frequency of around 163 kHz has been measured to be 0.05 nm to 1 nm. The
frequency response measured under the frequency sweep at 0.1 V AC and 0.2
V AC seems to be similar, which is due to the response time at an ultrasonic
frequency of around 163 kHz being too small for the membrane actuated at the
lower AC voltages to respond and reach its maximum value. The quality factor

at the resonant frequency has been estimated to be 49.45 +6.8 %.

Electro-static actuation For electro-thermal actuation, the voltage of constant
1 V DC and varying AC voltage from 4V and 9V with frequency sweep between
120 kHz to 200 kHz have been applied between the membrane and substrate. The
frequency response of the graphene/PMMA membrane has been shown in Figure
4.11.b. The resonant frequency has been measured to be 158.337 kHz 4+-0.4 % with
the side band observed at 169.265 kHz. The side band can also be related to the
coupling between the membrane and substrate. Like the mechanical actuation,
the actuation stress (electro-static stress) has been vertical to the membrane.
In addition, the side band frequency at the electro-static actuation has been
observed to be similar to the side band frequency observed from the mechanical
actuation (Figure 4.11.a). The displacement of the membrane actuated from 4 V
to 9 V from the electro-thermal actuation has been measured to be between 0.64
pm to 1.45 pm. The possible explanation of the small amplitude measured in the
frequency sweep is the air gap of around 105 pum, which forms a small capacitance
between the membrane and substrate. The quality factor has been observed to

be 25.64 +5.8 % at the resonant frequency.

Electro-thermal actuation For electro-thermal actuation, the frequency response
of the resonator actuated by increasing 1 Vto 9 V AC and 1 V DC voltage applied
to the silver paste on the graphene/PMMA membrane with the frequency range
from 140 kHz to 220 kHz, has been illustrated in Figure 4.11.c. The resonant
frequency has been observed to be around 158.965 kHz +1.9 % and with the side
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band of around 187.851 kHz. The side band has been generated by the transition
between the (1,1) mode and (0,2) mode. Under the electro-thermal actuation,
the membrane has been heated when the AC voltage has been applied and the
transition between the (1,1) mode and (0,2) mode results from thermal stress over
the membrane. The transition has not been observed in mechanical and electro-
static actuation. Instead, the side band of around 169 kHz, which has been
detected in the other two actuations, has been related to the coupling between
the membrane and substrate. Unlike the other two actuation methods where the
actuation stress has been out-of-plane, in the case of electro-thermal actuation,
the thermal expansion generated by the Joule heating has been in-plane. The
in-plane actuation stress through the membrane might not generate the coupling
between the membrane and substrate. Under the other two actuation methods,
the coupling between the membrane and substrate dominates and the transition
with smaller amplitude has not been observed. The displacement under electro-
thermal actuation has been measured to be from 1.2 pm to 8.4 pm. At the

resonant frequency, the quality factor has been detected to be 34.42 +15.8 %.

Sensitivity of vibration amplitude

The vibration amplitude of graphene/PMMA membrane over the closed cavity
has been shown in Figure 4.12. The membrane has been actuated by sinusoidal
signal at the resonant frequencies corresponding to different actuation methods.
The amplitude of the membrane has been observed to be linear with the increas-
ing AC voltage under the mechanical actuation, as illustrated in Figure 4.12.a.
The electrostatic force (Fy) between the suspended graphene membrane and the

substrate:

1 C C ac
Fom S Cu(Vee) + Vv, (4.4)
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Figure 4.11: The frequency response of the membrane under: (a) mechanical
actuation with the input voltage from 0.1 V to 3 V AC and 1 V DC as well as by
the frequency sweep from 150 kHz to 220 kHz; (b) electro-static actuation with
the voltage of constant 1 V DC voltage and varying AC from 4 V to 9V with the

frequency sweep between 120 kHz and 200 kHz; (c) electro-thermal frequency

sweep signal with 2-9 V. AC and 1 V DC between 140 kHz and 210 kHz.
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where C’érepresents the derivative of the capacitance between the graphene and
substrate with respect to the air gap, ngc and V¢ refer to the DC voltage and

AC voltage applied to the membrane and substrate respectively.

Equation (4.4) [99] shows the linear relationship between the electrostatic force
and AC voltage, with the assumption of constant DC voltage. As shown in
Figure 4.12.b, derivations in the linear relation between the AC voltage and
the membrane’s displacement would be caused by the relatively large spacing
between the membrane and substrate and air damping inside the closed cavity.
The linear relation has been observed more evident in devices with smaller air
gap (Figure 5.3 and Figure 5.7). In the case of the electro-thermal actuation,
the graphene/PMMA membrane has been actuated by the thermal stress which
has been generated by Joule heating. The thermal stress is linear with the Joule
heating and thus is quadratic with the input AC voltage. As shown in Figure
4.12.c, the quadratic relation between the amplitude and input AC voltage from
1 V to 8 V has been observed. At a voltage of 9 V AC, the amplitude which
has not been shown to fit with the parabola function is due to the membrane’s
resonant frequency being shifted by the increasing AC voltage. At 9 V AC, the
resonant frequency of the membrane over the closed cavity has been measured to
be 161.914 kHz, with the frequency shift of around 5 kHz away from the actuated
sinusoidal signal at frequency of 156.914 kHz (Figure 4.12). The amplitude at
the frequency with around 5 kHz shifted from the resonant frequency has been

smaller than the amplitude measured at the resonant frequency.

The dynamic behavior of graphene/PMMA closed cavity ultrasonic sensor is
summarized in Table 4.5. The measured resonant frequency has been observed
to change with the actuation methods. In the cases of electro-static and electro-
thermal actuation, the measured resonant frequency is smaller compared to the
mechanical frequency, which can be due to capacitive softening[125-127]| and

electro-thermal softening[128].
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Figure 4.12: The amplitude of the membrane under: (a) mechanical actuation
(0.1 VAC to 2 V AC and constant 1 V DC) at 163.156 kHz with linear fitting;
(b) electro-static actuation at 158.64 kHz with signal of the AC voltage
changing from 1 V to 9 V and constant 1 V DC, with linear fitting; (c) under
electro-thermal actuation at 156.914 kHz with the voltage of 1-9 V AC and 1 V
DC along with parabola fitting.
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Table 4.5: The dynamic characteristics of graphene/PMMA closed cavity
ultrasonic sensor.

Varying e
Measured Actuated input \S,fgf;ggyaﬁ
Actuation | resonant | Quality sinusoidal signal litude acti
methods fre- factor signal range of I;te d by sinu-
quency frequency :rglz:?ldal soidal signal
Mechanical 11{16;;150 49.45 163.156 0.1 V to 2 14 nm /V
+0.2% +6.8% kHz V AC
158.337
SEtl;;iro' KH 155'684(7 158.64 kHz }wv © 9V 601 nm/v
+04% | 077
Blectro- | 2% 3442 1156914 |1V t0 0 V| oo e
thermal 1 1.9% +15.8% | kHz AV )
+1.9%

Frequency shift and quality factor

In mechanical and electro-static actuation, change in the quality factor versus
the input signal has been detected to be relatively small compared to the electro-

thermal case as shown in Figure 4.13.a and b.

In the case of the electro-thermal actuation, the change in quality factor has been
temperature-related. The frequency shift at resonance is evident in the frequency
response (Figure 4.11.c). The relationship between the frequency shift and the
AC voltage has been plotted in Figure 4.13.c. The resonant frequency at 9 V
AC has been upshifted to be 3.8 % from the frequency at 2 V- AC. The upshift
of the resonant frequency as the AC voltage increase could be a result of the
negative thermal expansion coefficient of graphene[129]. Graphene shrinks as its
temperature rises and therefore, the resonant frequency increases with rising AC
voltage[22]. The fitting (red dash) of the frequency shift corresponds to Vﬁc The
nonlinearity of the frequency shift can be related to the air damping inside the

perfectly sealed closed cavity.

As shown in Table 4.5, the quality factor when the membrane is actuated me-
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chanically has been observed to be the maximum among the three actuation
methods. The piezo-electric disk has been directly in contact with the substrate
during mechanical actuation and therefore the input ultrasonic energy has been
the largest among the three actuation methods. The quality factor of the electro-
static actuation has been measured to be the minimum among the three actuation
methods, which can be related to the smallest displacement observed compared to
the other two actuation methods. The air gap of 105 pum results in a capacitance
of 16.5 fF and the signal generated by the electro-static stress between the
membrane and substrate can be relatively small compared to the other two

actuation methods.

The change in the quality factor has been studied in the resonator under the
electro-thermal actuation. The quality factor has been measured to increase from
around 36 to 40 when the AC voltage rises from 2 V and 3 V. The decrease of
the quality factor has been observed when the AC voltage changes from 3 V to 8
V. A small increase of the quality factor has been measured when the AC voltage
increased from 8 V to 9 V| as shown in Figure 5.c. Unlike the mechanical and
electro-static actuation, frequency upshift has been observed in the resonator
under electro-thermal actuation. The decrease in the quality factor suggests
that the energy dissipated in the resonator is larger than the energy stored at
resonant frequency[109], which can be due to the higher damping[22] or more
surface loss[130] of the energy as higher AC voltage is applied to the membrane.
The boost of thermal gradient in the membrane with increasing AC voltage
might enhance the thermoelastic damping, which increases the dissipation[109].
Additionally, the possible surface stress increase with rising temperature might

enlarge the surface loss, which results in energy dissipation[130, 131].
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Figure 4.13: The frequency shift and quality factor of graphene/PMMA
resonator under: (a) mechanical actuation (b) electro-static actuation; (c)
electro-thermal actuation.

Mode shape

The mode shapes at the resonant frequencies by different actuation methods have
been shown in Figure 4.14. The observation of (1,1) at the resonant frequencies
by the three actuations methods can be caused by the closed cavity design and
the impermeability of graphene[132]. The air leakage should be extremely small
as the graphene/PMMA membrane has been sealed the closed cavity perfectly.
Thus, the (0,1) mode which requires the large change of the air volume inside
the cavity has been prevented and not been observed. Figure 4.14 (a) to (c)
are placed at the same x-y plane to compare the orientations under different
actuation schemes. The orientation of (1,1) mode shape has been observed to be
similar in the mechanical and electrostatic actuation, which is possibly because
the direction of the mechanical stress and electro-static stress has been vertical.

In the case of electro-thermal actuation, the orientation of the (1,1) mode shape
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can be related to the position of the membrane electrodes. In the case of electro-
thermal actuation, the effect of the silver paste’s mass loading on (1, 1) mode
shape orientation should be negligible, due to force balance of the substrate. In
the Figure 4.14, the measurements have been performed without silver pastes and
the orientation of (1,1) mode, as shown in Figure 4.14.c, has been observed to
be changed with position of electrodes (two electrodes placed on the top left and
bottom right respectively). The direction of thermal stress on the membrane,
which is related to the position of electrodes, shows more significant than the

mass load of the silver paste.
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Figure 4.14: Continued
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Figure 4.14: The (1, 1) mode shape of graphene/PMMA resonator under: (a)
mechanical actuation (b) electro-static actuation; (c) electro-thermal actuation.
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Strain analysis

The overall tension and strain can be derived from equation (4.3) and results are
shown in Table 4.6. In the case of the mechanical actuation, the tension has been

estimated to be the largest among the different actuation methods.

Raman spectrum

4.2.4 Conclusions

It is the first time that graphene-based closed cavity resonator for ultrasonic
detection has been fabricated and actuated in atmosphere successfully. Using
graphene dry transfer method with Kapton tape as the supporting frame de-
veloped by our group, the graphene/PMMA closed cavity sensor at a resonant
frequency of around 160 kHz has been fabricated. The graphene/PMMA closed
cavity resonator has been actuated mechanically, electro-statically and electro-
thermally. The amplitude of the membrane has been observed to be linear with
AC voltage for the mechanical and electro-static actuation and quadratic with
AC voltage for the electro-thermal actuation. The membrane has been observed
to exhibit (1,1) mode at the resonant frequencies. The membrane has been be
tuned up to 4% by varying AC voltage between the membrane and nonlinearity
in the frequency shift under electro-thermal actuation has been detected. The
strain in the membrane under the three actuation methods has been estimated

to be around 0.08%. The devices show the possibility of applying graphene as

Table 4.6: Overall tension and strain in the graphene/PMMA membrane
deducted from the measured resonant frequency.

Actuation | Frequency | Tension :
methods | (kHz) (N/m) Strain (%)
Mechanical | 163.150 3.00 0.0813
Electro- 158.384 2.83 0.0766
static

Electro- 158.965 2.85 0.0772
thermal
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Figure 4.15: The Raman spectrum of graphene layer suspended over the closed
cavity resonator and PMMA peak at 2958.33c¢m !

ultrasonic detectors and opens a door to fabricating graphene-based ultrasonic

sensors at the lower ultrasonic frequency of less than 200 kHz.

4.3 Summary

The design, fabrication and dynamic characterization of millimeter scale closed
cavity resonators for audio and ultrasound sensing have been illustrated in this
chapter. The characterization of graphene/PMMA resonators with the resonant
frequency of around 11 kHz and 160 kHz has been determined for the first time.
A modified graphene/PMMA transfer method using Kapton tape as supporting
frame to fabricate closed cavity resonators for audio and ultrasound sensing.
With the modified transfer method, the millimeter scale graphene/PMMA mem-
branes have been transferred over the closed cavity with 3.5 mm and 0.5 mm
diameters. In order to improve the capacitive sensitivity of graphene/PMMA

closed resonators, the air gap between and membrane and the substrate should



4.3. Summary 91

Table 4.7: Positions, full width at half maximum (FWHM) of the D, G and 2D
peaks.

The Raman spectrum has been measured on the center of the graphene/PMMA
membrane using 0.8 mW laser power and with laser excitation of 514.5 nm. As
shown in Figure 4.15, The Raman spectrum has been fitted with Lorentz
function. The Raman shift and with of D, G and 2D peaks have been shown in
Table 4.7. The Raman shift of PMMA has been measured at 2958.33 ¢m_;.

D G 2D

position FWHM position FWHM position FWHM
(em™)  (em™)  (em™)  (em™)  (em™Y)  (em™h)

1369.9  141.17  1591.5 42.2 2699.6 32.46

be decreased. However, for the fully sealed closed cavity design, the displacement
of the suspended graphene/PMMA membrane decreases when the air gap is
decreased due to the effect of air damping. Thus, even though the air gap between
the membrane and substrate decreases, the performance of the device can not be
improved. For the conventional MEMS microphones, the vent holes can be etched
in the thick and rigid materials, namely, silicon nitride and polysilicon. In the
case of graphene, either holes etched in the membrane or the transfer of graphene
onto partly open substrate should be challenging. In the next chapter, a novel
fabrication method developed by our group will be presented to address this

problem.



Chapter 5

Fabrication and characterization of
graphene-based electro-static sensors

using oxide sacrificial layer

This chapter illustrates the electrostatic sensors for audio sensing (section 5.1)
and ultrasound sensing (Section 5.2), The devices have been fabricated by the
oxide sacrificial layer. It is the first time, the silicon oxide has been used as
the sacrificial layer to fabricated millimetre size graphene-based membrane. The
characterization of the graphene/PMMA electro-static microphone under electro-
static and audio actuation has been determined. The frequency response of the

graphene-based ultrasonic sensor will be presented.

5.1 For audio sensing

5.1.1 Introduction

For acoustic sensors, graphene is also a desirable material. Compared to polysili-
con or silicon nitride membranes used in the commercial microphones, graphene-
based membranes possess the potential of achieving high sensitivity microphones
due to its small thickness and low mass density. However, for sensing audio
frequency (20 Hz to 20 kHz), the diameter of graphene-based membrane reported
in graphene-based acoustic sensors has been required to be a few millimeters (3.5

mm to 7 mm)[87,89,90,114,133]. Considering multi-layer graphene membrane is

92
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about a few atoms’ thick, it is challenging to transfer graphene due to the large
aspect ratio of the membrane. So far, there have been a few acoustic applications
based on graphene [83,87,89,90,114,115,124,133]. In recent research, the graphene
membrane has been thickened by increasing the graphene layer number ranging
from 67 [90] to 1800 [114] or by attaching 200 nm [89] or micrometer thick PMMA
[114], in order to increase the stability of the devices. A 10-layer graphene
diaphragm with up to 4 mm diameter has been fabricated but with complex
vacuum-assisted sublimation transfer method [133]. Additionally, unlike the
precise process of fabricating the commercial capacitive microphones where the
diaphragm and backplate electrode have been fabricated onto one substrate[134],
the graphene-based acoustic sensor has been processed with two-step method:
the flexible graphene-based membrane has been transferred firstly onto a ring or
a spacer to serve as a diaphragm with the support; then the supported membrane
has been assembled manually into the case or cartridge [87,89,90,114,133] with
backplate electrode inside to form the capacitive microphone. The two-step
fabrication method increases the complexity and decreases the consistency of
the sensors, which limits its application in the further minimization of the air
gap. The air gap of the sensors with a few millimeter diameter in the literature
has been reported to be from 88 um to 172 pum [87,89,90, 114, 133]. The
air gap of the devices is a variable parameter which could not be controlled
due to the manual assembly. Furthermore, the bias voltage of the graphene-
based acoustic sensors with more than 100 pgm have been reported to be 50
V DC and 200 V DC [90, 133] to boost the sensitivity of acoustic response,
which limits the potential of integrating the graphene-based devices on the smart
phone, hearing aid or other wearable electronic devices. To improve the acoustic
sensors’ sensitivity, it is critical to minimize the air gap distance between the
membrane and the substrate, thus maximizing the variable capacitance generated
by sound pressure and accordingly, the capacitance of the static graphene-based
microphone. Therefore, the development of a new process for minimizing the

air gap between the membrane and the substrate is essential in improving the
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performance of the graphene-based acoustic sensors.

Releasing the graphene by etching the silicon dioxide underneath with HF acid
has been reported to form cantilever[135] or bridge [136-138] devices in graphene
nanomechanical systems. The length of the graphene membrane in the nanome-
chanical devices has been shown to be a few micrometers, and the thickness of
the silicon dioxide has been designed to be around 300nm[135-138]. Using HF
acid to etch silicon dioxide sacrificial layer for the development of the micrometer
size graphene-based fully-clamped microphone could be difficult. The diameter
of the graphene-based membrane over the thickness of the silicon dioxide layer
should be designed to be around 1000 to achieve the relatively large capacitance
and improved performance of the graphene-based microphone, which can increase
the complexity of releasing the graphene-based membrane by etching the silicon
dioxide. Additionally, unlike the cantilever and bridge structure, the etchant
could flow from the sides of the graphene to etch the oxide. The fully-clamped

design increases the difficulty to etch the silicon dioxide.

We have developed a process involving the etching of a silicon dioxide sacrificial
layer to form an ultra-large graphene/ PMMA membrane microphone. The
sacrificial layer can be used to control the distance of the air gap between the
membrane and the substrate with electrode. It is the first time an ultra-large
graphene/PMMA has been suspended fully over a closed cavity by sacrificing a
silicon dioxide layer. The thickness of the silicon dioxide layer can be changed with
a view to optimize the capacitance of the device and the total acoustic/mechanical
(i.e. vibroacoustic) damping. The diameter to the thickness ratio of the sacri-
ficial silicon dioxide in our work is about 1750. The difficulties in the method
are to etch the thin silicon dioxide layer under the fully clamped large area of
graphene/PMMA membrane and to prevent the membrane from being attached
to the substrate. Henceforth, around 1500 square holes with 50 pum diameter
have been designed and etched into the silicon substrate from the back. Then,

the sacrificial layer is etched from the back side of the substrate, by HF vapour in
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the oxide etcher(Xeric Oxide Etch, memsstar). HF vapour has been used instead
of HF liquid in order to decrease the humidity and to prevent stiction between

the membrane and substrate.

In this work, with the new transfer method, an air gap of 2 um has been achieved,
which is the minimum spacing that has been reported, as shown in Table 5.1,

giving a capacitance of 26.3 pF estimated from Equation (5.1):

0= (5.1)

where, C'is the capacitance of the device, & refers to the permittivity of dielectric,
A is the area of plate overlap in square meters and d is the distance between plates

in meters.

The device has been actuated electro-statically and the resonant frequency under
electro-static actuation has been measured to be around 8.96 kHz +2%, which is
within the audio frequency range (20 Hz to 20 kHz). In the case of the acoustic
actuation, the device has been connected to the gate of a MOSFET with relatively
small bias voltage of 2.6 V DC. The acoustic sensitivity of the sample has been
measured to be around -47.5 dB V. The sensitivity of graphene-based microphone
has been reported to be from -60 dB V to -20 dB V [87,89,114,133]. The sensitivity

of the device reported here is comparable with other work.
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Table 5.1: Comparison of our work to other research on graphene-based
acoustic sensors

) o Bias e
Membrane type | Reference| Air gap | Fabrication voltage Sensitivity,
Dry transfer
300-layer 87] 18.6 ym | with ~ PET | 200V | -60dB YV
graphene
support ring
1800-1ayer Dry transfer
graphene and 2 | [114] 10 pm with gold | N/A -20dB V
pm PMMA support ring
Monolayer Our D'ry tra'ur%sfer
graphene  and Kk [29] 8.8 pm with silicon | 1V -60 dB V
200 nm PMMA | 7" support ring
Vacuum-
assisted
10-layer sublimation
graphene [133] 172 jm transfer on the 200V 60 dB vV
partly open
substrate
6-layer This Silicon le)XlFie 475 dB
graphene  and K 2 pm as sacrificial | 2.6 V v
450 nm PMMA | V" layer

5.1.2 Experimental section

Operating principles and methods

Figure 5.1.a shows the optical image of the graphene/PMMA electro-static mi-

crophone. The graphene-based membrane consists of 450 nm PMMA and 6-layer

graphene. The silver paste has been used to make contact to the graphene/PMMA

membrane for electro-static actuation. The membrane has been suspended over

a 3.5 mm diameter cavity. As shown in Figure 5.1.b, the graphene/PMMA mem-

brane has been clamped fully over the silicon dioxide anchor on the silicon sub-

strate. The air gap between the membrane and the substrate has been measured

to be around 2 pm under Leica 150x optical microscope. The graphene/PMMA

membrane and the silicon substrate work as two plates for the capacitive struc-

ture. The natural frequency formula for the graphene/PMMA membrane can be

determined by Equation (4.3).
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o Electrode 2

Figure 5.1: The optical image (a) and cross section schematic (b) of the
graphene-based electro-static microphone.

Fabrication

The fabrication schematic has been depicted in Figure 5.2.a. First, 2.3 pum
thick silicon dioxide has been deposited on the p-type silicon substrate of which
the resistivity is 1-10 Qcm. The silicon substrate has been used as the bottom
electrode in the electrostatic actuation configuration. After around 1500 square
vent holes with 50 ym width have been patterned within 3.5 mm diameter circle
and then etched into the silicon from back side of the substrate. The membrane
consisting of 6-layer graphene and 450 nm PMMA has been dry transferred on
the silicon dioxide substrate and the details of the dry transfer method are shown

in ref [19] !

Lastly, the graphene/PMMA membrane has been released with HF vapour

las shown in Figure 4.2.b, the preparation and dry transfer of the graphene/PMMA
membrane onto the substrate using Kapton tape as frame: (i) the Kapton tape frame attached
on the copper CVD graphene; (i) PMMA spin-coated on the CVD graphene; (iii) the copper
foil etched by ferric chloride; The dry transfer of the graphene/PMMA membrane: (iv)
graphene/PMMA membrane dry transferred on the substrate and the Kapton tape frame peeled
off from membrane at the temperature of 140°C; (v) the device cooled down in the air.
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flowing through the partly etched silicon substrate to remove the silicon dioxide.
In this way, the graphene-based membrane has been suspended over the silicon
dioxide anchor, with an air gap of around 2 ym. The cross section of sample in

each fabrication process has been illustrated in Figure 5.2.b I — IV accordingly.

Figure 5.2.c and d show the optical image before and after the silicon dioxide
sacrificial layer has been etched. The thickness of the silicon dioxide changes
the reflectivity of the visible light under the microscope. Therefore, the colour of
graphene-based membrane seems to be changed when the silicon dioxide has been
etched. With silicon dioxide as the sacrificial layer, the ultra large graphene-based
membrane can be transferred over the air gap of 2 ym. The use of HF vapour
reduces the humidity of the membrane in order to avoid the membrane being
stuck on the substrate. The vent holes are designed for allowing the HF vapour
to flow in to perform the etch release and also for reducing the damping of a

device with such a small air gap.

The PMMA laminated layer has supported the graphene layer in the dry trans-
fer method and the process of silicon dioxide etch release. The interface of
graphene/PMMA membrane and silicon dioxide allows the millimeter-size mem-
brane to be suspended fully over the closed cavity. The silicon dioxide on silicon
has been designed to be the substrate for the graphene/PMMA membrane to be
transferred onto. In addition, the silicon dioxide has worked as a sacrificial layer

to control the air gap between the membrane and substrate.

5.1.3 Results and discussion

The graphene/PMMA closed cavity resonator has been characterised by Polytec
laser Doppler Vibrometer (LDV). The Raman spectroscopy measured by Raman
Spectroscopy (inVia Renishaw) has been shown in supplementary information.
All measurements have been conducted on one device at room temperature and

under atmospheric pressure.
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SiO:/Si Gr/PMMA/SiO/Si

\/SI etching \/Gr/PMMA 52
a dry transfer on SiO:
I

I 1l \

Figure 5.2: a. 1. deposit 2.3 pm silicon dioxide on the p-type substrate; II.
pattern and etch the 50 pm width vent holes into the silicon from the back; III.
dry transfer graphene-based membrane on the silicon dioxide layer; IV. Etch the

silicon dioxide sacrificial layer via HF vapour (the diameter of the substrate,
graphene/PMMA and the partly open cavity has been designed to be around 7

mm, approximately 5 mm and 3.5 mm respectively); b. the cross section of

graphene/PMMA microphone during the process respectively; Suspended

graphene-based membrane before (c¢) and after(d)the sacrificial silicon dioxide
etch.
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Capacitance

As mentioned above, the capacitance between the membrane and the substrate is
calculated to be 26.3 pF. Under the measurement of HP 4280A 1 MHz CV meter,
the capacitance is measured to be 26.2 pF. From the capacitance measurement,
the air gap of the sample is estimated to be around 2.03 pm. Considering
the sacrificial silicon oxide layer is measured to be 2.3 pum thick, the average
deformation of the membrane has been estimated to be about 270 nm when
using this transfer method. The aspect ratio of the membrane’s diameter over
its static deformation is estimated to be around 4500. Therefore, the ultra large
graphene-based membrane has been transferred to the substrate with small static

deformation.

Electro-static actuation

The graphene-based membrane has been actuated electro-statically by the bottom
silicon substrate (of which the resistivity is 1-10 Qc¢m) with AC voltage ranging
from 6V to 10V and constant 0.01V DC voltage. The frequency response and
mode shape of the membrane have been measured by LDV. As shown in Figure
5.3.a, the resonant frequency has been measured to be around 8.96 kHz +2%.
The quality factor of the device is estimated to be 1.53 +5%. The wide shape
of the frequency response might be due to the large damping generated by the
small air gap. The velocity of the graphene/PMMA membrane at the resonant
frequency of be around 8.96 kHz has been observed to change from 5.79 pm/s to
17.56 pm/s with increasing AC voltage. The sensitivity of the velocity is shown in
Figure 5.3.b. The black squares represent the measured velocity of the membrane
with 6 V to 10 V actuation AC voltage, while the red dash line indicates the linear
fitting. No resonance has been observed below 6 V. AC which might be due to the
effect of damping and the relatively large resistance of the p-type silicon and the
silver paste used to contact the sample. The sensitivity of the resonant vibration

velocity has been estimated to be 2 um/s by the scope of the linear fitting. The
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scale bar (mm/s)

Figure 5.3: (a) Frequency response and (b) the velocity sensitivity the device by
electro-static actuation varying AC voltage from 6V to 10V; (¢) The mode
shape for 3.5 mm diameter graphene/PMMA membrane at the frequency of
9.10 kHz actuated by 9V AC.
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mode shape, which is shown in Figure 5.3.c, illustrates the membrane has been
actuated under (1, 1) mode at the resonant frequency of 8.96 kHz. The absence

of the (0, 1) mode also suggests the presence of damping of the sample.

Strain analysis

Table 5.2: Comparison of the tension and strain to the similar designs.

Types
Actuation| Actuation of . t%le Graphene Tension| Strain
Reference method It devices transfer (N/m) | (%)
eLho vorage sub- method ¢
strates
Our
Electro- | 1V AC Open Wet
work thermal | 1V DC cavity transfer 1.89 0.048
[105]
Closed
Our Electro- | 1V AC | V1% |
work therni; 1V DC with tr;}rflsfer 1.53 0.041
[124] 220 pm
spacing
Released
2.2  pm | by
air  gap | etching
This Electro- 6V AC with sacri-
) 0.01V . . 1.26 0.034
work static multiple | ficial
DC -
vent silicon
holes dioxide
layer

The total tension in the graphene/PMMA membrane under electro-static actua-
tion has been calculated with Equation (5.5) and the results are shown in Table
5.2. In our other work [105,124], the bilayer membranes have been suspended
over the same cavity diameter, but the graphene transfer methods are different.
In comparison to similar samples actuated electro-thermally by 1V AC and 1 V

DC [105,124], the tension and strain in this work are the minimum.

The increasing DC voltage might increase the electrical stiffness and soften the

strain in the membrane and thus, the nonlinear response might be observed [139].
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The DC voltage of 0.01V has been applied to this work, which is supposed
to minimize the electrical softening, compared to our work [105,124]. In the
suspended graphene/PMMA structure the built-in tension dominates the overall
tension [105,124]. The decrease in the overall tension (N; + N,) in this work,
might indicate using the silicon dioxide sacrificial layer compensates the built-in

stress generated in the graphene transfer method.

Acoustic actuation

The graphene-based electro-static microphone has been connected to n-channel
depletion mode MOSFET in order to measure the electronic signal transduced by
the audio signal. The schematic measurement circuit set up has been illustrated
in Figure 5.4.a. C); represents the capacitance of the graphene-based microphone,
which is variable when the sound pressure from the loudspeaker changes. The
graphene-based microphone (Cyy) applied with the bias voltage (Vi) of 2.6 V is
connected to the gate of the MOSFET. The gate voltage (Vi) of MOSFET, has
been measured to be 0.1 V, which suggests the voltage drop across C'y; is 2.5 V
when the graphene-based electro-static microphone is without acoustic actuation.
The drain supply voltage (Vpp) and drain resistor (Rp) have been set to 13 V
and 380 €) respectively. When the graphene-based membrane has been actuated
by the sound pressure, V; varies with change of the voltage drop across C)y.
Therefore, the drain current (/p) of the MOSFET changes. The drain has been
connected to a band-pass filter of which the lower and upper cut-off frequencies
are designed to be 159 Hz and 16.8 kHz. A low-noise audio amplifier (Zoom F4
Multi-Track Field Recorder) has been connected to the read-out circuit output
and giving the output voltage (Voyr) with the voltage gain of 5. The graphene-
based electro-static microphone has been actuated by the sound pressure from
0.2 Pa (80 dB) to 2 Pa (100 dB). The measurement has been conducted from
1 kHz to 20 kHz with 1 kHz step. As shown in Figure 5.4.b, Voyr has been
measured to vary from 0.5 mV to 13 mV with increasing sound pressure. The

output voltage has been observed to ascend with the increasing sound pressure.
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Figure 5.4: (a) The schematic of the measurement circuit under acoustic
actuation; the output voltage response (b) and the output voltage sensitivity (c)
of the graphene-based electro-static microphone system.
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The output voltage sensitivity has been estimated by the output voltage over
the sound pressure. Dividing the sensitivity value relative to 1 V/Pa has been
expressed in dBV, which is illustrated in Figure 5.4.c. The sensitivity of the device
has been estimated to be around -47.5 dBV (4.22 mV /Pa) +10%. At frequencies
between 1 kHz and 4 kHz, a change in the sensitivity as a function of sound
pressure is evident, as shown in Figure 5.4.c. The observation could be related
to damping effect [140]and a smaller signal to noise ratio at the lower frequency
range. The device’s sensitivity as a function of sound pressure is observed to be

relatively constant with average variation of 0.02 mV/Pa in the frequency range

from 5 kHz to 20 kHz.

5.1.4 Conclusions

The fabrication and characterization of a graphene/PMMA electro-static micro-
phone is reported. A novel process of using silicon dioxide as the sacrificial
layer has been developed. It is the first time that an ultra-large graphene-
based membrane has been suspended over the substrate with a 2 pm air gap
and actuated electro-statically. Using the new processing method, ultra-large
graphene-based capacitor has been fabricated controllably to minimize the spac-
ing between the membrane and substrate. From Raman spectra, the strain of
the membrane has been estimated to be around 0.034 %. The frequency response
of the graphene/PMMA microphone under electro-static actuation shows that
the resonant frequency of the device is around 8.96 kHz 4+2%. The velocity
of graphene/PMMA membrane under resonance has been observed to be linear
with input AC voltage. The acoustic response with sensitivity of -47.5 dBV (4.22
mV/Pa) +10% has been estimated which is comparable with research in similar
field, suggesting the potential of commercial microphone development with good

performance.
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5.1.5 Supporting Information: The Raman spectrum of graphene

layer on capacitive microphone

Table 5.3: Positions, full width at half maximum (FWHM) of the D, G and 2D

peaks.
D G 2D
position FWHM position FWHM position FWHM
(em™)  (em™)  (em™)  (em™)  (em™Y)  (em™h)

1342.8 47.8 1600.1 20.6 2703.2 39.3

Raman spectroscopy has been conducted on the center of the membrane sus-
pended over the electro-static microphone using 0.8 mW laser power and with
laser excitation of 514.5 nm. The Raman spectrum has been depicted in Figure
5.5 and Lorentz function has been used to fit the peaks. The Raman shift position
and width of the D peak, G peak and 2D peak has been illustrated in the Table
5.3. The 6-layer Chemical Vapor Deposition (CVD) graphene has been used for
the device. As shown in Figure 5.5.b and c, the sharp shape of 2D peak and
G peak suggests the graphene is around 5-10 layers [120]. The intensity ratio
between D peak and G peak is estimated to be around 0.23, which indicates
the graphene is defected [120]. The defect of graphene layer might be generated
by the structural disorder [121,122]. The peak of PMMA has been detected
at around 2995 cm ™! [141].The absence of silicon dioxide in the Raman spectra
at around 550 cm~![142], has shown the graphene/PMMA membrane has been

released successfully from the sacrificial silicon dioxide layer.

5.2 For ultrasound sensing

5.2.1 Introduction

In this work, an electro-static graphene/PMMA sensor for ultrasound detection
with the target frequency between 100 kHz to 200 kHz has been reported. The

membrane is consisted of 6-layer graphene and 450 nm PMMA as laminated layer,



5.2. For ultrasound sensing 109

—— Measurement
— — Lorentz Fit

250

200

2D
150

PMMA
100 ~

Intensity (arb. unit)

50

\NY

T I I 1 I I 1
0 500 1000 1500 2000 2500 3000 3500

Raman shift (cm™)

(a)

—— Measurement
— = Lorentz Fit

Intensity (arb. unit)

T T T 1
2500 2600 2700 2800 2900
Raman shift (cm™)

(b)
Figure 5.5: Continued



5.2. For ultrasound sensing 110

—— Measurement
— — Lorentz Fit

1400 —
1200 —
1000 —
800 —
600 —

400

Intensity (arb. unit)

200

04

-200

I I T I I I T
1100 1200 1300 1400 1500 1600 1700 1800

Raman shift (cm™)

()

Figure 5.5: The Raman spectrum of graphene layer on the acoustic capacitive
microphone: (a) full scan and PMMA peak at 2955.74 cm™! (b) D peak and G
peak (c) 2D peak.

which has been suspended over the partly open cavity with diameter of 0.5 mm.
The actuation and measurement has been conducted in atmosphere and at room
temperature. The device has been fabricated using the oxide sacrificial layer
process developed by our group[143]. The air gap of 2 um has been achieved by
controlling the thickness of silicon dioxide thickness. The characteristics of the

ultrasound sensor has been determined by electro-static actuation.

5.2.2 Device design and operating principles

The graphene/PMMA membrane has been fully clamped over substrate with
multiple vent holes with the diameter of around 500 pm, as the optical image
shown in Figure 5.6.a and Figure 5.6.b. The laminated PMMA layer works as
the supporting layer for the graphene to enhance the durability and to protect the
graphene. The vent holes have been etched through the silicon substrate for the

purpose of etching the silicon oxide sacrificial layer to achieve the small air gap
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Figure 5.6: Continued
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Figure 5.6: (a) The optical image of the graphene/PMMA ultrasonic sensor; (b)
the image of the suspended membrane over the vent holes; (c) the cross-section
schematic of the graphene/PMMA ultrasonic sensor.

of 2 pm between the graphene/PMMA membrane and substrate, as the cross-
section schematic shown in Figure 5.6.c. The capacitance has been estimated to

be 0.46 pF, using equation (5.1):

The electrostatic force (Fy) between the suspended graphene/PMMA membrane
and the substrate can be determined by Equation (4.4) [99, 144].

5.2.3 Fabrication process

As depicted in Figure 5.7, the fabrication of graphene/PMMA ultrasonic sensor
has been formed by four main steps: (a) Substrate preparation: i. the depo-
sition of 2 um silicon dioxide; ii. the pattern and etch of electrodes; iii. the
etch of hole from the back side of the silicon substrate; (b) Graphene/PMMA
membrane preparation: iv. cutting the graphene-CVD copper into the square
with the side width of 5 mm; v. spin-coated PMMA on the graphene-CVD
copper foil; vi. the etch of copper in Iron (III) Chloride (FeCls); (¢) The wet
transfer of graphene/PMMA membrane: vii. the graphene/membrane scooped
into the Deionized water (DI water) and transferred onto the substrate; viii. The
graphene/PMMA ultrasonic sensor dried in the hot plate at the temperature of 80
°C for 5 minutes and 140°C for 10-20 seconds; (d) The release of graphene/PMMA
membrane: ix. the etch of silicon dioxide with the Hydrofluoric (HF) vapour;
x. the graphene/PMMA membrane suspended over the silicon dioxide and the

capacitive ultrasonic sensor formed. One sample of this structure has been
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Figure 5.7: The fabrication schematic and cross-section schematic of the
ultrasonic sensor formed by silicon oxide sacrificial layer: the preparation of the
substrate (i-iii); the preparation of graphene/PMMA membrane (iv-vi); the wet

transfer of graphene/PMMA membrane onto the substrate (vii-viii) and the
release of the graphene/PMMA by etching the silicon dioxide sacrificial layer
with Hydrofluoric (HF) vapour (ix-x).
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fabricated with the success rate of 100 %. The repeatability and success rate

of the silicon dioxide layer has been over 80 %.

5.2.4 Results and discussion

To investigate the dynamic characteristics of the graphene/PMMA ultrasonic
capacitive sensor, the electro-static signal has been applied between the membrane
and the substrate. The silicon with the resistivity of 0.001 - 0.005 1 2cm, has been
used as the bottom electrode. The dynamic behaviour of the graphene/PMMA
membrane has been characterised by Polytec Laser Doppler Vibrometer (LDV).
The frequency response of the membrane under the electro-static signal of the
varying AC voltage from 1 V to 9 V and the constant 1 V DC has been shown
in Figure 5.7.a. The displacement has been observed to increase with the rising
AC voltage and decrease with growing frequency from 100 kHz and 200 kHz.
The resonant peaks have not been observed through the frequency sweep. The
absence of the resonant peaks and the decrease of the displacement with the
increase actuation frequency suggest the high damping between the membrane
and the substrate[145]. The sine-function signal with the frequency of 100 kHz,
125 kHz, 150 kHz, 175 kHz and 200 kHz has been applied between the membrane
and the substrate. The voltage of the sine signal has been varying AC voltage
from 1 V to 9 V and constant 1 V DC.

As shown in Figure 5.7.b, the displacement has been observed to decrease with
the increasing frequency. The linearity has been observed at the amplitude of
the membrane under the actuation voltage from 1 V to 8 V. The displacement of
the membrane has been measured to be much smaller than the air gap between
the membrane and substrate. As equation (4.4) shows, electrostatic force has
been determined proportionally by AC voltage applied between the membrane
and substrate. A possible explanation of the nonlinearity at the 9 V AC voltage
is the nonlinear damping force that is strongly dependent on the amplitude of

motion[136]. The displacement and sensitivity of amplitude which has been
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scale bar

Figure 5.8: The frequency response (a) and The sensitivity of amplitude (b) of
the sensor under electrostatic atuation from 100 kHz to 200 kHz and the
increasing AC voltage from 1 V to 9 V and constant 1 V DC; (c¢) the mode
shape of the sensor under electrostatic actuation with the sinusoidal signal with
the frequency of 150 kHz and the voltage of 5 V AC and 1 V DC .

actuated by the sine wave signal have shown in the Table 5.4. The mode shape
of the device with the sinusoidal signal with the frequency of 150 kHz and the
voltage of 5 V AC and 1 V DC has been shown in Figure 5.7.c.

Table 5.4: The displacement and the sensitivity of amplitude actuated by the
sinusoidal signal.

The range of the displace- | The sensitivity of amplitude

Frequency || it from 1V AC to 8V AC | from 1V AC to 8 V AC
(kHz)
(nm) (nm/V)

100 1.67 t0 0.78 112

25 0.99 to 7.56 0.9

150 0.67 to 4.77 0.65

175 0.34 to 4.23 0.55

200 0.35 to 3.13 0.39
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5.2.5 Conclusions

The graphene/PMMA ultrasound sensor has been investigated under the electro-
static actuation scheme. By releasing the silicon dioxide sacrificial layer, the
graphene/PMMA ultrasound sensor has achieved an air gap of 2 pum. The
displacement and sensitivity of amplitude have been decreased with increasing
actuation frequency. The absence of resonance could be due to the effect of air
damping. Compared to the 3.5 mm diameter cavity device for audio sensing,
the effect of damping might increase due to the smaller area of membrane. The
linearity of displacement with increasing AC voltage has been observed from 1
V AC to 8 V AC and the nonlinearity of the displacement has been detected
at 9 V AC. The device shows the possibility of applying graphene to ultrasound

transducers with target frequency in the order of hundreds kilohertz.

5.3 Summary

Overall, the graphene/PMMA acoustic electro-static sensors for audio and ul-
trasound detection have been presented in this chapter. Using silicon dioxide
as sacrificial layer, the air gap of around 2 pym has been the minimum air gap
among millimeter size graphene-based membrane formed capacitive structure so
far. As mode shapes of the sensors shown in Figure 5.3 and Figure 5.7, the
membranes have not been fully actuated. The effect on partial clamping of
the membrane should be further studies in order to improve the performance
of the graphene-based electro-static sensors. The possible reasons to the patrial
clamping would be: 1) the sacrificial oxide has not been fully etched; 2) the
tension applied to membrane during the oxide has been etched; 3) the damping
caused by the complex air flow for the multiple vent holes prevents the vibration
of the membrane. In addition, the absence of resonance in the ultrasound design is
interesting to study further. The performance of graphene/PMMA electro-static

microphone path a way to graphene-based audio transducers application.



Chapter 6

Conclusions

6.1 Conclusions and future work

Motivated by the extraordinary electrical and mechanical properties of graphene,
graphene/PMMA acoustic transducers for audio and ultrasound detection have
been fabricated and characterised in this research. The five transducers illustrated

in the thesis are summarized in Table 6.1.
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Comparison of our work to other research on graphene-based

Table 6.1
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First of all, the graphene transfer methods are selected based on the structure
of devices. For the open cavity design, the wet transfer can be used. To achieve
the closed cavity structure, the modified dry transfer with Kapton tape as the
supporting frame has been developed for the first time. The modified dry transfer
can be easily conducted without extra etching step on the Kapton tape. The
laminated PMMA serves as the adhesion layer between the graphene layer and
substrate. Furthermore, graphene transfer method using the silicon dioxide sac-
rificial layer has been developed to decrease the air gap between membrane and
substrate and lower the air damping. The air gap has been decreased significantly
down to around 2 pm. It is the first time that the silicon dioxide sacrificial
layer has been released successfully from the millimetre-size graphene/PMMA

membrane.

In addition, the devices have been characterized by mechanical, electro-static,
electro-thermal and audio actuation methods. The frequency response and sen-
sitivity of amplitude for the devices have been determined. For the closed cavity
design, (1,1) mode has been dominant in the frequency response and thus the res-
onant frequencies are observed to be approximately twice the response frequency
measured in the open cavity structure. For the partly open designs formed by
oxide sacrificial layer, the resonant frequency of the graphene/PMMA microphone
has been observed to be smaller than the closed cavity resonator with the same
membrane size. Moreover, the resonance has been absent in the ultrasonic electro-
static sensor. The damping effect or the vibration of the partly etched substrate
plays a role in the membrane’s vibration and influence the frequency response of

the devices, which is interesting to study further.

To conclude, the illustrated devices open a new gate to graphene-based acoustic
sensors for audio and ultrasound sensing. Graphene-based materials shows the
potential of achieving ultra-thin, durable devices with good performance, which
can be applied to the next generation acoustic products, like microphones, speaker

and ultrasound radio.
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In terms of future work, the process should be improved for the release of graphene
by etching the silicon dioxide layer. The investigation should be conducted to
study the partial clamping of the membranes. Additionally, by decreasing the
thickness of the silicon dioxide layer increases the capacitance between and mem-
brane and substrate, which would significantly improve the performance of the
graphene-based electro-static sensors. The graphene-based resonators or sensors
can be integrated with transistors and form graphene-based RGT. The fabrication
process using the silicon dioxide sacrificial layer provides a prospect to integrate
the sensors and transistor in one chip. Furthermore, the nonlinearity of the
displacement has been observed at the AC voltage of 9 V in the graphene/PMMA
membrane with 0.5 mm diameter suspended over the closed cavity and partly
open cavity. The research of the nonlinearity should be helpful in performance

improvement of the graphene-based MEMS devices.
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Appendix A

Graphene/PMMA open cavity

ultrasonic resonator

The frequency response of the substrate on the open cavity resonator mechanically
actuated by 1 V AC and 1 V DC has been illustrated in Figure A.1. The
absence of resonant frequency response on the substrate shows the frequency
response observed in Figure 3.3.a has been corresponded to the graphene/PMMA

membrane.
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Figure A.1: The frequency response of the substrate under the mechanical
actuation (1 V. AC, 1 V DC).
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Appendix B
Graphene/PMMA closed cavity

resonator for ultrasound sensing

By applying 1 V AC and 1 V DC to the piezo-disk, the vibration has been observed
at the substrate where the graphene/PMMA membrane has been attached, as
shown in Figure S 1.1. The resonant frequency has been measured to be 169.877
kHz. The displacement has been observed to be around 0.061 nm. The vibration
amplitude measured at suspended graphene/PMMA membrane has been 0.486
nm at the frequency of around 169.446 kHz (Figure 3.a). At the side band
frequency (around 169 kHz), the displacement measured at the substrate has
been estimated to be around 12.6 % of the vibration amplitude measured at the

suspended membrane.

As the mode shape shown in Figure S 1.2, transition between the (1,1) the (0,2)
has been observed at the frequency of 189.162 kHz, which could be the reason for
the side band shown in around 188 kHz at Figure 3.c.
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Figure B.1: The frequency response of the resonator’'s substrate under the
mechanical actuation with the 1 V AC and 1 V DC.

Figure B.2: The mode shape of the graphene/PMMA ultrasonic resonator at
the frequency of 189.162 kHz and with the electro-thermal actuation at the 3 V
AC and 1V DC.
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