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Abstract 

In this thesis, the design, fabrication and characterisation of graphene 
electromechanical resonators have been presented. Graphene features ultrahigh 
Young’s modulus and large surface to volume ratio that make it ideal for radio 
frequency (RF) components, sensors and other micro/nano-electromechanical 
systems (MEMS/NEMS). 

A novel batch fabrication process for graphene electromechanical resonators has 
been developed by using poly-Si film as sacrificial layer. Previously reported 
fabrication processes of graphene resonators use SiO2 as sacrificial layer only 
because graphene is visible on 300nm SiO2/Si substrate. However, the wet etching of 
SiO2 involves HF, which is not compatible with metal connections or SiO2 serving as 
dielectric or passivation layer in graphene NEMS devices. Moreover, the liquid 
surface tension during drying after wet etching could damage graphene bridges even 
critical point drying is used. Therefore, in this work, poly-Si is adopted as the 
sacrificial material. To facilitate the fabrication of graphene resonators, a 
poly-Si/SiO2/Si substrate has been designed and optimised to make graphene visible 
under optical microscope for the first time to the author’s knowledge. 
Chemical vapour deposition (CVD)-grown monolayer graphene sheet has been 
transferred onto the optimised poly-Si/SiO2/Si substrate and patterned into strips. 
Metal electrodes have been deposited by lift-off process to make electrical 
connections, which is prerequisite for integrating graphene resonator into practical 
devices. The graphene bridges have been released by etching the poly-Si layer with 
XeF2 in vapour phase, which completely avoids the capillary force induced damage 
to the graphene bridges. De-fluorination process has been performed by hydrazine 
reduction to recover graphene’s conductivity. This fabrication process is scalable for 
massive production of graphene electromechanical resonators, thus furthering their 
practical application.  

One-source current mixing characterisation setup has been constructed to test the 
graphene resonators. Besides the fundamental peak, the activation and enhancement 
of the second mode of doubly clamped resonator by electrostatic actuation have been 
observed for the first time. The second mode amplitude reaches 95% of the 
fundamental mode, whereas only odd higher modes of small intensity have been 
reported before in other MEMS/NEMS resonators actuated by electrostatic force or 
magnetomotive force. The findings in this thesis could lead to substantial increase of 
the sensitivity of sensors based on the graphene resonators. Modal analysis based on 
Euler-Bernoulli equation has been performed to understand the mechanism behind 
the activation and enhancement of the second mode. Finite element analysis agrees 
very well with experimental results and complies with the theoretical model. 
Finally, a set of novel alignment marks has been designed, which can be incorporated 
to process mechanically exfoliated 2D material flakes of micron size and irregular 
shape with conventional photolithography tools, as have been demonstrated by the 
successful fabrication of a graphene transistor. This optical alignment technique 
provides an alternative for prototype device development besides electron beam 
lithography to prevent electron-induced damage to fragile 2D materials.  
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Chapter 1 

1 Introduction 

In this chapter, the background of micro/nano-electromechanical system 

(MEMS/NEMS) and its future development trend will be reviewed first. The concept 

of graphene will be introduced and its potential applications will be briefly discussed. 

Most importantly, the motivation and research goals of this thesis will be presented. 

The layout of the thesis is at the end of this chapter. 

1.1 Introduction to Micro/Nano-electromechanical system 

1.1.1 MEMS technology 

 

Figure 1.1: Resonant gate transistor, the first MEMS device [1] 

In the past half-century or so, MEMS has played a crucial role in reshaping the 

industry, society, and our lives. As its name indicates, MEMS devices are usually 

miniature-sized, yet comprise a complete system of specially designed mechanical 

and electrical components, all integrated in one single chip to perform various tasks. 

The MEMS technology has evolved from the integrated circuit (IC) technology. The 

first MEMS device, a resonant gate transistor that can be used as frequency selector 

(Figure 1.1) [1], appeared in 1967, right along the emergence of IC technology. Since 
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then, the development of MEMS technology accompanies and interweaves with IC 

technology. They share most of the fabrication equipment and processes. Yet, 

MEMS should not be viewed as an IC adding one or two mechanical components. It 

has its own features in many aspects. Unlike the endless pursuit of integration rate in 

IC, MEMS technology pays more attention to the diversity and integrity of its 

functionalities. It has been exploring innovative application of materials with novel 

processing techniques to realize more and more functions, so that the research in 

MEMS becomes more and more interdisciplinary. For instance, the combination of 

MEMS technology and biomedical science has resulted in marvellous devices such 

as micro-needles, micro-arrays, and micro-fluidic device [2]. These devices either 

speed up the diagnostic of diseases or facilitate biology and medicine research.  

The development of a new MEMS device is more complicated than a new IC. As 

mechanical components are often constituents of MEMS devices, MEMS relies on 

the bulk process and surface process techniques such as the wet etching or inductor 

coupled plasma etching (ICP) for fabricating mechanical structures including 

cantilevers [3], diaphragms [4][5], and cavities [6]. In the fabrication procedure of 

mechanical component, compatibility of process steps needs to be taken into account 

from the very beginning. The design of a MEMS device also largely differs from that 

of an IC. Because the ICs are based on similar transistors, the only difference being 

their dimensions, thus the processes can be standardized. To the contrary, the MEMS 

Law, “one MEMS, one process, one package”, has been validated since the very 

beginning. The point in this generalized rule is that there is hardly any generic 

platform for MEMS devices. The obstacle towards a standardized MEMS process 

lies with the diversified requirements of the mechanical structures. And the materials 

of these mechanical components also vary from one device to the other. There have 

been attempts to offer a quasi-standard process that makes the design of MEMS 

easier, however, not much has been achieved.  

MEMS technology has benefited from the advance of IC technology. The matured 

material and process equipment lowers the production cost of MEMS. But advances 

in MEMS technology also facilitate the evolvement of IC technology. For example, 

bulk process technique has mainly been used in the scope of MEMS device. As it is 

getting harder and harder to scale down the size of transistors to increase integration 
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rate, multiple IC dies have been stacked together to keep the chip area while 

increasing the number of transistors. The stacking of chips requires 3D interconnects, 

which is realized by the though silicon via (TSV) technology which relies on the 

typical bulk processing technique developed in MEMS technology. 

1.1.2 MEMS application and trend 

 

Figure 1.2: MEMS market forecast from 2012 to 2018 in US dollars. The device types are marked by 

different colours [7] 

Since its appearance, the MEMS technology has found its way into consumer 

electronics, medical care, and aerospace industries. Typical MEMS devices in 

application include pressure sensor [8][9], accelerometer/inertial sensor [10], 

micro-pumps [2][11][12], ink-jet, gas sensors, and so on. Although the functioning of 

MEMS devices is intangible sometimes, they do benefit the human society in 

different ways. For example, MEMS pressure sensor features low power 

consumption and small dimension, thus can be installed in tyres to monitor pressure 

condition and provide earlier warning against fatal tyre explosion [9], greatly 
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boosting traffic security. MEMS technology has accelerated the replacement of 

traditional sensors and actuators with miniature and intelligent devices that are less 

power and volume demanding. According to market analysis report (see Figure 1.2), 

the MEMS market value has surpassed 10 billion US dollars in 2012. In the 

following years up until 2018, the MEMS sector is predicted to see a compound 

average growth rate (CAGR) of 13%, which means the market value will double in 

next five years. In Figure 1.2, different types of MEMS devices are distinguished by 

different colours. Pressure sensor, microfluidics, and gyroscopes are the three 

dominating types of device in terms of market value. This trend will continue in the 

future. 

MEMS technology will keep developing. First, the dimensions of MEMS devices 

will scale down to further reduce the cost per die. The scaling down of MEMS 

device lead to the concept of nano-electromechanical system (NEMS), which 

comprises core functioning components in the nanometre scale. A typical example is 

the graphene electromechanical resonators that contain graphene sheet less than a 

nanometre thick. On the other hand, as stated above, MEMS/NEMS relies on new 

materials to realize new functions or improve the performance of existing devices. 

Therefore, incorporating new materials in MEMS/NEMS devices has always been 

research highlight in this area, and also the propelling force of this PhD project. 

1.2 Graphene introduction 

1.2.1 The concept of graphene 

Graphite academic communities have been aware of the concept of graphene since 

1960s, when chemist Hanns-Peter Boehm coined the terminology “graphene” from 

“graphite” and the suffix “ene”. In specific and strict senses, “graphene” only refers 

to an individual layer of graphite’s planar honeycomb lattice. However, “graphene” 

has also been adopted for up to ten layers of graphite by convention. The bifurcation 

of graphite and graphene originates from their distinctive electrical properties [13]. 

Unlike bulk graphite, monolayer graphene’s valence band and conduction band touch 

upon each other at Dirac point, thus, in undoped graphene, Fermi level coincides 

with Dirac point. The electron energy ℰ  and wavenumber 𝑘  follow a linear 
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relationship around Dirac point, therefore, the electrons and holes behave like 

massless particles. Such massless particles transport at a velocity comparable to light, 

rendering extremely high carrier mobility [14][15][16][17]. When graphene layer 

increases, the band structure will become more and more like bulk graphite [13]. 

Although the concept of graphene has been known to scientists for decades, it is only 

after Andrei Geim and Konstantin Novoselov first isolated monolayer graphene and 

reported its electric field effect and superb electrical transportation that a surge occur 

in the research of graphene [14][18]. 

In contrast to the transition of electrical properties, the mechanical properties of 

graphene resemble those of bulk graphite [19]. The honeycomb 2D lattice of 

graphene formed by sp2 carbon-carbon bonds leads to extremely high in-plane 

stiffness, which has been one of the most significant properties graphene possesses. 

The phenomenal mechanical strength of graphene/graphite lattice structure has 

already found widespread applications long before the discovery of monolayer 

graphene. For instance, carbon fibre, which contains graphene flakes of a few 

microns large, has been widely used in aerospace industry and military section for its 

ultra-strength and lightweight. As the large volume growth and process of graphene 

mature, it is rapidly emerging as a novel material for future MEMS/NEMS devices 

due to its exceptional properties. Inspired by the discovery of monolayer graphene by 

mechanical exfoliation, other monolayer materials have been produced and found in 

the same way. These materials include molybdenum disulphide (MoS2) [20], boron 

nitride (BN) [21], just to name a few. Therefore, graphene has opened a new era of 

material research and applications. 

1.2.2 Graphene preparation 

The first graphene flakes prepared for research have all come from mechanical 

exfoliation of graphite [22]. Since the interaction between graphene layers in 

graphite is the weak Van de Walls force, thus it is easy to thin graphite by repeatedly 

peeling off a few layers of graphite using the “Scotch tape”. Although exfoliation 

offers a fast solution for research purpose in laboratory, the industrialization cannot 

rely on it since it cannot be scaled up for mass production. Lots of efforts have been 

poured to large area growth of graphene. Large area growth of monolayer graphene 
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has been realized in two ways, the sublimation of SiC and the surface growth on 

catalyst by chemical vapour deposition (CVD) techniques [23][24]. The sublimation 

of SiC involves ultrahigh temperature to vaporize the silicon atoms on the SiC 

surface, leaving carbon atoms to bond in a hexagonal lattice. The advantage of this 

technology is that the graphene is readily located on top of an almost insulating 

material. However, it could also be a barrier against transferring graphene to other 

substrates. The most promising and flexible method for mass production of large area 

monolayer graphene could be the CVD growth, which has already been available 

commercially. Roll-to-roll CVD growth of graphene is a streamline production that 

can potentially reduce the cost substantially [25]. That is the reason why CVD-grown 

graphene sheet has been used to fabricate graphene resonators in chapter 5. The 

technology of obtaining graphene, if not monolayer, is not limited to the 

aforementioned two techniques. For example, graphite flakes can be exfoliated by 

ultrasonic power, and the resulted graphene flakes are dispersed in solutions [26], or 

the graphene can be obtained from reducing graphene oxide flakes [27]. These two 

techniques are suitable for producing graphene to be used in electrodes. 

1.2.3 Graphene application 

The promising future of graphene resides in its wonderful properties in various 

aspects. These superior properties can be applied in many future products. As 

mentioned above, electrons transport in graphene at a velocity comparable to light 

[28][29], leading to high conductivity. Therefore, there have been expectations that 

graphene will be the material to replace silicon in logic devices. The well-known 

Moore’s Law states that the number of transistors in integrated circuit doubles in 

every two years. As the integration rate increases, the size of the transistors scales 

down. In a decade or so, the integration rate cannot be increased any more by 

conventional scaling down of transistor feature size, since the channel length and 

insulator thickness will reach the quantum limit. The solutions for keeping pace to 

the ever-escalating demand of computing performance include 3D interconnection to 

enable stacking of multi-chip vertically to increase the integration rate while 

remaining the die area, or to develop faster transistors than silicon-based ones. That’s 

why graphene has drawn so much attention since its field effect and unparalleled 



Introduction 

 7 

conductivity has been reported. Reports have shown the feature frequency of 

graphene transistors have been pushed forward to up to 300GHz [30][31], which 

could replace traditional GaAs devices that have been widely used in radio frequency 

(RF) circuits. Besides, the graphene could allow large current to flow through, and 

the graphene has good thermal conductivity. Therefore graphene transistor also could 

find application in microwave technologies and defence sector. However, there is no 

bandgap in intrinsic graphene, which prevents the graphene channel from shutting 

down and causes large leakage current. Although the ultra-thin thickness of graphene 

could prevent the short channel effect in conventional silicon transistors, the leakage 

current looms upon graphene’s potential application in logic devices. Various 

methods have been explored to open a bandgap in graphene. However, there is 

always a trade-off between the bandgap and the charge mobility in graphene.  

Although the potential of replacing silicon by graphene remains controversial, its 

applications in electrodes are bound to come into market in near future. As an 

ultra-thin material, graphene only absorbs up to 2.3% of visible light due to its 

unique band structure [32]. Hence, graphene is an ideal material for transparent 

electrodes [33][34]. Sukang Bae et al has reported transparent electrodes made from 

CVD-grown graphene [25]. Multilayer graphene has been stacked to increase the 

conductivity of the electrode film. A transparency of approximately 90% can be 

obtained with a sheet resistance as low as 30Ω/square, outperforming traditional 

indium tin oxides (ITO) transparent electrode. The transparent graphene can be 

incorporated into touch-screen panel device, as well as flexible and wearable 

electronics. Due to graphene’s 2D nature, its surface to volume ratio is 

unprecedentedly high, making it ideal for electrodes in batteries or supercapacitors. 

Such high surface to volume ratio also means that the graphene sheet can absorb 

substance effectively, which is favourable for sensors based on graphene. The 

graphene also features high Young’s modulus (~1TPa) [35], leading to large 

resonance frequency in graphene resonators and high sensitivity for sensor 

applications as will be discussed in detail in chapter 2, inspiring us into the research 

topic of graphene resonators. 
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1.3 Objectives of this project 

1.3.1 Issue with fabrication of suspended graphene bridges 

The techniques of fabricating suspended graphene structures are quite diversified. 

The mechanically exfoliated graphene are normally put down onto a 300nm SiO2 

surface [14]. These graphene flakes have irregular shape. Using electron beam 

lithography (EBL), the graphene can be patterned into strips and contacted by lift-off 

metal electrodes [36]. The SiO2 can be etched away in wet etchant such as buffered 

HF solution (BHF) and dried by critical point drying technique to achieve 

freestanding graphene [36]. An alternative route is to pattern trenches into the SiO2 

layer and put down exfoliated graphene on the SiO2 surface [19], there is a chance 

that some graphene flakes may straddle over the trenches. However, these two 

techniques are hardly scalable for batch fabrication. A. Zande et al reported 

fabricating large arrays of graphene resonator using CVD-grown graphene [37], and 

the procedure for suspension of graphene is the same as for exfoliated graphene 

flakes. But their resonators have no proper electrical connection, which means the 

graphene resonators cannot be integrated in circuits. Moreover, the wet etching 

process with BHF is erosive to many metals used in MEMSs such as aluminium.  

1.3.2 Proposed solution to batch fabrication 

Conventional ways of fabricating freestanding graphene sheet is not compatible with 

MEMS/NEMS fabrication process because of the erosive BHF. The fundamental aim 

of this project is to study the batch fabrication of freestanding graphene bridges 

integrated with metal electrodes. Poly-Si is proposed to be employed as a sacrificial 

layer, the first time for fabricating freestanding graphene. Poly-Si is very commonly 

used in MEMS resonators’ fabrication, because it is very easily etched away. Poly-Si 

can also be etched in gaseous phase by xenon di-fluoride (XeF2), which completely 

avoids the capillary force during drying step after wet etching. XeF2 does not attack 

metal or other commonly used material in IC technology at all. Under XeF2 

atmosphere, the fluorine atoms dissociate and adsorb to the surface of graphene. 

Moreover, the fluorine atoms will form chemical bonds with graphene, thus changing 

the properties of graphene, and bring opportunities for diversified applications. In 



Introduction 

 9 

this project, the influence of fluorination and de-fluorination on the properties of 

graphene will be studied and discussed in chapter 5.  

1.3.3 Electrical characterisation of graphene resonators 

There have been two techniques to characterize the resonance of graphene resonators, 

which will be discussed in detail in chapter 3. One is the optical method, which uses 

one laser beam to thermally actuate the graphene sheet, and detect the deflection of 

graphene by sensing the reflection of another laser beam. This technique is more 

lab-oriented due to its complicated setup, and it is almost impossible to be integrated 

in MEMS/NEMS. Therefore, for more general application, one needs to turn to 

another technique, which detects the frequency of graphene electrically. As the novel 

fabrication process offers modification to graphene, its new physical properties will 

be explored taking advantage of its metal electrodes. Therefore, electrical 

characterisation technique will be studied in chapter 3, the fabrication of the 

graphene resonators with metal electrodes will be discussed in chapter 5, and the test 

of the performance of graphene resonators electrically will be presented in chapter 6. 

The expected achievements would lay foundation not only for application of 

MEMS/NEMS resonators in sensor, but also for studying novel physical 

phenomenon of nano-scale. 

1.4 Thesis arrangement 

The structure of this thesis is illustrated in Figure 1.3. The narrow arrows indicate the 

dependency of chapters, while the workflow is indicated by the wide arrows. 

Naturally, the downstream chapters also depend on their upstream chapters. The 

wide arrows on the right side denote the main streamline of this PhD project, which 

is the design, fabrication and characterisation of graphene resonators. On the left part, 

the chapter 7 is parallel to chapter 5, which is an enabling technique intended for 

processing exfoliated 2D material flakes with conventional photolithography tools. 

Chapter 2 and chapter 3 are the common foundation of chapter 4, 5, 6, and 7. The 

main topics in all the chapters are elaborated below. 

Chapter 2 will be devoted to the introduction of graphene’s electrical and mechanical 

properties. The unique electron energy band structure of graphene is derived from the 



Introduction 

 10 

hexagonal lattice structure, which explains the conductivity and optical transparency 

of graphene. The band structure of different layers of graphene also lead to different 

Raman spectrum features, which is important for distinguishing monolayer graphene 

from multilayer graphene. The mechanical properties of graphene will also be 

discussed, based on density functional theory (DFT) calculation and molecular 

dynamics (MD) simulations. 

 

 

Figure 1.3: Structure of the thesis 

Chapter 3 will discuss the characterisation techniques of graphene and graphene 

resonators. Raman spectroscopy is a common denominator in graphene, because it is 

capable of characterizing the quality and number of layers of graphene 

non-destructively. Therefore, a lot of pages have been devoted to elaborate the 

relationship between Raman features and the lattice structure of graphene. The last 

part of this chapter focus on the electrical characterisation of the resonance frequency 

of graphene sheet using the current mixing technique.  
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Chapter 4 will talk about the optimization of graphene’s visibility on poly-Si layer. 

As graphene sheet will be transferred on poly-Si layer first in this project, making 

graphene visible under optical microscope will facilitate the inspection and 

manipulation of graphene. The origin of the contrast of graphene will be theoretically 

discussed. Based on the theory, the thicknesses of poly-Si and underlying SiO2 are 

optimised to improve the visibility. The influence of the doping level in poly-Si on 

the conductivity of graphene will also be studied by simulation. 

Chapter 5 will present the fabrication of suspended graphene sheet using poly-Si as a 

sacrificial layer. The vapour phase etching of poly-Si by XeF2 and the reduction of 

fluorinated graphene by hydrazine will be introduced. The influence of the XeF2 on 

the electrical and mechanical properties of graphene will be discussed according to 

experimental and simulation results. The determinant factors of the overall yield of 

conductive graphene bridges will be discussed in detail. 

Chapter 6 is devoted to the characterisation of graphene resonators. The model of 

graphene resonators will be discussed, and the measured results of graphene 

resonators will be presented. The frequency and quality factors of graphene 

resonators will be compared to its counter parts. The model analysis will be 

performed to explain the observed high order harmonics in graphene resonators. To 

further explore the mechanism behind the enhanced higher harmonic, finite element 

analysis will be performed to obtain the response of the graphene resonant to 

different electrostatic actuation voltage distribution. 

Chapter 7 will present an alignment technique for fabricating devices from irregular 

exfoliated flakes 2D material. This alignment technique can be incorporated into 

photo masks that can be exposed by conventional photo lithography tools and avoid 

the use of electron beam lithography. The application of this technique will be 

demonstrated by the fabrication of a simple graphene field effect transistor. 

In chapter 8, the major findings in the previous chapters will be recalled, as well as 

the shortcomings that need improvement. Possible future application of the graphene 

resonators developed in this thesis will also be briefly discussed. 
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Chapter 2 

2 Properties of graphene 

2.1 Introduction 

In this chapter, graphene’s electrical and mechanical properties will be reviewed. 

Monolayer graphene features extremely larger carrier mobility and Young’s modulus 

[16][38], surmounting almost all the other counterpart materials. The excellent 

electrical and mechanical properties of pristine graphene are intrinsically determined 

by its unique lattice structure and electron energy band structure. Therefore, the 

lattice configuration of graphene will be discussed, and the electron band diagram of 

pristine graphene sheet will be deduced. The electron transport mechanism in 

graphene will be touched as well. The introduction of mechanical properties will 

follow the electrical property part. A continuum elastic model will be introduced, 

with which the important metric parameters of the mechanical properties will be 

presented. The theoretical and experimental results of these parameters will be 

reviewed and discussed.  

Graphene’s physical properties are affected by many factors. First, the dimension 

plays an important role in graphene’s band structure. Band structures of monolayer 

graphene, double-layer graphene, and bulk graphite are different from each other 

[13]. Their distinctive electron band structure will lead to different Raman spectrum 

characteristics, so the Raman spectroscopy can be used to determine the number of 

graphene layers as will be discussed in chapter 3. The lateral size also influences 

graphene’s electrical properties. The lateral confinement turns graphene to quasi-1D 

graphene nano-ribbon (GNR) and induces bandgap in graphene [39][40][41][42]. 

The size of graphene sheet is well beyond the regime where quantum effect plays 

important role in this thesis. Therefore, the discussion mainly stays within diffusive 

transport range. Due to graphene’s 2D nature, the surface to volume ratio is 

extremely high that makes graphene very susceptible to the influence of its 

surrounding environment. For instance, the phonon scattering of SiO2 substrate limits 

the electron velocity in graphene [16][43]. Graphene is also easily doped by 
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substance attached to it [44]. Such influences may lead to control of graphene’s 

properties [44]. There have been various techniques to dope the graphene and tune 

the conductivity including various functionalisation methods such as hydrogenation 

[45], oxidation [46], and halogenations [47], which add radicals to either the 

graphene basal plane or dangling bonds at the edges, modifying graphene’s chemical 

and physical attributes. The functionalisation of graphene will be left to chapter 5 

when the fabrication of graphene resonator is discussed. 

The mechanical properties determine the performance of graphene resonators and 

sensors based on them, which is the major subject of this thesis. Due to the 2D nature 

of monolayer graphene, graphene resonators are extremely sensitive to physical 

quantity change, which is highly favourable for sensor applications. However, 

graphene resonators also suffer low quality factor at room temperature. The quality 

factor is very much related to the test environment, thus, this topic will be left to 

chapter 6 when the measurement results of the graphene resonators are presented. In 

the last part of this chapter, the topics will be extended to the dynamic range and 

sensitivity of graphene resonators. 

2.2 Band structure of graphene 

2.2.1 Lattice structure  

 

Figure 2.1: Lattice structure of graphene (a) and first Brillouin zone in reciprocal space  
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The carbon atoms in graphene are arranged in a 2D honeycomb lattice as shown in 

Figure 2.1(a). The primitive cell of graphene contains two inequivalent carbon atoms 

as marked by blue and orange colour respectively. For convenience of discussion, the 

blue atoms are denoted by A, and orange atoms by B. The inequivalence originates 

from the angle of adjacent bonds of the two atoms. Therefore, the graphene lattice 

can be viewed as two interweaved rhombic 2D lattices. The carbon-carbon bond 

length 𝑎!! is about 1.42Å [48]. The coordinate basis of the lattice comprises two 

vectors (𝑎!,𝑎!) which form an acute angle of 60ᵒ. The reciprocal basis vectors are 

determined by 𝑎! ∙ 𝑏! = 2𝜋𝛿!". The Brillouin zone, together with the high symmetry 

points is shown in Figure 2.1(b). Each isolated carbon atom possesses four valance 

electrons (2s, 2px, 2py, 2pz) [28]. When the carbon atoms are bonded in the hexagonal 

lattice, the 2s, 2px and 2py orbitals are hybridized to form co-planar σ and σ* bonds, 

while the remaining 2pz orbital creates the delocalized π bond (bonding) and π* bond 

(anti-bonding), which is perpendicular to the graphene plane. The planar σ bonds 

between neighbouring carbon atoms are responsible for high in-plane stiffness of 

graphene [41].  

Graphene serves as the basic building block for many carbon allotropes. It can be 

wrapped up to form a spherical 0D fullerene with a few pentagon defects [49], or 

rolled along an axis to form carbon nanotubes. And most commonly, in graphite, the 

graphene layers are stacked in either hexagonal lattice (alpha graphite) or 

rhombohedra lattice (beta graphite) [13]. The interlayer interaction between graphene 

layers in graphite is Van der Waals force, which is weak and facilitates mechanical 

exfoliation and the facile sliding of the layers, an intriguing property that makes 

graphene suitable for self-lubricating electrodes in electric motors. The spacing 

between graphene layers is about 3.34Å, though weak, it causes the split of 

anti-symmetric π bonds and distinguishes the band structure of multilayer graphene 

from monolayer graphene. Since graphene lattice can be viewed as flattened carbon 

nano-tubes (CNT) cut along its longitudinal direction, graphene’s chirality 

corresponds to CNTs’. As shown in Figure 2.1(a), the x direction corresponds to 

zigzag CNT, while the y direction to armchair CNT. The correspondence is 

counter-intuitive due to the convention of nomenclature for CNT.  
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2.2.2 Tight binding description 

P. R. Wallace has studied the band structure of graphite first in 1946 [28]. Although 

the terminology graphene has not yet been proposed at that time, the concept of 

monolayer graphite, has been conceived and the band structure of bulk graphite has 

been deduced from it [50]. Since the bonding and anti-bonding σ bands are quite 

separated and far away from the Fermi level as will be seen in next section, their 

contribution to conductivity of graphene can be neglected. Therefore, applying 

tight-binding approximation, one can treat the carbon atoms in graphene as 

possessing only one conduction electron from 2pz state of carbon atom that can be 

described with a simple tight-binding Hamiltonian [28]. Suppose 𝜑  is the 

normalized 2pz orbit wave function for isolated carbon atoms, the wave function of 

graphene system 𝜓 can be written as the sum of the wave function from A atom 𝜑! 

and B atom 𝜑! 

 𝜓 = 𝜑! + 𝝀𝜑! (2.1) 

Where 𝝀 is any constant and 

 𝜑! = 𝑒!!"#∙!!𝜑(𝑟 − 𝑟!)
!

 (2.2) 

 𝜑! = 𝑒!!"#∙!!𝜑(𝑟 − 𝑟!)
!

 (2.3) 

by Bloch theorem. Here, 𝑘 represents the wavenumber. The summations are taken 

over all A atoms in the graphene lattice and B atoms as well. 𝑟! and 𝑟! represent 

the position vectors of A and B type carbon atoms respectively. Putting the wave 

function into Schrödinger’s equation and after basic mathematical treatment, we have 

 ℋ!! + 𝝀ℋ!" = ℰ𝒮 (2.4) 

 ℋ!" + 𝝀ℋ!! = 𝜆ℰ𝒮 (2.5) 

Where 

 ℋ!" = 𝜑! ℋ 𝜑!  (𝑖, 𝑗 = 𝐴,𝐵) (2.6) 

And ℋ is the Hamiltonian of the system. Let 

 𝒮 = 𝜑!|𝜑! = 𝜑!|𝜑! = 𝒩! (2.7) 



Properties of graphene 

 16 

Where 𝒩! is the number of primitive cells in the graphene sheet. To simplify the 

solution of the energy, it should be assumed that the wave function of A and B atoms 

are not overlapped, that is to say 

 𝜑!|𝜑! = 𝜑!|𝜑! = 0 (2.8) 

Since 𝜆 exists, we can get the secular equation from equation 2.4 and 2.5 

 ℋ!! − ℰ𝒮 ℋ!"
ℋ!" ℋ!! − ℰ𝒮

= 0 (2.9) 

By solving the above equation and considering the symmetry of graphene lattice [28], 

we readily get 

 
ℰ =

1
𝒩
(ℋ!! ±ℋ!!) = ℰ! + 3𝛾!! ± 3𝜋𝛾! 𝑘 − 𝑘! 𝑎!! 

−3𝜋!𝛾!! (𝑘 − 𝑘!) !𝑎!!! 

(2.10) 

Where 𝛾!  and 𝛾!!  represent the nearest-neighbour and next-nearest-neighbour 

hopping amplitudes, which take the approximate values of 2.5eV and 0.1eV 

respectively [51]. 𝑘! represents the corner of the Brillouin zone. If the relatively 

smaller 𝛾!! is neglected, then the energy measured from the corners of Brillouin 

zone K where ℰ = ℰ! can be written as 

 ℰ − ℰ! ≈ 3𝜋𝛾! 𝑘 − 𝑘! 𝑎!! (2.11) 

From the above equation, it can be seen that the top of valence band touches the 

bottom of the conduction band at the corners of Brillouin zone (Figure 2.2). The 

point where the two bands meet is called Dirac point. So graphene can be viewed as 

a semimetal or a zero bandgap semiconductor. The energy-momentum dispersion, as 

described by the above equation, does not follow the common quadratic relationship, 

but instead, a linear curve. As a result, the electronic group velocity is 𝜐! =

3𝜋𝛾!𝑎/2ℏ, about 8.5×10!m/s. Here ℏ is Planck’s constant. The charge carriers 

near the corners of Brillouin zone mimic massless relativistic particles travelling at a 

velocity comparable to the speed of light. 

2.2.3 Ab initio calculation 

The above deduction provides an analytical solution to band structure and facilitates 

calculation of carrier density. A more comprehensive study on the bands structure 
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can be performed by the first principle method, also called ab initio method. The first 

principle method is based on quantum mechanics and does not require empirical data 

but only constitutive elements’ locations in the periodic table. Instead of solving 

Schrödinger’s equation, practical implementation of first principle calculation is 

made possible by applying the density functional theory (DFT) [52]. DFT states that 

wave functions and observants of a physical system are functionals of the density of 

electrons. In contrast to solving many-body Schrödinger’s equations based on the 

wave functions of individual atoms, which has 3𝒩! variables, DFT considers the 

density of electron with just three variables of coordinates. Here, 𝒩! is the number 

of atoms. Therefore, DFT requires much less computation resource, and has been 

proven to be a successful and economic tool of investigating various physical 

properties of atomic and molecular systems.  

 

Figure 2.2: Band structure of monolayer graphene calculated with CASTEP 

The DFT calculation requires the lattice to be periodical in all three directions. To 

rule out the mutual interaction of graphene layers, the inter-layer spacing, or the 

period perpendicular to the xy plane in Figure 2.1(a) should be much larger than 

graphite’s inter-layer spacing. The graphene lattice has been modelled in computer 

with Materials Studio 4.0, which incorporates a first principle programme CASTEP 

[53], and the interlayer spacing has been set to 20Å. The geometry of the graphene 
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lattice has first been optimised using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) 

algorithm [54], which iterates calculating the energy of a system and adjusting the 

lattice configuration until the minimum total energy is found. The corresponding 

lattice configuration will be the optimised lattice configuration. The energy band 

structure at the high symmetry points in reciprocal lattice has been plotted in Figure 

2.2 [55]. The bonding π and touches anti-bonding π* bonding at K points which is 

consistent with the tight binding model. The σ bands are indeed far away from the 

Fermi level, confirming the assumption of the tight binding model. It has been 

reported that the electron band structure calculated by tight binding model is 

considerably close to that calculated with ab initio method near K point. But the 

discrepancy broadens for energy bands away from Fermi energy [56]. 

2.2.4 Band structure of multilayer graphene 

 

Figure 2.3: AB stacking of double layer graphene (a) and its band structure (b) 

The monolayer graphene sheets can be stacked up to form bilayer graphite, trilayer 

graphene, and up to bulk graphite. The most common stacking order is AB or Bernal 

stacking, as shown in Figure 2.3(a). The dashed lines denote atoms and bonds at the 

bottom layer, which has been shifted by a bond length with respect to the top 

graphene layer. Due to the interaction between the π bonds of neighbouring layers, 

the π and π* band in double layer graphene split into 𝜋!, 𝜋! and 𝜋!∗, 𝜋!∗ bands 

around K point in reciprocal space as shown in Figure 2.3(b). For even more layers 

of graphene, their conduction band and valence band become overlapped more and 
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more with increasing layers [13]. From 11 layers on, the overlapping will be around 

41 meV and changes not much for even thicker graphite (less than 10%). A tuneable 

bandgap could be induced in double layer graphene by applying different 

electrostatic potential to the two layers [57], which could be advantageous as to 

minimize the leak current of graphene transistors and increase the on-off current ratio 

in graphene field effect transistors. Nevertheless, such band opening achievement 

costs the carrier mobility. The energy-momentum dispersion in double layer 

graphene is more of parabolic shape rather than a linear one as in monolayer 

graphene, thus the electron velocity will be reduced. 

2.3 Electrical transport in graphene 

2.3.1 Carrier density 

In semiconductors, the carrier density and mobility are two of the determinant factors 

of their conductivity. When the Fermi level is located precisely at the Dirac point, 

also called charge neutral point (CNP), no free charge carrier exists at absolute zero 

temperature. Nevertheless, the ideal case can never be realized, and the transport of 

graphene is either electron-like or hole-like. Due to the extremely large electron and 

hole velocity in graphene, approaching 200,000cm2/Vs in suspended clean graphene 

[16], the carriers can transport hundreds of nanometres without being scattered, 

leading to peculiar quantum transport behaviours [16][58]. For our graphene 

transistor and graphene bridges of a length much longer than the electron’s free range, 

the transport mechanism is much more of conventional diffusive transport, where the 

conductivity 𝝈𝒄 can be expressed as 

 𝝈𝒄 = 𝒆(𝓃𝜇! + 𝓅𝜇!) (2.12) 

𝓃 and 𝓅 are the concentration of electrons and holes. 𝜇! and 𝜇! represents the 

electron and hole mobility. The carrier mobility depends on velocity of electron as 

well as the average time between scatterings. The common scattering mechanisms in 

semiconductors include defect scattering, phonon scattering, and so on [59][60]. 

Here, we only look at the charge carrier density in pristine graphene where no 

external doping exists. According to the above deduction of energy dispersion curve, 

the electronic density of states (DOS) per unit area can be derived as 
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 𝒩 ℰ = 2
𝑑𝑘

𝑔𝑟𝑎𝑑!ℰ
=
4(ℰ − ℰ!)
3𝜋𝛾!!𝑎!!!

 (2.13) 

The electrons obey Fermi-Dirac distribution function ℱ ℰ , therefore, the 2D 

electron density in graphene can be expressed as  

 

𝒩 ℰ
!

!
ℱ ℰ 𝑑ℰ =

4(ℰ − ℰ!)
3𝜋𝛾!!𝑎!!!

!

!

1

1 + exp  (ℰ − ℰ!𝒌𝑩𝒯
)
𝑑ℰ

=
4𝒌𝑩

𝟐𝒯!

3𝜋𝛾!!𝑎!!!
ℱ!

(ℰ − ℰ!)
𝒌𝑩𝒯

= 4
𝒌𝑩𝒯
ℏ𝜐!

!

ℱ!
(ℰ − ℰ!)
𝒌𝑩𝒯

 

(2.14) 

Where ℱ!  represents the first order Fermi-Dirac integration, and 𝒌𝑩  is the 

Boltzmann constant. Equation 2.14 will be important for the calculation of the 

modulation doping level in graphene in section 4.4 of chapter 4. 

2.3.2 Ambipolar diffusive transport 

2.3.2.1 Field effect measurement 

The carrier density of graphene can be modulated by electrostatic voltage as most 

semiconductor materials do. One of the major findings of Novoselov and Geim in 

2004 is the gate-effect of graphene [14], which is key to realize transistors. When a 

gate structure is integrated with the graphene channel, the gate voltage can be applied 

to induce electrostatic charges and tune the resistivity of graphene [14]. Normally, 

graphene transistors are fabricated from exfoliated graphene on 300nm SiO2/Si 

substrate, and the substrates are used as back gate. Due to the thickness of SiO2 and 

trapped charge scattering, the gate effect of this type device is not prominent. 

Double-gate graphene transistors have been introduced with a thin top gate insulator 

thus enhancing the gate control [31][61]. Depending on the charge type induced, the 

Fermi level is either lifted up (electron doping) or lowered down (hole doping). The 

electrostatic charge density can be deduced easily from the model of parallel plate 

capacitor. Assuming that the graphene is pristine without any doping effect induced 

by impurities or contaminations, the Fermi level coincides with the Dirac point and 

the concentration of charge carrier is minimized, if not reduced to zero at 𝒯 = 0. In 

practice, the graphene sheets fabricated are doped by either molecular doping or 

modulation doping, then there will be net charge carriers in the graphene piece even 
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without gate voltage, the Fermi level will not be at the Dirac point. In this case gate 

voltage will be needed to balance the graphene to neutrality point. The relationship 

between 𝓃 and voltage 𝑉! will become 

 𝓃 = 𝐶!"(𝑉! − 𝑉!)/𝒆 (2.15) 

Where 𝐶!" is the gate capacitance, and 𝑉! is the applied voltage that can deplete 

all the existing charge carriers in the graphene, namely, moving the Fermi level back 

to the Dirac point. 𝑉! is normally non-zero as graphene can easily be doped by 

impurities. 

 

Figure 2.4: Resistance (a), mobility and electron concentration (b) against gate voltage [18] 

The gate effect plays a very important role in characterizing the transport of graphene. 

Figure 2.4(a) shows the resistance of a graphene field effect transistor measured 

against the back gate voltage [18]. The inset shows the optical image of the graphene 

device. The graphene sheet has been exfoliated from HOPG and deposited with 

Au/Cr for electrical contact. The resistance has a very sharp peak, indicating the 
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depletion of charge carriers, which agrees well with the theory that when the Fermi 

level lies at the Dirac point, the carrier concentration is minimized. However, there is 

a finite maximum resistance, indicating that the conductance can never go to zero. 

This is believed to be due to inhomogeneous puddles of electrons and holes unevenly 

distributed in graphene sheet [62]. Figure 2.4(b) plots the charge density and 

mobility against the gate voltage. The charge concentration and the resistivity in (a) 

are both symmetric, indicating the mobility of electrons and holes equal to each other 

in this device. The carrier mobility surges from 10,000cm2/Vs to about 40,000 

cm2/Vs with decreasing carrier concentration.  

2.3.2.2 Scattering mechanisms 
Other reported carrier mobility in graphene varies from device to device due to 

different measurement condition and the fabrication processes [16][29][43]. The 

scattering sources in graphene come internally from its own phonon and lattice 

defects [63], or externally from coulomb force of charge impurities and substrate 

phonon modes [62][60]. Initially the ionized impurities in SiO2 layer have been 

believed to be the major scattering source. E. H. Hwang et al proposed a transport 

theory for graphene which explains the carrier density dependence of conductance in 

graphene [51]. They assumed that the ionized impurities in the SiO2 substrate is the 

dominant scattering source and their model fits the experiment data very well [62]. 

Unexpectedly, although experiments do confirm that in suspended graphene sheet, 

the carrier mobility increases by certain amount, it is after the annealing that the 

electron mobility reaches a remarkable value of 200,000cm2/Vs [29]. The experiment 

results indicate that suspension alone does not increase the mobility to maximum 

value. By annealing, the impurities adhered to the graphene can be removed. 

Therefore, the adsorbents on graphene contribute the most to the scattering source. In 

clean suspended graphene, even the absorbents and coulomb scattering are 

minimized, the electrons are still subject to phonon scattering and defects scattering. 

Characterisation of suspended graphene sheet at room temperature reveals that the 

mobility can be reduced to a few thousand cm2/Vs by flexural phonon scattering at 

room temperature [64], roughly the scale of mobility on SiO2 substrate. For 

CVD-grown graphene, the carrier mobility is further limited by grain boundary to 

about 1100cm2/Vs [65], which is enough for transparent electrode applications. A 
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typical sheet resistance of monolayer CVD-grown graphene is around 

125Ohm/square [66]. 

2.4 Mechanical properties of graphene 

In this section, a simple continuum elastic model and key parameters for describing 

graphene’s mechanical behaviour will be introduced. The most important parameter 

is the Young’s modulus of graphene. The theoretical calculation and experimental 

measurements of Young’s modulus will be reviewed. Graphene’s exceptionally large 

Young’s modulus is crucial to graphene resonator’s dynamic range and sensitivity of 

sensors based on graphene resonators. The ideal strength of graphene is another 

important quantity that measures how durable graphene is to withstand the external 

force, which is vital for the robustness of sensors based on graphene sheet as thin as 

3.34Å.  

2.4.1 Continuum elastic model 

For studying the static or dynamic behaviour of a many-body ensemble such as 

graphene lattice shown in Figure 2.1, the system’s energy provides a convenient, and 

sometimes inevitable, viewpoint. To describe the interaction potential energy of 

carbon atoms, a valence force field model can be adapted from the model of bulk 

crystal structure. The sp2 potential energy 𝑈!!! of carbon-carbon bonds in grapene 

can be expressed in the atomic scale as [67][68]:  

 

𝑈!!! =
1
2

𝜶
4𝑎!!!

𝑟!" ∙ 𝑟!" − 𝑎!!!
!

!

𝒩!"

!!!

+
𝜷
𝑎!!!

𝑟!" ∙ 𝑟!" +
𝑎!!!

2

!

+ 𝜸𝐷! ∙ 𝐷!
!!!

𝒩!"

!!!!!!

𝒩!"

!!!

 

(2.16) 

Here, 𝑖 indexes individual carbon atom whose nearest atoms are indexed by 𝑗 and 

𝑘. 𝒩!" denotes the number of atoms in the graphene sheet under consideration. 𝑟!" 

represents the bond vectors pointing from one atom towards its nearest atoms. 𝐷! is 

the dangling bond vector perpendicular to the local tangential plane. 𝜶, 𝜷, and 𝜸 

are constants here. For graphene, their values are 155.9J/m2, 25.5J/m2, and 7.4J/m2 

respectively [69]. The first term on the right-hand side of the equation is the 
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deformation energy caused by uniaxial length change of the bonds, while second 

term denotes energy associated with the in-plane angle change between adjacent 

bonds. The last term represents the out-of-plane deformation energy of graphene. As 

the coefficient 𝛾 is rather small compared with 𝛼 and 𝛽, the bending deformation 

energy can be neglected in most cases, which is one of the reasons why the graphene 

can be treated as 2D material with no bending stiffness when modelling the graphene 

resonator in chapter 6. 

The calculation based on the above equation would be impossible due to the 

countless number of atoms. Therefore, in practice, a continuum isotropic shell has 

been used to model the elastic behaviour of graphene. In linear deformation range, 

the strain energy 𝑈 can be expressed as functions of local in-plane strain 𝜖!,𝜖!, 

𝜖!" and curvature 𝜅!, 𝜅!, 𝜅!" [70]. For simplicity, higher moduli are omitted 

 

𝑈 =
1
2

𝐸!!
(1 − 𝜐!)

(𝜖! + 𝜖!)! − 2(1 − 𝜐)(𝜖!𝜖! − 𝜖!"! )

+ 𝐷!! 𝜅! + 𝜅!
!
− 2 1 − 𝜈 𝜅!𝜅! − 𝜅!!! 𝑑𝑆 

(2.17) 

where 𝐸!! , 𝜈 , and 𝐷!!  are the in-plane stiffness, Poisson ratio, and flexural 

rigidity for the shell. These three parameters are most important for describing the 

mechanical properties of graphene and to be discussed in detail from both theoretical 

and experimental perspectives. Due to graphene’s 2D nature, the in-plane stiffness 

𝐸!!  has the dimensionality of surface tension N/m. The flexural rigidity 𝐷!! 

originates from the third term in equation 2.21, so its value is also very small and can 

be neglected as well. The terms in the integral as a whole represent the deformation 

energy density. There are two conditions on the validity of the equation. First, the 

length scale of the deformation should be much larger than the lattice constant [69], 

and second, the three parameters must be isotropic in graphene’s 2D plane. As will 

be seen, the assumed 2D isotropy of the model can be justified by the graphene’s 

hexagonal symmetry and the appropinquity of calculated Young’s modulus in 

armchair and zigzag directions in small deformation range. 𝐸!!  and 𝜈 can be 

treated as constant only when the deformation remains in linear regime. For 

applications such as modeling graphene resonators, the linear deformation condition 

is normally fulfilled. The bulk Young’s modulus 𝐸 is related to the 2D stiffness 
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𝐸!! by 𝐸 = 𝐸!!/𝑡!. 𝑡! is the thickness of graphene, normally taking the value of 

3.34Å, which is the inter-layer spacing in graphite.  

2.4.2 Nonlinearity of in-plane stiffness and ideal strength 

In the above equation 2.17, the second order elastic modulus 𝐸!! has been assumed 

to be linear, which does not taken into account the softening of stiffness under high 

tension. If strain of graphene continues to increase, the stress will reach a maximum 

where the graphene starts to fracture. This stiffness softening is common to almost 

every material. To account for the nonlinearity of stiffness, another parameter should 

also be considered, so again, if the isotropy is presumed, the stress should be 

expressed as 

 𝜎 = 𝐸𝜖 + 𝛩𝜖! (2.18) 

where 𝜎 is the symmetric second stress, 𝜖 is the uniaxial Lagrangian strain, and 𝛩 

is the third-order elastic modulus. 

The value of 𝛩 is normally negative, leading to decreasing of stiffness at high 

tensile strains. The maximum stress 𝜎! achievable in a material with perfect lattice 

structure is called ideal strength [71][72], beyond which the material will be torn 

apart. The ideal strength characterizes the physical properties of bonds in lattice 

structures. Nonetheless, materials usually break far below the ideal strength due to 

stress concentration around defects, thus it has been difficult to measure the ideal 

strength of a materials due to universally existing lattice defect. However, a graphene 

sheet exfoliated from Highly Ordered Pyrolytic Graphite (HOPG) or Kish graphite 

can be defect-free up to a millimetre, thus enabling direct characterisation of ideal 

strength, which will be discussed later. The deformation energy can even be 

expressed as even high order elastic modulus [73], however, it will not be discussed 

in this chapter as it is not relevant. 

2.4.3 Calculation of Young’s modulus 

2.4.3.1 DFT calculation 

The mechanical properties of graphene sheet can be investigated by first principle 

methods as well. The dotted rectangle in Figure 2.1(a) encloses a super-cell of 
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graphene. The super-cell of such a rectangular shape allows independent 

investigation of stress-strain relationship along armchair and zigzag directions, which 

are the two most representative directions. To obtain the deformation energy, a 

geometry optimization can be performed on the unstrained graphene super-cell to 

find the lattice structure of minimum energy as described in section 2.2.3. Then a 

lattice constant of the super-cell, in x direction for example, can be increased to 

achieve a target strain and fixed so that the non-boundary atoms are allowed to relax 

to a configuration with which the system energy is minimized again. The potential 

energy discrepancy between the strained structure and original graphene lattice is the 

total strain energy 𝑈. Such a calculation process mimics the procedure of stretching 

a shell to acquire the strain-stress curve. The only difference is that the stress is not a 

direct readout, but deducted from the energy-strain relationship. As mentioned above, 

since the x and y directions are orthogonal to each other, the stiffness and Poisson 

ratio in each direction can be calculated separately. For instance, if a homogenous 

strain is applied to the super-cell in x direction, the strain energy density 𝑈𝐷 

becomes 

 𝑈! =
  𝑈
𝑆
=
1
2
𝐸!!"𝜖!! (2.19) 

Here, 𝑆 represents the area of graphene super-cell under consideration. The second 

order differentiation of the above equation gives the 𝐸!!", the 2D stiffness along 

armchair direction. The lattice constant of the super-cell along y direction should see 

a contraction strain 𝜖! when a tensile strain along x direction is applied. So the 

Poisson ratio is obtained as 𝜈 = |𝜖!/𝜖!|. 

Figure 2.5 shows stresses and Poisson ratios against strain of graphene in both 

armchair and zigzag directions calculated by the ab initio methods [74]. The 

equivalent stress in vertical axis refers to the bulk stress, which has been derived 

from 2D super-cell stress 𝜎!! using 𝜎 = 𝜎!!/𝑡!. It can be observed from the curve 

that, in small strain range, the equivalent bulk Young’s modulus is approximately a 

constant of 1050Gpa for bother armchair and zigzag direction. The Poisson ratio of 

armchair graphene at 5% strain is about 0.18, a little bit larger than zigzag 

graphene’s 0.15 at the same strain. The Poisson ratio scales inversely as the strain. If 

the two Poisson ratio curves are reversely extrapolated to near zero strain, they will 
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intersect near zero strain, which means that, under small strain condition, the Poisson 

ratios along both armchair and zigzag direction are almost equal. The maximum 

stress points, as coloured in red for uniaxial tension in x direction (zigzag direction), 

is 110GPa when 𝜖! = 0.194, while for graphene tensioned in y direction (armchair 

direction), the maximum stress is 121GPa at 𝜖! = 0.266. The stress in x direction 

reaches its maximum in a smaller strain, indicating that the absolute value of 

third-order modulus 𝛩 in x direction is larger than that in y direction, leading to 

faster softening in x direction. The deduced third order modulus along zigzag 

direction is -946.9 N/m, while that along armchair direction is -759.7 N/m. These 

calculated values are in consistent with other DFT calculations [75]. 

 

Figure 2.5: DFT calculation of stresses and Poisson ratios along both zigzag (circle) and armchair 

direction (triangle) against strain [74] 

2.4.3.2 Molecular dynamic simulation 
As opposed to first principle method, MD simulation utilized empirical potential 

function of atoms to evaluate the interaction forces among atoms under tension. 

Using Newton’s law, the location and trajectory of atoms can also be obtained at 

each simulation step [76]. The molecular dynamic simulation is a transient 

simulation from which information can be extracted. To acquire the stress-stain 

relationship of graphene, a strain can be applied to edges of graphene sheets either in 
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the armchair or zigzag direction, and the stress can be retrieved directly. The 

capability of MD simulation depends on the potential function it uses, for example, 

the adaptive-intermolecular-reactive-bond-order-potential allows for covalent bond 

breaking and creation with associated changes in hybridization of atomic orbitals 

within a classical potential [77][78], enabling the simulation of ideal strength. 

Figure 2.6 shows the stress-strain curve obtained from MD simulation [79]. The 

Young’s modulus along armchair direction is 0.89TPa, and the stress reaches 

maximum at about 105GPa. The Young’s modulus along zigzag direction is about 

0.83TPa, and the stress reaches maximum at 137Gpa. The Young’s moduli along 

different directions at small strain are just slightly different from each other. The 

softening of stiffness is also quicker in zigzag direction than in armchair direction as 

predicted by first principle calculation. The stress drops sharply after reaching the 

maximum strain, indicating fracture of graphene. The values obtained from MD 

simulation are considerably close to ab initio calculations.  

 

Figure 2.6: Stress-strain relationship of graphene from MD simulation [79] 



Properties of graphene 

 29 

Table 2.1: Lists of mechanical parameters of graphene calculated by DFT or MD simulation 

Source 
method Material E!" 

(N/m) υ σ! (N/m) D (N/m) 

K.N. Kudin 
DFT [70] Gr 345 0.149 - - 

X. Wei 
DFT [71] Gr 348 0.169 39.5 - 

F. Liu 
DFT [74] Gr 350.7 0.186 36.74(zz*) 

40.4(ar**) 
-946.9(zz) 
-759.7(ar) 

Q. X. Pei  
MD [79] Gr 287.24 - 45.8(zz) 

35.7(ac) - 

G. Kalosakas 
DFT & MD [78] Gr 320.6 0.22 33±1(zz) 

42±3(ar) 

700(zz, DFT) 
-670(zz, MD) 
-670(ar, DFT) 
-560(ar, MD) 

*zz, zigzag; **ar, armchair 

To summarize the calculated mechanical parameters of graphene, some of the values 

from different sources are listed in Table 2.1 for comparison. It can be seen from the 

table that the in-plane stiffness of graphene is very well concentrated at around 

350N/m. The stiffness along zigzag and armchair direction does not differ from each 

other very much, which justifies that the assumed isotropy of the continuum elastic 

model discussed previously. The ideal strengths are also very close to each other. 

The common phenomenon observed is that the ideal strength along armchair 

direction is larger than zigzag direction and indicates the third order modulus is 

higher along armchair direction. There is no surprise that the Young’s modulus 

almost equals to that of carbon nanotubes (CNT) since CNT are just rolled-up 

graphene sheet [80][81]. 

2.4.4 Experimental results 

2.4.4.1 Nano-indentation by tips of atomic force microscope 

Nano-indentation has been a well-established technique for characterising materials’ 

stiffness and other elastic parameters of either bulk material or suspended thin films 

[82][83]. For characterising suspended thin films, the tips of atomic force microscope 

(AFM) are popularly used as indenters due to their accurate positioning and precise 

application of force [84]. The nano-sized AFM tip radius ensures that the load can be 

modelled as point-load, which simplifies interpretation of the measured results. By 

applying a pre-set force on the tip whilst contacting film surface, AFM system 
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retrieves the deflection of the cantilever where the tip is located as well as the 

vertical displacement of the tip holder, so as to acquire a force-displacement 

relationship for mechanical properties calculation. 

 

Figure 2.7: Illustration of nano-indentation with AFM tip  

To perform the nano-indentation, the graphene sheet can be suspended in two forms, 

either doubly clamped bridge or round membrane clamped at its circumference [38] 

[35]. Figure 2.7 shows the schematic of AFM tip tapping on a suspended graphene 

sheet at its centre, when the force between tip and sample increases as the tip is 

moving downwards, both AFM tip cantilever and graphene bridge will deflect. One 

can easily obtain the relationship of the displacements as 

 𝛿!" = 𝛿!"#$% − 𝛿!"# (2.20) 

Where 𝛿!" is the displacement of graphene sheet, 𝛿!"#$% is the movement of AFM 

tip holder, and 𝛿!"# is the deflection of AFM tip cantilever. 𝛿!"#$% and 𝛿!"# can 

be read from the AFM system to obtain the force with calibrated AFM cantilever size 

and Young’s modulus, so as to deduce the relationship between graphene’s 

deflection 𝛿!" and the exerted force 𝐹.  

C. Lee et al fabricated suspended graphene membrane by exfoliating and transferring 

graphene sheets onto pre-patterned holes and performed AFM tip nano-indentation 

[35]. Finite element analysis indicates that the force-displacement curve is insensitive 

to the radius of AFM tip when the tip radius 𝑟!"# is much smaller than the radius of 

graphene disk 𝑟!". The simulation also suggests that, as long as the tip is positioned 

within one tenth of graphene radius from the membrane centre, the 

force-displacement behaviour does not vary much. Such insensitity of indenting 
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graphene disk proves to be a notable advantage over indenting graphene bridge 

because it allows more operational margin. The relationship between the applied 

force and displacement of a suspended graphene disk can be approximated as 

 𝐹 = 𝜎! 𝜋𝑟!"
𝛿!!
𝑟!"

+ 𝐸!!(𝒒!𝑟!")(
𝛿
𝑟!"
)! (2.21) 

Where 𝜎0 is the build-in stress in graphene, and 𝒒 = 1/(1.05− 0.15𝜈 − 0.16𝜈!) 

is a dimensionless constant. If the Poisson ratio 𝜈 takes 0.165 of bulk graphite, 𝒒 is 

about 1.02. Figure 2.8 show the force-displacement acquired from a graphene disk 

[35]. Using the equation 2.21 to fitting the acquired force-displacement curve. The 

2D stiffness is approximated 342N/m, remarkably consistent with first principle 

calculations. 

 

Figure 2.8: Indentation force against depth [35]. R and a in the figure denote rAFM and rGr 

The force-displacement curve of fracture test has also been conducted on those 

graphene disks. The break points are marked by crosses. As observed from the curve, 

the breaking stress only depends on diameter of AFM tip, but not the radius of 

graphene membrane. For a graphene disk clamped at its circumference, the 

maximum stress 𝜎! induced by a spherical tip pressing at the centre is a function of 

the applied point-load 𝐹.  
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 𝜎! =
𝐹𝐸!!
4𝜋𝑟!"#

!
!
 (2.22) 

This is consistent with the observed inverse dependency of tip radius and breaking 

force in Figure 2.8. The breaking point occurs when 𝜎 − 𝜖 curve flattens, where 

𝑑𝜎 𝑑𝜖 = 𝐸 + 2𝛩𝜖 = 0. Therefore, the maximum strain will be 𝜎! = −𝐸/2𝛩 and 

maximum stress equals to −𝐸! 2𝛩 − 𝐸 2 = 55  N/m based on the experimental 

data in Figure 2.8. The solved value of the third-order elasticity 𝛩 is about -690N/m，

this value is remarkably consistent with ab initio calculations. 

Similar indentation has been performed on suspended few layer graphene bridges 

fabricated in the same way but put across pre-patterned trenches [38]. 𝐸 is derived 

to be about 0.5Tpa, lower than the above theoretical and experimental values, which 

are about 1TPa. The Young’s modulus measured on suspended bridges tends to be 

inaccurate inherently, because the shape of the graphene bridge is not well defined. 

Moreover, the force-displacement curve is much more sensitive to the tip location on 

the suspended bridges [38]. 

2.4.4.2 Extracting information from graphene resonator 

The implementation of graphene resonators does not only lead to various 

applications, but also provide another route to study the mechanical properties of 

graphene. The fundamental frequency of harmonic resonators follows the general 

rule of 𝑓! ∝ 𝐸/𝜌, where 𝑓! is the fundamental frequency, and 𝜌 is the mass 

density. With known 𝜌, detecting the fundamental resonance frequency allows 

deduction of Young’s modulus. Graphene resonators can be actuated and sensed in 

several ways. Commonly applied techniques include thermal actuation by laser and 

optical detection [19], electrostatic actuation and electrical detection [36], or 

electrostatic actuation and optical detection [19], as shall be discussed in chapter 3.  

The inset of Figure 2.9(a) shows the optical image of a graphene resonator fabricated 

by mechanical exfoliation [19]. The graphene sheet has been put over a pre-patterned 

trench in SiO2 layer. With the silicon substrate being used as back gate, the graphene 

sheet can be actuated electrostatically. For a doubly clamped graphene bridge under 

tension 𝑇!, its fundamental frequency can be expressed as [85]  
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 𝑓! = 𝐴
𝐸
𝜌

!
! 𝑡!
𝐿!

!

+
𝐴!0.57𝑇!
𝜌𝐿!𝑊𝑡!

!
!

 (2.23) 

Where 𝜌 can use the value of graphite (2200kg/m3), and 𝐴 is a constant. For 

doubly clamped bridge, 𝐴 takes the value of 1.03. The tension 𝑇! comes from 

various aspects including the fabrication process, the van der Waals force between 

graphene and substrates, and so on.  

 

Figure 2.9: Measurement results of graphene resonators, adapted from [19] 

Figure 2.9(a) shows the frequencies of a resonator actuated and detected optically 

[19]. Several peaks have been observed from the measured data. The lowest 

frequency peak at 75MHz is the fundamental frequency, and the corresponding 

quality factor is 210. A Lorentz peak fits experimental peaks very well, as can be 

seen from the fundamental frequency of a monolayer graphene resonator (see Figure 
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2.9(b)). The higher mode frequencies depend strongly on the geometry of the 

resonators. Due to the irregular shape of exfoliated graphene bridge, the higher mode 

frequencies are hard to interpret, in contrast to the measurement results as shall be 

discussed in chapter 6. 

Figure 2.9(c) plots the measured fundamental frequencies of 33 resonators against 

𝑡/𝐿! [19]. The triangles represent cantilevers, which are out of concern of this 

chapter. The hollow squares represent double-clamped bridge resonators with 𝑡 <

7nm, while the solid squares represent resonators with 𝑡 > 7nm. The two dashed 

lines represent theoretical frequency calculation using equation 2.23, with the 

build-in tension assumed to be zero. The upper dashed line and lower dashed line 

enclosing the squares are calculated with Young’s modulus of 0.5TPa and 1Tpa 

respectively. The solid line represents the calculated frequency for Young’s modulus 

of bulk graphite (1Tpa), which fits the experimental the best. Thus it is plausible to 

conclude the Young’s modulus of graphene is close to that of bulk graphite. As 

mentioned in the above section, measuring irregularly shaped graphene bridge is not 

very accurate. 

2.5 Dynamic range and sensitivity 

Dynamic range refers to the scope in which the vibration magnitude of a resonator 

responds linearly to the stimulus, which has been commonly used to characterise the 

performance of amplifiers and sensors [86][87]. Higher dynamic range is preferable 

for most applications such as mass sensors or RF devices. When the actuation 

intensity increases, the amplitude of resonance increases linearly up to a certain point 

and starts to cross over. Nonlinearity in resonator originates from different internal 

and external factors [88][89]. As pointed out in the previous section, the Hooke’s 

Law only holds in small deformation range, otherwise the stiffness of the material 

softens under high stress, thus introducing nonlinearity. Moreover, for resonators 

actuated electrostatically, the electrostatic force induce between graphene and the 

substrate are normally assumed to be proportional to voltage difference, but in fact, 

the graphene will bend under the electrostatic force, thus the capacitance is variable, 

introducing another nonlinear term in the driving force. All the nonlinear terms will 

add to the driving and resilient force of the vibrating beam. Other sources for 
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nonlinearity include nonlinear damping, geometry, and so on. In general, the 

nonlinear motion of a resonator under a sinusoidal force can be described by the 

Duffing-equation [90] 

 
𝑀!""𝑤!! 𝑡 + 𝛼𝑤! 𝑡 +𝑀!""𝜔!!𝑤 𝑡 + 𝛽𝑤! 𝑡 + 𝛾𝑤! 𝑡 𝑤! 𝑡

= 𝐹𝑐𝑜𝑠(𝜔𝑡) 
(2.24) 

Here 𝑤 𝑡  is the displacement, 𝑀!""  is the effective mass, 𝛼  represents the 

damping coefficient, 𝛽  is the cubit spring constant, and 𝛾  is the nonlinear 

dampling coefficient. 𝑀!"" ≈ 0.73𝑀!"!#$  for the first mode. The onset of 

nonlinearity 𝑤! is by convention defined at the 1dB compression point [91]. An 

analytical expression for 𝑤! may be solved from the above equation by considering 

only leading order terms. For a rectangular resonator like suspended graphene bridge 

[87]  

 𝑤! = 𝜔!
𝐿!

𝜋!
𝜌 3
𝐸𝑄

 (2.25) 

Which determines the upper bound of graphene resonator’s linear response range 

[87]. Here, 𝑄  is the quality factor. The intrinsic lower bound of graphene 

resonator’s response range is set by the thermal noise floor if the noise from other 

sources are omitted. Thermal noise refers to the thermal oscillation of a resonator 

without external excitation. The power density of thermal noise is expected to have 

the form 

 𝑺!(𝜔) =
4𝒌𝑩𝒯𝑄
𝑀!""𝜔!!

 (2.26) 

Following ref [87]. The DR is defined as 

 𝐷𝑅 = 20 𝑙𝑜𝑔
0.745𝑤!
2𝑺!𝛥𝑓

= 20 𝑙𝑜𝑔 0.367
𝐿! 𝜔! !/!

𝜋!𝑄
𝜌𝑀!""

𝒌𝑩𝒯𝛥𝑓𝐸
 (2.27) 

Here, 𝛥𝑓 is the measurement bandwidth. Since 𝜔! ∝ 𝐸 𝜌 /𝐿!, the dynamic range 

is actually proportional 𝜔!!. The dynamic range for the resonator in ref[19] is 

around 60dB, lower than NEMS resonators made from bulk material [87], mainly 

due to the small 𝑀!""  for ultimately thin graphene sheet. The extremely high 

surface area of graphene makes graphene resonators ideal for mass sensing. 
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Assuming that the absorbed substance does not couple strongly with the mechanical 

properties of graphene, the frequency shift caused by effective mass change of the 

graphene resonator can be expressed as [91]  

 𝑑𝜔 =
𝜕𝜔!
𝜕𝑀!""

𝑑𝑚 ≈
𝜔!

2𝑀!""
𝛿𝑚 (2.28) 

So the mass sensitivity is 

 
𝑑𝜔
𝑑𝑚

≈
𝜔!

2𝑀!""
 (2.29) 

Based on this simple equation, one could expect ultra-sensitive mass sensors based 

on NEMS resonator due to their small dimension and low effective mass. The CNT 

resonator has even shown a remarkable 1yg (yg=10-24g) sensitivity [92], ravelling the 

best sensitivity of 1zg (zg=10-21g) in NEMS resonators [93], due to CNT’s large 

Young’s modulus and 1D nature. This sensitivity is inversely proportional to 𝑀!"", 

while the dynamic range increases with 𝑀!"". Thus, there is a trade-off between 

dynamic range and mass sensitivity. As a result, although smaller dimension leads to 

better sensitivity, the dynamic range is also compromised. In chapter 6, a possible 

way to overcome such constraint will be discussed, which is to look at higher order 

harmonics that has higher frequency for the same dimension. 

2.6 Conclusion 

In this chapter, the electrical and mechanical properties of graphene have been 

discussed. The most outstanding attributes graphene possesses are its large carrier 

mobility and ultrahigh Young’s modulus. The experimentally obtained highest 

mobility in annealed freestanding graphene is as high as 200,000cm2/Vs at room 

temperature, although an even higher mobility is predicted theoretically. These 

exceptional properties have their root in graphene’s unique truly two-dimensional 

hexagonal lattice structure and electron band structure.   

The conduction band and valence band of monolayer graphene at the K points at the 

corners of Brillouin zone touches each other. So, there is no bandgap in monolayer 

graphene and the Fermi level is located either in the conduction band or the valence 

band, therefore, monolayer graphene has been viewed as a semimetal. The point 

where the two bands engage is called Dirac point. When the Fermi level is tuned to 
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the Dirac point, the conductance of graphene is minimized. However, the 

conductance can never go to zero due to some quantum effect such as the puddles of 

electrons and holes unevenly distributed in graphene sheet. The energy dispersion 

near the K point is exactly linear, leading to massless electrons and holes travelling at 

a speed comparable to light speed. In real graphene devices, the electron mobility are 

limited by defects scattering, internal and external phonon scattering, as well as 

scattering by absorbents. Once the layer of graphene is increased to two or more, the 

conduction and valence band will split to two sub-bands and overlap for an amount 

proportional to the number of layers. This sharp change would lead to distinctive 

Raman feature in monolayer graphene and multilayer graphene, which is especially 

useful to confirm the monolayer graphene as will be seen throughout this thesis. 

The Young’s modulus of graphene has been theoretically studied with ab initio 

method and molecular simulations by various groups, which is found to be around 

1TPa, similar to bulk graphite and carbon nanotubes. The experimental 

measurements comply remarkably well with the theoretical values. The large 

Young’s modulus leads to higher frequency graphene resonators that could find 

applications in RF component and sensor. The true 2D nature of graphene makes the 

surface to volume ratio ultimately large, a very favourable properties for sensors. 

And also, the graphene sheet has low mass density, which, combined with large 

Young’s modulus, could give the graphene resonators large dynamic range and 

sensitivity. 
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Chapter 3 

3 Characterisation methodology 

3.1 Introduction 

In this chapter, the principles of Raman scattering will be introduced first, followed 

by the phonon properties of graphene. The phonon properties of graphene and its 

interaction with graphene’s electron band structure as well as photons will be 

reviewed, so as to understand the origin of graphene’s Raman peaks. The 

relationship between number of graphene layers and its Raman peaks will be 

established. The remainder of this chapter is allocated to the characterisation of 

graphene resonators, which is the focal point of this research. The two most popular 

techniques for the resonance measurement include optical method and electrical 

method, whose principles will be introduced. The advantages and disadvanges of 

both techniques will be elaborated. The technical implementation of electrical 

method will be analysed in depth, as it will be used to test the graphene resonators. 

The characterisation of graphene involves many aspects ranging from the lattice 

structure determination, bandgap analysis, profiling, and optical imaging to the 

performance measurement of graphene devices. Novel characterisation methods are 

not only important for routine experiments but also sometimes lead to new 

discoveries, which is especially true for graphene. After all, it is the sophisticated 

design of a 300nm SiO2/Si substrate that first enabled the swift examination of 

graphene under optical microscope [94], which triggered the development of 

graphene science. In this chapter, the characterisations are classified into two 

categories, the material characterisation and device characterisation. The material 

characterisation is apt to focus on the basic physical properties of graphene, such as 

lattice parameters, while device characterisation is more concentrated on the 

performance and behaviour of graphene devices, such as sensitivity. Yet, there has 

been no clear boundary of these two categories. 

Various tools of specific function have been employed in the characterisation of 

graphene’s physical properties. For lattice structural analysis, the x-ray diffraction 
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spectroscopy (XRD) is capable of resolving the lattice arrangement [95][96] by 

obtaining the image of diffracted x-ray beam, which corresponds to the reciprocal 

lattice of graphene and can be used to derive the lattice parameters [97]. In 

comparison, the transmission electron microscopy (TEM) appears to be more 

versatile, which can image either the real graphene lattice with a resolution of 

sub-nanometer [17][36] or acquire the reciprocal lattice image by adjusting the focus 

of electron beam. Both techniques can be used to decipher the lattice configuration in 

graphene. The scanning electron microscopy (SEM), on the other hand, provides a 

nanometer-scale examination of the shape of graphene and structural relationship to, 

if any, substrates [46][98]. The SEM image offers an effective route to observe the 

morphology of graphene when optical image cannot be obtained because of low 

contrast or resolution limit. The advantage of SEM is its large area of field and depth 

of field. Atomic force microscopy (AFM) is another tool for morphology 

measurement, which has a sub-nanometer spatial resolution, thus it has been 

commonly used to profile graphene devices and confirm the observation of other 

techniques [18]. To investigate the band structure or binding energy between carbon 

atom and other elements, the equipment involving photon-electron interaction should 

be employed. The x-ray photoemission spectroscopy (XPS) can be used to resolve 

the electron binding energy of atoms and radicals. Thus it is useful to analyse the 

functionalized graphene in terms of determining element types and relative quantity 

[99][100]. The angle resolved photoemission spectroscopy (ARPES) probes deep 

into the energy band structure of electrons in graphene, which could help to study the 

energy band of various forms of graphene [57]. The most straightforward yet most 

important optical characterisation technique will be introduced in chapter 5 where the 

experiments on making graphene visible on poly-Si film is presented. 

In the research project of this dissertation, the Raman spectroscopy has been used 

extensively to identify the number of graphene layers and assess how integral the 

lattice is during fabrication processes. The Raman spectrum features are related to 

the graphene’s defects, doping level, number of layers, stacking order, and so on 

[101][102], thus it provides a common denominator for monitoring the graphene’s 

physical status non-destructively. Therefore, the first part of this chapter is devoted 

to the Raman features of graphene. 
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3.2  Principle of Raman spectroscopy 

Raman spectroscopy is based on the inelastic scattering of light by crystal lattices or 

molecules [103]. The photons exchange energy with crystal or molecule vibration 

modes, accomplished with electrons being the medium. When light beam aims at 

substances, the electromagnetic wave of the light beam induces an electric dipole 

moment ℙ = 𝕒𝔼 in the material. Here 𝕒 is the polarizability of the material and 𝔼 

is the electric field of the light wave. The electric dipole moment will then exert 

electrostatic force on ionic core of atoms in the substance and exchange energy with 

vibration modes. The amount of energy the phonon can accept or release is quantized 

due to the quantization of phonon energy as shown in Figure 3.1. 

 

Figure 3.1: Interaction of phonon states and photon in Raman spectroscopy 

The electric field of frequency 𝜔 excites the lower energy phonons to a higher 

virtual energy level. When the phonons relax back to a ground state, it will release 

the surplus energy by means of emitting light indirectly. Depending on the relative 

position of original and final state, the light emitted by the material comprises three 

parts as illustrated in Figure 3.1. If the phonon relaxes to exactly the same ground 

state that it has been actuated from, the scattered light has the same wavelength of 

the incident light (left part of Figure 3.1). Such process is called Rayleigh scattering, 

which is elastic and the photon gain or lose no energy. On the other hand, the phonon 

can either relax back to a higher (middle part) or lower (right part) energy level than 

the original one, absorbing or releasing an amount of energy ∆ℰ!, and the scattered 

light frequency will shift by ∆ℰ!/𝒉, where 𝒉 is the Planck’s constant. The lower 
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frequency component is called Stokes line, while the higher frequency one 

anti-Stokes line. The Stokes lines are usually more intensive than anti-Stokes line as 

it is more likely that the low energy phonons are excited to higher states. This 

inelastic scattering of light is called Raman effect which is named after the Indian 

scientist Raman for his discovery of such scattering mechanism. The frequency shifts 

of the scattered light exactly correspond to the vibrational energy states of the 

material under test. Thus, the Raman spectroscopy can be used to examine the 

vibrational properties of materials. In the earlier stage of Raman spectroscopy, the 

light source is filtered fluorescent beam or sunlight whose wavelength is far from 

monochromatic, thus limiting the resolution. Modern Raman systems incorporate one 

or more lasers as light source to achieve high resolution. 

 

Figure 3.2: Schematic drawing of phonon and photon dispersion curve 

The phonon modes that can interact with the laser excitation should comply with 

Raman selection rule complementary to infrared absorption selection rule. Only 

those vibrational modes that change polarizability 𝕒 under vibration are Raman 

active [104]. When one considers the scattering of photon by lattice waves or 

phonons, their interaction should also satisfy both energy and momentum 

conservation laws. Figure 3.2 shows the schematic view of phonon and photon 

dispersion curve. Only the phonon at the intersecting point (round dot), where the 

phonon and photon have the same momentum and energy, can be detected by Raman 

spectroscopy. 
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3.3 Raman features of graphene 

3.3.1 Phonon dispersion of graphene 

The unique lattice structure of graphene does not only lead to its exceptional 

electronic properties but also other fascinating attributes. Due to the combination of 

strong C-C bonds and light mass of carbon atoms, the acoustic phonon velocity or 

sound velocity in graphene is extremely fast, which is responsible for the record high 

thermal conductivity of graphene [105][106][107]. Such thermal conductivity, 

together with graphene’s electric properties, accredits graphene the potential to solve 

the thermal dissipation problems faced by current IC technology. The optical 

phonons, on the other hand, are hallmarks of graphene in Raman spectroscopy. Since 

the phonon modes highly depend on the lattices structure, any defects or disorder 

will manifest themselves through phonon modes, which are detectable by Raman 

spectroscopy. 

 

Figure 3.3: Phonon dispersion curve of graphene, adapted from [108] 

To understand the Raman spectrum of graphene sheets, it is a prerequisite to solve 

the phonon dispersion curve. Figure 3.3 shows the ab initio calculation of the phonon 

dispersion curve of graphene as well as data points obtained by different 

experimental methods including x-ray scattering [109], neutron scattering [110], 

infrared absorption [111], Raman spectroscopy [112], and electron energy loss 

spectroscopy (EELS) [108][113][114]. Graphene lattice vibration modes contain six 
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branches. The phonon dispersion curves include in-plane optical branches (O) and 

acoustic branches (A). According to the vibrations parallel with or perpendicular to 

the C-C bond directions, the phonon branches are conventionally classified as 

longitudinal (L) and transverse (T) phonon modes. Moreover, the transverse 

vibration modes can also be out-of-plane (Z). Therefore, there are totally six phonon 

branches labelled as TO, LO, ZO, TA, LA, and ZA in Figure 3.3. As stated in the 

above section, only the degenerated LO and TO phonon at the Brillouin zone centre 

Γ is Raman-active in principle as required by the momentum and energy 

conservation. Nevertheless, more delicate and complex coupling mechanism may 

come into play and lead to the phonon near K point being detected, as will be 

discussed in the following section. A better explanation as to which phonon should 

be Raman-active could be justified by the group theory [99][112]. 

3.3.2 Raman spectrum of monolayer graphene 

 

Figure 3.4: Typical Raman spectrum from one of the exfoliated graphene samples 

Without further clarification, all Raman spectrum discussed in this dissertation have 

been taken with the Renishaw inVia Reflex Raman system with 514nm wavelength. 

Figure 3.4 shows the Raman spectrum taken on a graphene flake exfoliated from kish 
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graphite (Grade 300, Graphene Laboratories, Inc) and patterned into strips with 

methods to be discussed in chapter 7. Not surprisingly, Raman spectrum contains 

two characteristic bands, the G band and 2D band, which lie at ~1580 and ~2710 

cm-1 respectively with 514 nm laser illumination, consistent with Raman spectrum of 

pristine graphene [115]. When there are defects in graphene, a D band will turn up at 

around 1350 cm-1. The assignments of these bands have undergone a long debate. 

From molecular viewpoint, the G band is attributed to the stretching of sp2 bonds, 

corresponding to the degenerated TO and LO phonon branches near Γ point in 

Brillouin zone, while D band is believed to come from the breathing modes of the 

hexagonal ring of carbon atoms near K point [101][116][117]. The ground for such 

assignment is the fact that the two bands are also observed in all poly-aromatic 

hydrocarbons [117][118]. However, such process violates the aforementioned Raman 

selection rule and the 2D band has a Raman shift almost double the D band, blurring 

the interpretation of these two bands.  

 

Figure 3.5: Illustration of double resonance process 

Therefore, another explanation has been proposed that the appearance of D and 2D 

bands involves second-order process that allows usually Raman-inactive phonons 
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around K points to be detected [119]. Figure 3.5 shows the photon scattering 

mechanisms of G band (a), D band (b), and 2D band (c, d) in graphene. G band is the 

only ordinary first order process where an electron is excited to conduction band by 

the photon, losing some energy to the degenerated LO or TO phonon, then relax back 

to the valence band. The rest of the two bands, D and 2D, are associated with double 

resonant process where Graphene’s unique cone shape band structure plays an 

important role in their activation and manifestation. The D band process is associated 

with one defect and one phonon. An excited electron near K point may be elastically 

scattered to the adjacent K’ point in the Brillouin zone by a defect, and then it is 

scattered back by a phonon with energy exchange, and finally recombine with a hole 

and release the energy by means of light emission. This mechanism agrees with the 

experimental phenomenon that D band only turns up in graphene with defects, or on 

graphene edge where the periodical lattice terminates.  

The 2D band involves two phonons (Figure 3.5(c)). The excited electron around K 

point is scattered forth to and back from around the K’ point both by two TO 

phonons, unlike a defect playing a role in the D band process. In such Raman process, 

only electrons are scattered between adjacent conduction bands. Nevertheless, the 

holes can also be scattered by phonons, which causes the triple resonance Raman 

process as shown in Figure 3.5(d) [120]. The hole initially created by the laser 

photon can also be scattered to the valence band around K’ point, and the electron 

can recombine with it after being scattered to around K’ point. The triple resonance 

process also contributes to the 2D band of graphene’s Raman spectrum. The amounts 

of energy exchanged in both approaches are the same, which equal to two TO 

phonons’ energy. That is why the 2D band always exists even without defects, and 

the wavelength of 2D band always double that of the D band, consistent with 

observed Raman spectrum. It would appear that all the phonon branches could be 

activated in the double resonance or triple resonance process, in contrary to only D 

band is observable, however, this is not the case. The in-depth physics is out of the 

scope of the thesis. More detailed discussion can be found in [121]. 

Due to the strong association of second order processes with graphene’s cone shape 

electron band structure, the Raman shifts of D and 2D band would depend on the 

laser energy. With larger laser photon energy, the valence band electron will be 
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excited to a higher conduction band, with larger momentum. Therefore, to scatter 

such electron between adjacent K point and K’ point, a larger phonon momentum is 

required. From Figure 3.3, it is shown that the TO phonon around K point is 

symmetric and the energy measured from the K point is linearly dependent on its 

momentum. It has been experimentally confirmed that both D band and 2D band 

frequencies upshift linearly with increasing laser energy. The slope of 𝜕𝑘!!/

𝜕ℰ!"#$% = 50 cm-1/eV [102], and for 2D band 𝜕𝑘!!/𝜕ℰ!"#$% ≈ 100 cm-1/eV 

[122][122][123].  

Besides the peak existence and location, the intensity ratio of D band and G band 

𝐼(𝐷)/𝐼(𝐺) provides information about the quality of the graphene. When studying 

the Raman spectrum of graphite, Tuinstra and Koening first established and 

relationship between the average grain size 𝐿! and the intensity ratio as follows 

[116]. 

 
𝐼(𝐷)
𝐼(𝐺)

=
𝐶(𝜆)
𝐿!

 (3.1) 

where 𝐶(488𝑛𝑚) ≈ 4.4𝑛𝑚. Using XRD data as reference and integrated areas ratio 

instead of the above peak intensity ratio, Cançado et al empirically obtained a 

general equation for 𝐶(𝜆) [124], which states 

 𝐶 𝜆 = 2.4×10!!"𝜆! (3.2) 

3.3.3 Raman spectrum of multiple layer graphene 

Just as the dependence of graphene’s band structure on its thickness, the Raman 

peaks also evolve with increasing number of graphene layers because of the 

involvement of electron band structure in double resonance process. As stated in 

chapter 2, the band structure of double layer graphene differs from that of monolayer 

graphene, the valence and conduction orbits split into four orbits, usually labelled as 

𝜋!∗, 𝜋!∗ and 𝜋!, 𝜋! respectively. The electron-hole pair can be excited between 

𝜋!∗ ⇌ 𝜋! or 𝜋!∗ ⇌ 𝜋!. By interacting with phonons, the conduction band electrons 

will be knocked to 𝜋!∗ or 𝜋!∗ band around the adjacent K’ point. With the double 

resonance mechanism in mind, it is fair to postulate that the double resonance 

process takes four routes. 
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Figure 3.6 schematically shows the four possible excitation of electrons and their 

interaction with phonon. The four processes are labelled as 𝑃!!,  𝑃!",  𝑃!", and 𝑃!! 

respectively. Thus, the 2D band contains four closely located peaks. Figure 3.7 (b) 

shows the Raman 2D band of a double layer graphene sheet. The 2D band is clearly 

asymmetric and could be fitted by four Lorentz peaks (green lines) plotted below the 

2D band, while the 2D band of a monolayer graphene could be fitted very well by a 

single Lorentz peak (Figure 3.7 (a)). 

 

Figure 3.6: Double resonance in double layer graphene 

For more than two layers of graphene, the band structure gets more complicated and 

more Raman peaks will be allowed. For example, in triple-layer graphene, the 

number of allowed Raman peaks in 2D band is 15 [102]. Comprehensive analysis of 

the allowed Raman peaks in multi-layer graphene can be approached from the 

symmetry analysis of lattice, electron and phonon. Such analysis turns out to be 

impractical to be verified experimentally, since four Lorentz peaks together are 

capable of fitting almost all shape of Raman bands and it is impossible to distinguish 

all the individual peaks. Figure 3.7 (a) shows the 2D band of bulk graphite, which 

can be fitted by just two peaks (green lines). It has been shown that the number of 

layers can be distinguished from the 2D band for up to 4 layers [125]. From 5-layer 
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on, the 2D band becomes almost indistinguishable from highly ordered paralytic 

graphite (HOPG). These bands provide reference for identifying the number of layers 

under 4. For G band, the line shape does not change much with number of layers, 

however, the peak of monolayer graphene shifts to higher wavenumber, because of 

the combination of self-doping and higher frequency of Raman active phonon due to 

mode splitting [102].  

 

Figure 3.7: 2D band of Raman spectrum for monolayer, double layer, and bulk graphite from 

exfoliated graphene samples 

3.4 Frequency characterisation of graphene resonators 

The characterisation of graphene resonator’s frequency and associated parameters 

have been challenging due to its unique physical properties. First, the resonant 

frequency of graphene is normally quite high because of its low mass density and 

unparalleled stiffness, surpassing the measurement scope of most ordinary 

measurement instruments. Moreover, the light transmission rate of graphene is as 

high as 97%, almost transparent, thus detecting the dim reflected light from graphene 

surface is very complicated. The measurement of graphene resonator can be divided 
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into two portions, namely the actuation and the detection. The actuation techniques 

include thermal actuation, electrostatic actuation, while the detection can be based on 

the conductance change of the graphene resonator upon resonance or the angle 

change of light reflection by graphene’s basal plane. Any characterisation could be a 

combination of an actuation method and a detection method as long as they are 

compatible. In this section, two of the popular characterisation techniques for 

graphene resonator measurement will be introduced. One is optical approach that 

uses laser beams to realize the thermal actuation and light reflection detection, while 

the other route is by electrostatic force actuation and conductance change detection.  

3.4.1 Optical setup for measurement 

 

Figure 3.8: Optical characterisation setup based on thermal actuation and interference detection 

Figure 3.8 shows a typical setup to detect the resonant frequency of graphene 

resonators. Both actuation and detection utilize laser beams, but in different ways. 

The actuation laser beam passes an intensity modulator, through which the beam 

intensity can be adjusted, so as to modulate the actuation signal onto the laser beam. 

The laser beam heats up the graphene sheet, thus inducing thermal stress and 

stimulating the graphene sheet into resonance. Another laser beam is equipped to 

detect the resonance. The detection beam from the laser is coupled through prisms to 

focus on the graphene sheet. The reflected light is collected and detected by a 

photodiode. When the graphene is vibrating, the reflected light changes its direction, 
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as well as the output of photodiode. The intensity modulation and the monitoring of 

photodiode output are both accomplished by a network analyser. 

The advantage of this measurement setup is that the measured results are easier to 

interpret, as there are no spurious peaks from electronic components. The frequency 

range that can be measured with the optical setup reaches at least 200MHz [19]. And 

also, the optical measurement is less demanding as no electrical connection is 

required. The drawback of this set up is as obvious as its advantages. All the optical 

tools have no way to be integrated in chip scale, as the diffraction effect hinders the 

scaling down of the feature sizes of optical components. Hence the electrical 

measurement technique has been developed. 

3.4.2 Electrical characterisation of graphene resonators 

To enable electrical measurement, the graphene resonator requires its two ends to be 

electrically connected, as well as a gate electrode so as to apply the electrostatic force. 

Figure 3.9 schematically shows the structure and equivalent electric circuit of a 

graphene resonator fabricated with sacrificial layer technique to be discussed in 

chapter 5. The silicon substrate has been used as the back gate. 𝐶!, 𝐶!, and 𝐶!" 

represents the capacitance between the source electrode, drain electrode, graphene 

sheet and the silicon substrate respectively.  

 

Figure 3.9: Schematic drawing of a graphene resonator with metal electrodes. The silicon substrate is 

used as back gate, and the two metal pads are used source and drain electrode respectively 

To induce an electrostatic force on the graphene sheet, the source electrode can be 

grounded, and a voltage 𝑉! = 𝑉!" + 𝑉!"(𝜔𝑡)  is applied to the gate. The DC 
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component 𝑉!"  is included to adjust the static stress in the graphene sheet so as to 

tune the frequency of the resonators as will be discussed in chapter 6. The AC 

component 𝑉!"(𝜔𝑡)  of frequency 𝜔  is used to drive the graphene sheet into 

resonance. Then the electrostatic force exerted on graphene sheet can be expressed as 

 𝐹 =
1
2
𝐶!"! (𝑉!")! + 𝐶!"! 𝑉!"𝑉!"(𝜔𝑡) (3.3) 

Where 𝐶!"!  is the differentiation of 𝐶!"  with respect to the vertical distance 

between graphene and the substrate. When the graphene sheet vibrates, the distance 

between graphene and the substrate is varying, so is the capacitance 

 𝐶!" = 𝐶!"! + 𝐶!"! 𝑑𝑧 (3.4) 

Where 𝐶!"! is the static capacitance. With higher order non-linear terms omitted in 

small deflection regime, 𝐶!"!  can be treated as a constant approximately. 

3.4.3 Current mixing and resonance detection 

Although the electrostatic actuation seems straightforward, the detection of the 

resonance is not. Assuming a source-to-drain voltage 𝑉!" is applied between the 

two ends of the graphene sheet, the amplitude of the current flowing through the 

graphene will be modulated by the resonance of the graphene sheet, because the 

conductance of the graphene resonator changes with vibration. The conductance 

change originates from two aspects, the electrostatic charge concentration change 

and the piezoresistive effect. The charge induced in the graphene sheet is related to 

the electrostatic voltage 𝑉! as well as the capacitance 𝐶!"  

 
𝑸!" = 𝑉!𝐶!" = 𝑉!"𝐶!"! + 𝑉!"𝐶!"! 𝑑𝑧 + 𝑉!" 𝜔 𝐶!"!

+ 𝑉!"𝐶!"! 𝑑𝑧 (3.5) 

Upon resonance, the charge carrier concentration change can be expressed as 

 𝑑𝑸!" = 𝑉!"𝐶!"! 𝑑𝑧 + 𝑉!" 𝜔 𝐶!"! + 𝑉!"𝐶!"! 𝑑𝑧 (3.6) 

And the total conductance of the graphene sheet is  

 

𝐺!" = 𝐺!"! +
𝑑𝐺
𝑑𝑸!"

𝑉!"𝐶!"! 𝑑𝑧 + 𝑉!" 𝜔 𝐶!"!

+ 𝑉!" 𝜔 𝐶!"! 𝑑𝑧 +
𝑑𝐺
𝑑𝑧

𝑑𝑧 
(3.7) 
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Where, 𝐺!"! indicates the intrinsic conductance of the graphene sheet with no gate 

voltage induced charges. 𝑑𝐺 𝑑𝑸!" is the dependence of conductivity on the charge 

density, and 𝑑𝐺 𝑑𝑧 is the dependence of conductivity on the strain of the graphene 

sheet, or equivalently the piezoresistive effect. If a constant voltage is applied to the 

drain electrode of the graphene resonator, the current flowing throw the graphene is 

 

𝐼!" = 𝑉!"𝐺!" = 𝑉!"𝐺!"! + 𝑉!"
𝑑𝐺
𝑑𝑸!"

𝑉!"𝐶!"! 𝑑𝑧 + 𝑉!"
𝑑𝐺
𝑑𝑸!"

𝑉!"(𝜔𝑡)𝐶!"!

+ 𝑉!"
𝑑𝐺
𝑑𝑸!"

𝑉!" 𝜔 𝐶!"! 𝑑𝑧 + 𝑉!"
𝑑𝐺
𝑑𝑧

𝑑𝑧 
(3.8) 

There are three terms, i.e. the second, fourth and fifth term, whose amplitude is 

proportional to the deflection of the graphene sheet. The fourth term actually 

contains a DC component and a 2𝜔  component due to multiplication of two 

triangular functions, whose amplitudes correspond to the deflection of the graphene 

sheet. Nevertheless, direct measurement of the DC component poses great challenge 

because of the noises from various sources. Both the second and fifth term have a 

relatively high frequency of 𝜔, however, it is still impractical to detect these signals. 

As shown in the equivalent circuit in Figure 3.9, the parasitic capacitance together 

with graphene’s own resistance form a low pass RC filter, dramatically limiting the 

bandwidth of the graphene resonator and attenuates the higher frequency signal. To 

make sure the small current signal is not affected by the parasitic low pass filter, one 

could replace the constant 𝑉!" with an AC voltage at frequency 𝜔 + ∆𝜔, which 

will then mix with the 𝜔 components in equation 3.8, so that there will be a signal 

of low frequency ∆𝜔 whose amplitude is proportional to the resonance amplitude. 

 𝐼!" ∆𝜔 ∝ 𝑉!" 𝜔 + ∆𝜔
𝑑𝐺
𝑑𝑄!"

𝑉!"𝐶!"! 𝑑𝑧 + 𝑉!"(𝜔 + ∆𝜔)
𝑑𝐺
𝑑𝑧

𝑑𝑧 (3.9) 

The frequency difference ∆𝜔 is normally so low that it does not attenuate after 

passing the parasitic low pass filter. However, to extract the signal at ∆𝜔 from 

noises, a lock-in-amplifier must be used.  

3.4.4 Lock-in amplifier 

Lock-in amplifiers are used to detect and measure extremely weak AC signals 

immersed in intensive noises. It is equivalent to a band pass filter with ultra-narrow 
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bandwidth. To extract the signal from noises, the lock-in amplifier requires a 

reference wave with the same frequency of the to-be-measured AC signal. Figure 

3.10 shows the block diagram of lock-in amplifier. The core of a lock-in amplifier is 

a phase-sensitive detector (PSD), which is just a multiplier that produces the product 

of the reference signal and the input signal. The output of the PSD is  

 

𝑉!"# = 𝑉!𝑉! sin 𝜔!𝑡 + 𝜃! sin 𝜔!𝑡 + 𝜃!

=
1
2
𝑉!𝑉! cos 𝜔! − 𝜔! 𝑡 + 𝜃! − 𝜃!

−
1
2
𝑉!𝑉! cos 𝜔! + 𝜔! 𝑡 + 𝜃! + 𝜃!  

(3.10) 

 

Figure 3.10: Block diagram of lock-in amplifier 

The subscripts 𝑠 and 𝑟 represent signal and reference respectively. The output of 

the PSD is filtered with a low pass filter, and the AC signal will be attenuated to an 

extent depending on the roll-off rate and cut-off frequency of the filter. If the signal 

frequency equals the reference frequency, the output of the filter will be a DC signal 

proportional to the signal. 

 𝑉!"# =
1
2
𝑉!𝑉! cos 𝜃! − 𝜃!  (3.11) 
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So, the output of the PSD is determined by the phase difference between the 

reference and the signal. To detect the magnitude of the signal, another PSD can be 

incorporated, and its reference is phase shifted by 𝜋/2, so  

 𝑉!"#! =
1
2
𝑉!𝑉! sin 𝜃! − 𝜃!  (3.12) 

Then the magnitude of the signal can be obtained as  

 𝑉! = 2 𝑉!"#! + 𝑉!"#!!/𝑉! (3.13) 

With known reference voltage, the magnitude of the signal can be obtained. The 

cut-off frequency of the low pass filter is determined by the time constant. The noise 

away from the to-be-measured frequency by a distance equal to half the cut-off 

frequency of the low pass filter will be attenuated extensively. So the time constant 

determines the equivalent noise bandwidth (ENBW). To reduce the noise and enlarge 

the signal to noise ratio, a larger time constant is preferred for the low pass field. 

However, with large time constant, the amplitude of the signal needs more time to 

build up at the output of the low noise amplifier. Thus, there is trade-off between 

data acquiring speed and signal to noise ratio. 

3.4.5 Measurement configuration 

As elaborated above, the measurement of the graphene resonator requires two 

different signals of 𝜔 and 𝜔 + ∆𝜔. The ∆𝜔 component should also be sent to the 

PSD of lock-in amplifier as a reference. The implementation of the current mixing 

could be conducted with one-source setup or two-source setup. The one-source setup 

needs only one signal generator to produce the two frequencies by modulation [126]. 

Both frequency modulation (FM) and amplitude modulation (AM) can be used since 

they can both produce the frequency spectrum required (Figure 3.11(a)). The 

modulated signal is applied to the drain of the graphene bridge which, upon 

resonating, mixes the frequency components. This setup is relatively easy to be 

implemented. However, The amplitudes of the two frequency components are 

correlated and cannot be adjusted independently. The electrostatic force along the 

graphene is uneven due to the voltage drop across the graphene sheet. The uneven 

voltage will induce inhomogeneous electrostatic actuation force which results in the 
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activation and enhancement of second resonance mode, which is of great academic 

and practical value as will be discussed in chapter 6 in detail.  

 

 

Figure 3.11: Schematic circuit diagram of one-source (a) and two-source measurement setup for 

electrical characterisation of graphene resonators [36][126] 

In the two-source set up (Figure 3.11(b)) [36], two signal generators output 𝜔 and 

𝜔 + ∆𝜔 separately. One is applied on the gate to drive the resonance into resonance, 

while the other one is fed to the drain electrode. The two signals are also synthesized 

by RF mixer to generate the ∆𝜔 reference signal for the lock-in amplifier. The 

advantage of this setup is that the actuation voltage is applied uniformly on the 

graphene sheet, and the amplitudes of both signals can be adjusted separately. 

However, this setup requires adjusting the frequency of the two signal generators 

simultaneously. Their frequency difference ∆𝜔 does not keep constant but shifts all 

the time due to the mismatching between different equipments. Moreover, the lock-in 
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amplifier produces its internal reference by phase locking to the external reference. 

But the phase locking causes phase oscillation to the internal reference, which is 

equivalent to introducing a noise of frequency near the reference signal.  

 

3.4.5.1 AM modulation 

An AM modulation signal can be expressed as 

 𝑉!" = 𝐴(1 +𝑚𝐵𝑠𝑖𝑛(𝜔!𝑡 + 𝜙!))𝑠𝑖𝑛(𝜔!𝑡) (3.14) 

Where 𝐴 and 𝜔! are the amplitude and frequency of the carrier wave respectively, 

𝐵 is the magnitude of the modulation wave of frequency 𝜔! and initial phase 𝜙!. 

𝑚 is the modulation depth. 

Expanding the above formula we get 

 

𝑉!" = 𝐴 1 +𝑚𝐵𝑠𝑖𝑛 𝜔!𝑡 + 𝜙! 𝑠𝑖𝑛 𝜔!𝑡

= 𝐴𝑠𝑖𝑛 𝜔!𝑡

+
1
2
𝑚𝐴𝐵(𝑐𝑜𝑠 𝜔! − 𝜔! 𝑡 − 𝜙!

− 𝑐𝑜𝑠 𝜔! + 𝜔! 𝑡 + 𝜙!  

(3.15) 

Clearly, the AM signal contains 𝜔!, 𝜔! + 𝜔!, and 𝜔! − 𝜔!. 

3.4.5.2 FM modulation 

Analysis of the spectrum of FM modulation is much less straightforward then AM 

modulation. The expression of a FM signal is 

 𝑉!" = 𝐴𝑠𝑖𝑛(𝜔!𝑡 +
𝜔!
𝜔!

sin  (𝜔!𝑡 + 𝜙!)) (3.16) 

The above equation can be expanded to  

 𝑉!" = 𝐴 𝐽!(
𝜔!
𝜔!

)cos  ((𝜔! + 𝑛𝜔!)𝑡)
!

!!!!

 (3.17) 

Where 𝐽! is the n-th order Bessel function of the first kind. Although the FM signal 

may seem to contain much more frequencies, the high frequency bands fade quickly 

away from the centre frequency 𝜔!. So the main harmonics in FM signal are 𝜔!, 

𝜔! + 𝜔!, 𝜔! + 2𝜔!, and a few more depending on 𝜔! 𝜔!. The advantage of FM 

signal is that it is more resistant to the environment interference. 
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3.4.6 Implementation of electrical measurement 

Figure 3.12 shows the single source measurement setup that has been constructed for 

the resonance characterisation. The whole system includes vacuum chamber, oil 

pump, lock-in amplifier, signal generator, and a computer equipped with data 

acquisition board and Labview software. The vacuum chamber has been connected 

to the oil pump which can pump down the pressure to 3mbar. The chamber lid has 

three signal feedthroughs that enable electrical connection between inside and 

outside of the chamber. A vacuum gauge is also attached for monitoring the pressure. 

 

Figure 3.12 One-source setup for graphene resonator characterisation. (a) Schematic of the signal 

flow. (b) Image of the equipments 

A 250KHz-1GHz RF signal generator ((HP E4400B) has been used to provide FM or 

AM signal. The RF signal contains an inner low frequency generator that produces 

modulation signal and can output that signal to the Lock-in amplifier (Model 830, 

Stanford Research Systems) as reference. Alternatively, it has sockets for acquiring 

the modulation signal from external source. The lock-in amplifier can also source its 

reference signal from its own signal generator or external equipment. Therefore there 

are two options for producing the modulation signal/lock-in reference. In our 

characterisation setup, the modulation signal of the signal generator comes from the 

Lock-in amplifier. This arrangement has advantages over the other way round, 

because the phase lock of lock-in amplifier uses a phase lock loop (PLL) to replicate 

the external reference. However, PLLs do not ideally follow the input wave but with 

a phase shift noise as mentioned above. This phase noise equals to a broadened 

frequency spectrum thus deteriorates the accuracy of the measurement. The mixed 
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current is measured indirectly by connecting a relatively small resistor 𝑅! in series 

with the graphene channel to convert the current signal to voltage signal.  

 

Figure 3.13: Flow chart of the electrical characterisation program 

A programmable DC source (TSX5310P) has been used to provide the DC bias for 

gate electrode. Both the DC source and signal generator are connected to computer 

with general-purpose-interface-bus (GPIB). The output of the lock-in amplifier is 

sampled by the data acquisition board. The GPIB bus and the data acquisition board 

are controlled by Labview to realize automated test. The Labview program offers 

sweeping of frequency response nested with sweeping of DC bias or the actuation 

voltage. Figure 3.13 shows the flow chart of the program.  

3.4.7 Signal to noise ratio optimization 

The mixed current flowing through graphene is extremely weak. Although a lock-in 

amplifier is capable of removing the noise outside a very narrow equivalent band 

centring at the reference frequency efficiently, the in-band noise power may still 

jeopardize the measurement. So the measurement setup should maximize the signal 
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intensity while suppressing the noise as much as possible. The noise comes from 

various aspects. First, resistors have thermal noise which originates from the random 

uneven diffusion of charge carriers. The power density of thermal noise is 

proportional to temperature 𝒯, resistance 𝑅, and the bandwidth ∆𝑓. The root mean 

square voltage is expressed as 

 𝑉!"#$% 𝑟𝑚𝑠 = 4𝒌𝑩𝒯𝑅∆𝑓 (3.18) 

Where 𝒌𝑩 is the Boltzmann constant. Another typical but less strong noise is the 

shot noise that is proportional to the current 

 𝐼!"#$% 𝑟𝑚𝑠 = 4𝒆𝐼∆𝑓 (3.19) 

Here, 𝒆 denotes the elementary charge and 𝐼 is the current. Furthermore, the RF 

signal generator and the internal reference generator of lock-in amplifier also have 

phase noise which is limiting the measurement accuracy. The thermal noise from 

resistors and phase noise cannot be eliminated. However, it is possible to reduce the 

equivalent noise bandwidth. The bandwidth of a lock-in amplifier depends on the 

internal low pass filter of lock-in amplifier and the roll-off rate. At 24dB roll-off, the 

equivalent noise bandwidth of the lock-in amplifier is [127] 

 ∆𝑓 =
5
64𝝉

 (3.20) 

Where 𝝉 is the time constant of the low pass filter. The associated signal build-up 

time for 24dB roll-off is 10𝝉. If the time constant is set to 1s, the delay time would 

be 10s for acquiring one data point.  

The mixed current is converted to voltage by a small resistance 𝑅!. Assuming the 

resonant amplitude, thus the conductivity variation 𝑑𝐺!" and mixed current 𝐼!"#, 

remains unaffected by the small 𝑅!, then the voltage on the current sensing resistor 

𝑅! is 

 𝑉! =
𝑅!"𝑅!
𝑅!" + 𝑅!

𝐼!"# (3.21) 

Therefore, the output voltage is proportional to 𝑅𝑜 when 𝑅𝐺𝑟 ≫ 𝑅𝑜. The graphene’s 

resistance is effectively in parallel with the current sensing resistor, thus the noise 

root-mean-square (RMS) voltage at the output of lock-in amplifier is 
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𝑉!"#$% 𝑟𝑚𝑠 = 4𝒌𝑩𝒯𝑅! ∥ 𝑅!"∆𝑓

= 4𝒌𝑩𝒯
𝑅!"𝑅!
𝑅!" + 𝑅!

5
64𝝉

≈ 4𝑘𝑇𝑅!
5
64𝝉

 
(3.22) 

The noise amplitude is proportional to the square root of 𝑅!. Comparing equation 

3.19 and 3.20, a conclusion can be drawn that the signal to noise ratio increases with 

𝑅!. To minimize the influence of 𝑅! on the measurement, its value should be as 

small as possible, however, there exists a lower boundary. However, to make sure the 

equivalent input noise of the lock-in amplifier does not severely reduce the signal to 

noise ratio, it is preferable that the noise from 𝑅! is comparable to the equivalent 

input noise of the lock-in amplifier. According to the user manual [127], the 

equivalent input noise of the lock-in amplifier is 5𝑛V!"#/ Hz. Therefore, a 1.5kΩ 

will produce comparable noise level. The optimised value for 𝑅!  cannot be 

determined at this stage as the mixed current strength cannot be estimated yet. 

However, this resistance value provides a good start, and it can be decided in 

heuristic manner during the measurement. In chapter 6, it can be seen that a 390Ω 

resistor is enough to produce sufficient signal to noise ratio. 

3.5 Conclusion 

In this chapter, the characterisation techniques involved in the research have been 

discussed. The quantities that need to be characterized fall into two categories, either 

the physical properties of the graphene material or the performance of graphene 

devices. For graphene’s physical property characterisation, the Raman spectroscopy 

has been discussed in terms of its principle and also the association between Raman 

feature and the structure of graphene. The electrical measurement technique is the 

other major topic of this chapter, the technical details of implementing the 

one-source measurement technique has been discussed in detail.   

The Raman spectrum provides a non-destructive characterisation method for 

detecting the number of graphene layers, as well as the lattice integrity. The pristine 

graphene has two Raman peaks located at 1580cm-1 (G band) and 2700cm-1 (2D 

band) respectively. The 2D band of monolayer graphene can be fitted well with one 

Lorentz peak. When the number of layers increases, the 2D band will broaden due to 
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double resonance and triple resonance process, which involves the interaction of 

phonon and electrons in graphene. For double layer graphene, its 2D band contains 

four sub-peaks. The 2D band can be used to distinguish up to 4 layers of graphene. 

For even larger number of layers, their 2D band structure will be similar to that of 

bulk graphite. When the graphene lattice contains defects, a D band at 1350cm-1 will 

appear. The intensity ratio of D band G band can be used to assess how ideal the 

graphene lattice is. 

 The electrical measurement technique for characterizing graphene resonator has 

been introduced. To bypass the attenuation by parasitic low pass filter formed by 

graphene’s resistance and pad capacitance, two high frequency signal can be mixed 

by the graphene resonator to produce a low frequency signal whose amplitude is 

proportional the resonance amplitude. The one-source measurement setup is easier to 

be implemented, as less equipment is required. Moreover, the one-source 

measurement setup avoids feeding the lock-in amplifier with an external reference 

signal, which produces more noise by PLL and reduces the measurement accuracy. 

In the one-source setup, the drain electrode of graphene resonator can be fed with 

either FM signal or AM signal. Both modulation techniques are capable of producing 

the desired frequency components, but the FM signal is more resistive to 

environment interference. The applied electrostatic force on the graphene sheet is not 

uniforms but drop from the drain end to the source end, which leads to activation of 

even resonant mode in graphene resonators, which will be discussed in chapter 6. 
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Chapter 4 

4 Making graphene visible on poly-Si film 

4.1 Introduction 

In the first part this chapter, the design of a poly-Si/SiO2/Si multilayer substrate for 

graphene resonator fabrication will be discussed. First, the theory for origin of 

graphene’s contrast on substrate and the contrast calculation method will be 

introduced. Then the thicknesses of poly-Si film and SiO2 film will be optimised by 

means of parametric study. Following is the experimental verification. The 

discussion of poly-Si’s influence on graphene’s electron concentration comes the 

last. 

Monolayer graphene sheets are highly transparent, with its absorption rate in visible 

range being around 2.3%. Although such attribute is extremely appreciated for 

transparent electrodes applications [33][128], it posts a great challenge to the 

fabrication and manipulation of monolayer graphene sheet. In this chapter, the design 

of a substrate consisting of stacked poly-Si film and SiO2 film on Si wafer for 

graphene resonator fabrication will be presented. The influence of thicknesses of 

poly-Si and SiO2 thin films on the visibility of graphene will be studied so as to 

optimise the graphene’s contast to such substrate. Poly-Si has long been used as a 

sacrificial layer in MEMS device fabrication [129], but not yet for graphene 

resonator fabrication before. To take advantage of the mature poly-Si sacrificial layer 

technology for the fabrication of suspended graphene structure, making graphene 

visible on poly-Si film under optical microscope is an inevitable prerequisite. The 

contrast of graphene on poly-Si is not only determined by the graphene/poly-Si 

interface, but also interfaces underneath. Therefore, a poly-Si/SiO2/Si structure is 

proposed and optimised. The contact of graphene with the poly-Si film will bring 

adjustments to the graphene’s band structure by the so-called modulation doping 

mechanism [44][130], as will be discussed later, thus changing its electrical 

properties. Since I-V characterisation of graphene sheets on poly-Si needs to be 

conducted during the fabrication of graphene resonators, as will be discussed in 
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chapter 5, the influence of the poly-Si film on grahene’s conductivity will be 

investigated by means of simulation of the modulation effect. 

The visibility optimization facilitates agile locating and inspection of graphene sheets 

for device fabrication. The legendary discovery of monolayer graphene can be 

largely attributed to the sophisticatedly designed 300nm SiO2/Si substrate that 

visualizes the ultrathin 2D material under optical microscope [14]. Most graphene 

structures for either graphene’s physical properties study or application inherit the 

design of the 300nm SiO2/Si substrate, or modify the oxide thickness of SiO2 to 

90nm which functions in a similar way [16][29][36][131]. Suppose a single layer 

graphene is placed on top of an ordinary substrate, mono-crystalline silicon wafer for 

instance, the contrast between the substrate and the graphene sheet will be too small 

to be distinguishable for ordinary naked eyes since its absorption rate is only 2.3% in 

the visible wavelength range [25][132]. Finding the monolayer graphene under other 

instruments such as scanning electron microscope (SEM), although viable, will be a 

tedious work and prohibitively time consuming. Nevertheless, to expand the 

exploration of graphene devices demands graphene to sit on other substrates as well. 

In these cases, the substrates design faces more constraints so as to enhance the 

visibility of graphene sheet. For instance, to take advantage of the excellent 

properties of graphene and gallium arsenide (GaAs) to make electronic devices, M. 

Friedemann et al engineered the visibility of graphene by designing a periodical 

structure of gallium arsenide [133].  

4.2 Theory of contrast 

4.2.1 Origin of high contrast 

Making an atomically thin material visible is a tricky but feasible task. As reported in 

the [134][135], a distinctive optical contrast between graphene and substrate 

originates from the difference between the light reflectivity of graphene-covered area 

and the rest of substrate without graphene. To substantially change the reflection of a 

substrate with only one layer of material as thin as 3.34Å, the reflection of the 

substrate itself has to be sensitive to the changes of its surface conditions, as is the 

case for the widely used 300nm SiO2/Si or 90nm SiO2/Si substrate. The thicknesses 
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of SiO2 on Si meet destructive interference condition (Figure 4.1(a)), that is to say, 

the light reflected by the air/SiO2 interface, has the same amplitude as the light 

reflected by the SiO2/Si interface, but a phase shift of 180°.  

 

Figure 4.1: Principle of enhancing the visibility of graphene on poly-Si inspired by the 300nm 

SiO2/Si substrate [134] 

The destructive interference condition is easily destroyed by just a single layer of 

graphene (Figure 4.1(b)) as it introduces one more reflecting interface. From these 
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substrates, a general guidance can be extracted that all the substrate structures which 

allow graphene to be visible under optical microscope should be specifically 

designed to be an anti-reflective optical system at least in a certain wavelength range. 

However, the anti-reflection cannot be realized for poly-Si layer on Silicon substrate, 

since the refractive index of poly-Si is almost the same as crystalline Silicon. If 

poly-Si film is deposited straight onto Si, their interface will not reflect light because 

of their equal refractive index according to Fresnel’s Law. To achieve destructive 

interference condition for poly-Si film, it is necessary to insert between poly-Si and 

Si substrate a thin film with considerably different refractive index. In consideration 

of process convenience, a SiO2 layer has been chosen to enable the reflected light 

from the three interfaces to cancel each other as much as possible as shown in Figure 

4.1(c). Under this crucial condition, when a graphene is placed on top (Figure 4.1(d)), 

the light cancellation effect will be influenced maximally.  

4.2.2 Reflectivity of multilayer system 

To optimise the thickness of the proposed multi-film optical system, it is necessary to 

derive the relationship between the film thicknesses and the reflection rate. For 

multilayer optical system, it is convenient to use the transfer matrix theory to 

calculate the reflectivity [136]. The transfer matrix theory is capable of equalizing a 

multilayer optical system by a single equivalent interface. In this chapter, the light 

beam is assumed to be perpendicular to the substrate for simplicity. For a m-layer 

optical system such as the one shown in Figure 4.1(c), the electric and magnetic field 

magnitude at the interface of 0th layer and 1st layer can be expressed as 

 𝔼!
ℍ!

= 𝕄!⋯𝕄!!!⋯𝕄!
𝔼!
ℍ!

= 𝐵
𝐶  (4.1) 

where, 𝔼! and ℍ! are the electric and magnetic field respectively at the interface 

between the jth layer and j+1th layer. The mth layer is the surface of the bottom 

substrate.   𝐵  and 𝐶  are just the two entries of the result matrix. 𝕄!  is the 

characteristic matrix of a individual film and represents the coupling of electric and 

magnetic field of two adjacent interfaces, namely the  𝑗 − 1𝑡ℎ/𝑗𝑡ℎ layer interface 

and 𝑗/𝑗 + 1 layer interface.  
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𝕄! =
𝑐𝑜𝑠Δ!

𝑖
𝜂!
𝑠𝑖𝑛Δ!

𝑖ℕ!𝑠𝑖𝑛Δ! 𝑐𝑜𝑠Δ!
 (4.2) 

Where ℕ! is refractive index of the 𝑗𝑡ℎ layer [137]. Δ! is the phase shift or optical 

path induced by the jth layer 

 
Δ! =

2𝜋
𝜆 ℕ!𝑑!𝑐𝑜𝑠𝜃! (4.3) 

𝑑! is its thickness. The product of all the characteristic matrices  

 

𝕄 = 𝕄!

!

!!!

=
𝑐𝑜𝑠Δ!

𝑖
𝜂!
𝑠𝑖𝑛Δ!

𝑖𝜂!𝑠𝑖𝑛Δ! 𝑐𝑜𝑠Δ!

!

!!!

 (4.4) 

relates the electric and magnetic field of the top interface to the bottom interface, 

therefore, it is called transfer matrix. The equivalent optical conductance 𝕐, which 

also equal to the equivalent refractive index, is defined as 

 
𝕐 =

𝔼
ℍ =

𝐶
𝐵 (4.5) 

The reflective rate ℝ is 

 
ℝ =

ℕ! − 𝕐
ℕ! + 𝕐

!

 (4.6) 

There are different ways of defining contrast. We follow P. Blake et al to define the 

contrast as [134] 

 
ℂ =

ℝ! −ℝ!
ℝ!

 (4.7) 

Where ℂ is the contrast, ℝ! is the reflection of substrate, and ℝ! is the reflection 

of the area with graphene. This contrast is actually the intensity contrast. 

4.3 Results and discussions 

4.3.1 Simulation 

Parametric study of reflectivity as well as contrast has been conducted based on the 

above formulas, to achieve the highest visibility of graphene on poly-Si/SiO2/Si 
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substrate. The thicknesses of poly-Si and SiO2 film are the variables adjusted in 

small steps in the parametric analysis to calculate the corresponding contrast of 

monolayer graphene. Since the refractive indices involved are all dispersive over the 

visible wavelength range, the refractive index at each wavelength point is 

interpolated from existing discrete tables [138]. Graphene is assumed to have a 

similar refractive index of bulk graphite 2.6− 1.3𝑖, and the thickness of monolayer 

graphene is estimated to be 3.34Å. Previous reports have confirmed that these 

parameters fit the experimental results very well [134]. 

 

Figure 4.2: Contour plot of integral contrast against the thicknesses of poly-Si and SiO2 

Since the contrast is wavelength dependent, an integral contrast has been defined 

over 400-740nm wavelength range. The integral contrast is simply an integration of 

contrast with respect to the wavelength from 400nm to 740nm. Figure 4.2 is the 

contour plot of the integral contrast against the thicknesses of both poly-Si and SiO2. 

The parametric calculation has been implemented in Matlab code which can be 

found in appendix A.1. The thickness of poly-Si increase from 20 to 150nm, while 

the thickness of SiO2 increases from 20 to 350nm, both by 2nm per step. As can be 

seen from the plot, there are three maxima corresponding to 75nm poly-Si/100nm 

SiO2, 80nm poly-Si/200nm SiO2, and 75nm poly-Si/300nm SiO2 respectively, while 

the overall maximum is located at 75nm poly-Si/100nm SiO2.  
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When the thickness of the poly-Si is fixed at 75nm, the integral contrast is increasing 

and decreasing alternatively with increasing SiO2 thickness, however, the intensity of 

peaks with thicker SiO2 are weakened for thicker SiO2 due to the dispersion of the 

reflection with wavelength. A thicker film thickness will make reflective curve more 

dispersive (dashed red line) as shown in Figure 4.3, because the optical path Δ! will 

be more dependent on the wavenumber with larger 𝑑! according to equation 4.3. 

Therefore, the integral contrast will decrease. Similarly, when the thickness of SiO2 

is fixed, the contrast also falls with thicker poly-Si, even more rapidly. Besides the 

dispersion of reflectivity, the absorption of poly-Si also contributes to the decrease of 

peak intensities. The thicker the poly-Si film is, the more the light will be attenuated. 

 

Figure 4.3: Contrast comparison of graphene on 75nm poly-Si/100nm SiO2 and 80nm poly-Si/200nm 

SiO2 

It has been found in Figure 4.2 that the combination of 75nm thick poly-Si and 100 

SiO2 layer will produce maximum integral contrast. The reflectivity (Figure 4.4(a)) 

and contrast (Figure 4.4 (b)) against wavelength have been plotted at this point. The 

contrast on 75nm poly-Si substrate is more dispersive with wavelength compared 

with graphene on 300nm SiO2
 substrate [139]. The wavelength that has maximum 

contrast is found to be near the wavelength of 600nm. There is a relatively large 

range spanning from 590 nm to 620nm where contrast larger than 10% can be 

obtained. The inset of Figure 4.4 (a) zooms in at the details of the reflection curve 

around 600nm. The reflectivity of substrate without graphene is larger than the area 
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covered by monolayer graphene. The enhancement of graphene’s visibility on the 

poly-Si/SiO2 is slightly different from the 300nm SiO2 substrate where the presence 

of graphene layer increases the reflectivity. Since the refractive index difference at 

the interface of air/poly-Si is larger than that at the air/graphene interface, the 

reflectivity of 600nm light will be higher at the air/poly-Si interface compared to the 

air/graphene interface, as illustrated in the inset of Figure 4.4(a). Therefore, the 

presence of graphene on the poly-Si will cause higher destructive interference, thus 

decreasing the reflectivity.  

 

Figure 4.4: Dependence of reflectivity (a) and contrast (b) on wavelength 

It is worth mentioning that it is the integral contrast that has been used as an 

objective function in the parametric analysis rather than contrast at a wavelength 
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point. If the single point contrast is used as an objective function, then a very high 

contrast may be achieved in a very narrow bandwidth. However, the overall contrast 

may still be low due to the dispersion of contrast over the wavelength as well as the 

thicknesses of the films. It will not leave enough margin for process errors. Moreover, 

the possibility of finding an existing narrow band optical filter or light source at 

exactly the maximum contrast wavelength will be very low.  

4.3.2 Experiment 

In order to compare the contrast of graphene on widely used SiO2 substrate with the 

optimised 75nm poly-Si/100nm SiO2/Si multilayer substrate (poly-Si substrate), both 

type of substrates have been prepared. First, 100nm SiO2 is grown on top of a 4” 

silicon wafer by wet oxidation. Then 75nm poly-Si layer has been deposited on top 

of SiO2 by low pressure chemical vapour deposition (LPCVD). The  285nm SiO2 is 

grown on Si wafer with the same method as for the 100nm SiO2. 

 

Figure 4.5: Transfer of CVD-grown graphene on Ni film onto poly-Si substrate 

CVD-grown graphene on Ni catalyst has been transferred to the substrates by the 

process shown in Figure 4.5. First, a piece of thermal release tape (TRT) has been 

stuck on the graphene/Ni/Si (a-b). Then the samples are soaked in 1M aqueous FeCl3 

solution to dissolve all the nickel away so that graphene sheet together with the TRT 

will be separated from the silicon substrate (c). After being rinsed with de-ionized 

water for three times to clean FeCl3 and dried with nitrogen gun, the graphene side of 

graphene/TRT sheet is placed gently on the poly-Si substrates using tweezer tip to 
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squeeze out the air gradually between substrate and graphene (d). Once a good 

contact is formed, the whole structure is placed on a hotplate at 100°C to release the 

tape (e). To remove the tape residue, the samples have been rinsed in isopropanol, 

acetone, and de-ionized water for 5min each in sequence. The resulted graphene on 

poly-Si/SiO2/Si substrate are shown in (f). 

4.3.3 Characterisation 

 

Figure 4.6: Comparison of the influences of two illumination spectrum on the visibility of graphene 
on both poly-Si and SiO2 substrate 

Figure 4.6(a) shows the image of graphene sheet on top of the optimised 

poly-Si/SiO2/Si substrate under optical microscope with ordinary halogen lamp light, 

while Figure 4.6(b) is the image of the same location as (a) but a narrow band filter 

(Band pass Filter, 600±2nm centre, 10±2nm FWHM, Newport Spectra-physics Ltd.) 

has been inserted to the light path to achieve quazi-monochromatic illumination. 

Similarly, Figure 4.6(c) and (d) are graphene sheet transferred onto 285nm SiO2/Si 

substrate under ordinary and 600nm illumination respectively. The scale bars are 

10µm. 

A Raman spectrum has been taken at point labelled as SLG (single layer graphene) 

in the optical image in Figure 5(b). To reduce the possible sample heating effect, the 

laser power has been kept lowest. The wavelength of the laser is 514nm. Due to the 

thinness of graphene, the signal to noise ratio (SNR) is very low. Multiple 

accumulations have been used to increase the SNR. The G band and 2D band are 

very strong (Figure 4.7(a)), which are located at 1580 and 2700cm-1 respectively. 
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These two bands are the signatures of graphene [115]. The defects related D band has 

not been observed in the spectrum. This is consistent with previous reports for good 

quality graphene [102]. 

 

Figure 4.7: Raman spectrum taken at the place labelled as SLG in Figure 4.6(b) 

Typically, 2D band originates from double resonance effect as elaborated in section 

3.3.3 of chapter 3, consisting of 4 peaks for more than 2 layers of graphene, which is 

due to energy band splitting of both the conduction band and the valence band. The 

intensity of the four peaks and the shape of 2D band are dependent on the number of 

layers. In the case of monolayer graphene, only one peak in the 2D band can be 

resolved. Therefore, it is possible to distinguish between monolayer graphene and 

multilayer graphene. A closer examination of 2D band (Figure 4.7(b)) shows that the 

band is symmetrical and can be fitted very well with just one Lorentz peak, which 

confirms that the labelled area is monolayer graphene indeed.  

In order to verify that the formulae used in the simulation are correct, the simulated 

reflection spectrum (Figure 4.6 (a)) has been converted into colour vector expressed 

in red (R), green (G), and blue (B) components by International Commission on 

Illumination (CIE) colour matching function [140]. The colour matching functions 
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use three weight curves to calculate the spectrum’s contribution to R, G, and B 

components according to human cone cells’ perception of light wavelength. The 

Matlab code for the spectrum to colour calculation can be founded in appended A.1. 

The calculated RGB values are then compared to the RGB value extracted from 

ordinary optical image of the substrate as shown in Figure 4.6(a). Ideal white light 

illumination has been assumed for the colour calculation. As the illumination 

intensity affects the absolute RGB values, it is the ratios among the RGB 

components that are compared. The calculated 𝐑:𝐆:𝐁 ratio from Figure 4.4(a) by 

colour matching function is 0.35: 0.86: 1, while the RGB ratio extracted from Figure 

4.6 (a) is 41: 124: 154 = 0.27: 0.81: 1. The extracted and the simulated 𝐑:𝐆:𝐁 

ratios agree with each other. The small difference between the ratios may come from 

the difference between spectrum of halogen lamp and the ideal white light spectrum, 

as well as the diffraction of microscope and interference light scattered in from 

environment. The comparison of calculated and measured colour proves the theory 

applied should be reliable. 

In Figure 4.6(a), the whole graphene sheet is barely seen, but in Figure 4.6(b), single 

layer graphene, as confirmed by Raman spectroscopy, as well as randomly located 

multi-layer graphene patches are clearly observed. There are also holes in graphene 

sheet so that the poly-Si layer is exposed. The morphology is consistent with 

reported graphene grown on nickel [34]. The contrast between the monolayer 

graphene area and the poly-Si/SiO2/Si substrate has been calculated to be 8.7% by 

extracting light intensities from both areas, large enough to be seen under optical 

microscope, indicating that the substrate does enhance the visibility of single layer 

graphene with illumination wavelength of 600nm. It has been the first time that 

monolayer graphene has been made visible above poly-Si layer with such a high 

contrast. Figure 4.6(c) is the image of CVD-grown graphene on 285nm SiO2 

illuminated under normal light. The contrast between graphene and the substrate is 

6%, slightly increasing to 6.5% when illuminated with filtered light (Figure 4.6(d)). 

The enhancement of contrast on SiO2 substrate is about 0.5%, complying with the 

reported contrast on SiO2 substrate against wavelength [134].  
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Figure 4.8: (a) Contour of the poly-Si surface scanned by AFM. (b) AFM characterisation of the area 

enclosed in dashed square in Figure 4.4(b). (c) Height profile along the line in (b) 

It is important to point out that, assuming all surfaces are smooth, the reflection of 

graphene covered area will be weaker than the substrate according to the simulation, 

as the refractive index of graphene is closer to air than poly-Si, thus less reflective, 

while the observed result in Figure 4.6(b) is to the contrary. The uncovered poly-Si 

area is observed to be less reflective. One of the possible causes could be the 

roughness of the surface of CVD grown poly-Si, which scatters away the light, 

therefore, less light is collected by the objective lens of the microscope. Figure 4.8(a) 

shows atomic force microscope (AFM) image of poly-Si substrate, taken with 

VEECO Dimension 3100 AFM. The RMS average surface roughness 𝑟!"# of the 

poly-Si surface is about 2.19nm (Figure 4.8(a)), more than double of the typical 

value 𝑟!"# of polished crystalline Si wafer, which is less than 1nm. The other 
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possibility is that there are tape residuals on top of graphene which scatter more light 

into the objective lens. The later appears more likely to be true as will be seen in 

Figure 5.4(a) annealed graphene sheet does exhibit lower reflection than substrate. 

Figure 4.8(b) is the AFM image corresponding to the area enclosed in the dotted 

rectangular in Figure 4.6(b), while Figure 4.8(c) is the height profile along the line in 

Figure 4.8(b) from right to left, that is to say, from substrate to graphene. Although 

the height profile is quite rough, a step of about 1.752nm between graphene and the 

substrate is clearly identifiable, confirming the existence of graphene sheet. In 

summary, although probably the reflection is decreased from the predicted intensity 

due to surface roughness, the requirements of antireflection of the substrate have 

been fulfilled to allow a significant change of reflection by monolayer graphene, 

hence, the visibility of monolayer graphene is increased. 

4.4 The influence of poly-Si on electrical property of graphene 

 

Figure 4.9: Band structure of graphene and poly-Si 

Once the graphene sheets contact poly-Si film, electrons will flow from one material 

to the other depending on the chemical potential difference of the two materials, thus 

graphene is doped either with electrons or holes. Such process is called modulation 

doping. Figure 4.9 shows the band structure of separated graphene and undoped 

poly-Si film (a), along with graphene touching n-doped poly-Si film (b). Both 

graphene and poly-Si have a work function of around 4.6V [141][142]. For pristine 

graphene sheet, its Fermi level ℰ!"  coincides with the Dirac point ℰ! as described 

in section 2.2 in chapter 2. When intrinsic graphene is brought into contact with 
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undoped poly-Si film, their band structure remains the same as separated. However, 

for instance, if the poly-Si film has been n-doped, then its Fermi level ℰ! will be 

higher than the intrinsic Fermi level, and electrons near the poly-Si surface will flow 

to the graphene side until the Fermi levels in two materials equal to each other. So 

the energy band of poly-Si will bend up towards interface. However, the band 

diagram of graphene will not bend because of its 2D nature. The band of graphene 

has been illustrated as a line for clarity in Figure 4.9(b), but actually it has no length 

because graphene almost has near-zero thickness. The whole Fermi level of graphene 

will be lifted up until equal to the Fermi level in poly-Si.  

To investigate to what extent the ion doping level in poly-Si would affect the 

graphene’s conductivity, the carrier density in graphene will be calculated as a 

function of the doping level in poly-Si. As derived in section 2.3.1 in chapter 2, the 

carrier density 𝓃!"  in graphene is related to its Fermi level ℰ!"  by  

 
𝓃!" =

2
𝜋
𝒌𝑩𝒯
ℏ𝜐!

!

ℱ!
ℰ!" − ℰ!
𝒌𝑩𝒯

= ℱ!"(ℰ!") (4.8) 

On the poly-Si side, its band bending 𝝓!(𝑥) should satisfy the Poisson equation 

 𝑑!𝝓!(𝑥)
𝑑𝑥!

= −
𝜌(𝑥)
𝝐!

= −
𝒩!(𝑥)
𝝐!

= −
𝑑𝔼(𝑥)
𝑑𝑥

 (4.9) 

Where 𝝓!(𝑥) is the band bending at depth 𝑥 measured from the interface. 𝜌(𝑥) is 

the charge density, and 𝝐! is the dielectric constant of silicon. When the donors are 

completely ionized, the electron density equals to the donor concentration 𝒩!(𝑥). 

𝔼(𝑥)  is the electric field strength. Boundary conditions are 𝝓! 0 = 0  and 

𝔼 𝑥! = 0, then an explicit expression for 𝝓!(𝑥) can be found 

 
𝝓!(𝑥) = −

𝑒𝒩!

𝝐!
(𝑥𝑥! −

𝑥!

2
) (4.10) 

The maximum bending is located at the boundary of the depletion region 𝑥 = 𝑥!. 

 
𝝓! 𝑥! =

𝑒𝒩!𝑥!!

2𝝐!
 (4.11) 

Here 𝑥! is the depth of depletion region. Electrons doped into graphene should 

equal the total number of electrons generated in the depleted region 
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 𝓃!" = 𝑥!𝒩! (4.12) 

With the above equation, the electrons doped into graphene can be calculated 

numerically with the algorithm shown in Figure 4.10. After initialization of the 

doping level in poly-Si and the corresponding Fermi level, the Fermi level difference 

of graphene and poly-Si is compared, if they do not equal, then the Fermi level of 

graphene is lifted up by an amount of one hundredth of the Fermi level difference, 

and the number of modulation doped electrons is calculated, as well as the depletion 

depth, band bending in poly-Si. The above process is iterated until the Fermi level in 

the two material equals. Figure 4.11 plots the electron density in graphene, graphene 

Fermi level, depletion depth in poly-Si, and band bending in poly-Si against the 

iteration steps. It can be seen that the program converges well within 500 steps. The 

simulation code is written in Matlab and can be found in appendix A.2 

 

Figure 4.10: Flow chart of the algorithm for calculation the modulation doping level of graphene by 

poly-Si 
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Figure 4.11: Convergence of graphene electron density, poly-Si depletion depth, graphene Fermi 

level, and poly-Si band bending 

 

Figure 4.12: Modulation-doped electron density in graphene against donor concentration in poly-Si 

layer 

Figure 4.12 (a) plots the electron density in graphene against the donor concentration 

in poly-Si, which agree very well with previous calculations [143]. The modulation 
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doped electron density in graphene increases linearly with increasing donor 

concentration in poly-Si at below 1015 ions/cm3, then the increase rate softens. When 

the donor concentration in poly-Si is below 1015 ion/cm3, the electron density in 

graphene is two orders of magnitude lower. This result suggests that even poly-Si is 

unintentionally doped during growth, its effect on the graphene’s conductance is very 

limited, which is very important for the in-process quality monitoring during the 

fabrication of the graphene resonators to be discussed in chapter 5. 

4.5 Conclusions 

In this chapter, a poly-Si/SiO2/Si substrate has been proposed for the fabrication of 

suspended graphene structure. The poly-Si layer is very suitable to be used as 

sacrificial layer in MEMS device fabrication. The insertion of a SiO2 layer is 

intended to make it feasible to achieve an anti-reflective substrate, which is key to 

maximize the visibility of graphene under optical microscope. Such visibility is 

important as it facilitates quick inspection and monitoring of the fabrication process.  

A method for optimizing the visibility of graphene on poly-Si/SiO2/Si has been 

developed based on the transfer matrix theory of thin film optics. Contour plot of 

integral contrast against both thicknesses of poly-Si and SiO2 has been obtained by 

parametric study. The optimised thicknesses of both SiO2 and poly-Si have been 

found to be 75nm and 100nm respectively. The contrast is dispersive over the visible 

light range, and a relatively large contrast can be obtained in a wavelength range 

around 600nm. The poly-Si/SiO2/Si structure and ordinary 285nm SiO2 substrate 

have been fabricated. CVD grown graphene has been transferred to the substrates 

with the aid of thermal release tape. The samples have been examined under 

illumination of normal halogen lamp and the light filtered by 600±2nm narrow band 

optical filter. The contrast of monolayer graphene on poly-Si, as confirmed by 

Raman spectroscopy, has been enhanced on the 75nm poly-Si/100nm SiO2/Si 

substrate from almost none to a contrast of 8.7%. In comparison, the contrast of 

graphene on SiO2 does not change substantially because graphene’s contrast on SiO2 

is much less dispersive. 

When graphene is in contact with the poly-Si layer, the electrons will flow from one 

side to the other depending on the Fermi energy of these two materials, which is 
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called modulation doping. A calculation has been done to investigate how the donor 

concentration in poly-Si would affect the electron concentration in graphene. It has 

been found that for donor concentration below 1015 ions/cm3, the electron 

concentration in graphene is about two orders of magnitude lower. When poly-Si is 

even heavily doped, the modulation doping effect will soften. The calculation 

suggests that when poly-Si is lightly doped, its influence on the electron 

concentration in graphene is limited, which is an important fact to know for the 

in-process characterisation of graphene’ conductivity as will be discussed in chapter 

5. 
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Chapter 5 

5 Fabrication of suspended graphene bridges 

5.1 Introduction 

This chapter is devoted to the fabrication of suspended graphene bridges from 

CVD-grown graphene sheet. The suspension of graphene bridge is the key to realize 

graphene resonator and to study the mechanical properties of graphene [19][36] 

[37][144][145][146]. Moreover, the carrier mobility of graphene is limited by the 

substrate’s phonon scattering [16][43], freestanding graphene enables investigation 

of its intrinsic electrical properties. Reports have shown that suspended graphene 

sheets exhibits extremely high carrier mobility that enters the ballistic transport 

regime [16][29]. Suspended graphene structures have been achieved in three ways. 

One is to put graphene down to pre-patterned trenches or holes [19][38][147]. This 

method is preferred for achieving suspended graphene from mechanically cleaved 

graphene flakes. However, the success of fabricating such a device relies on sheer 

luck when a desired flake happens to settle over the trenches. Therefore, this 

approach is not scalable for mass production. Since graphene has been grown in 

large area on SiC by sublimation, suspension of the graphene can be achieved by wet 

etching SiC underneath [145]. This method bounds the substrate to SiC, lacking 

flexibility for the diversified applications. The other technique that holds promise for 

mass production is to fabricate graphene bridges from CVD-grown graphene. The 

graphene can be transferred and patterned on a sacrificial layer that can be etched 

away to release the graphene sheet [36][37]. SiO2 layer has been a popular sacrificial 

layer for graphene resonator since the graphene flakes are normally put down on 

300nm SiO2 for its visibility on such substrate. However, the etching of SiO2 always 

involves HF that may also attack metal. The samples released in wet etchant need 

critical point drying to avoid surface tension induced damage. 

To push forward application of graphene, the possibility of batch fabricating 

suspended graphene bridges from CVD-grown graphene sheet has been explored. 

The key difference from the existing technology is that poly-Si will be used as a 
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sacrificial layer that can be etched in vapour phase by xenon di-fluoride (XeF2), 

which completely solve the issue of capillary force induced device breakage and also 

avoid the harsh environment of wet etchant. In this chapter, the fabrication process 

and the yields will be discussed. A side effect of vapour phase release is the 

fluorination of graphene by the gas etchant XeF2. Fluorinated graphene possesses 

large bandgap that reduces the conductivity, however, the Young’s modulus, 

although degraded, still supersedes those of Silicon and steel, which is why believe 

this fabrication process is believed to be suitable for making graphene resonators. To 

enable electronic characterisation, the conductivity of graphene needs to be 

recovered to some extent, therefore, the de-fluorination technique will be introduced 

as well. 

5.2 Design of suspended graphene structure 

The structure of the suspended bridges takes into account its compatibility with 

fabrication process and convenience for characterisation. To facilitate the electrical 

measurement, the graphene bridges have been arranged in a four-point probe 

structure.  

5.2.1 Principle of four-point probe measurement 

 

Figure 5.1: Schematic of four-point probe measurement setup 

Conductance of a material characterizes how effective the charge carrier transports in 

it. Measurement of conductance could be an effective approach to deduct physical 

parameters such as charge velocities. The conductance 𝐺 = 𝐼/𝑉, where 𝐼 is the 

current flowing through the material, and 𝑉 is the electric potential drop caused by 

the current. Nevertheless, accurate measurement of the voltage drop across the 



Fabrication of suspended graphene bridges 

 83 

material is not always possible due to the contact resistance between the probes and 

the material under test. The voltage reading does not only include the voltage drop 

across the material, but also the voltage drop on two contact resistors formed 

between the probe and the material under test. For semiconductor materials, this 

drawback deteriorates even more due to the potential barrier at the interface of 

semiconductor and the probes. To overcome such problem, the four-point probe 

method has been a popular structure for characterizing the conductance of materials, 

eliminating the influence of the contact resistance. Figure 5.1 is a schematic drawing 

illustrating the principle of four-point probe measurement. To measure the 

conductance of a rectangular material (blue), four contacts (labelled as 1-4) can be 

made to the material. Usually, a constant current is flown from electrode 1 to 

electrode 4, and the voltage at electrode 2 and 3 is monitored. Since the voltage 

measurement takes as little current as none, the contact resistance between electrode 

2, 3 and the material does not obscure the precise reading of the voltage drop. 

Therefore the conductance of the material is precisely 𝐺 = 𝐼!/(𝑉! − 𝑉!). 

5.2.2 Graphene resonator layout 

 

Figure 5.2: (a) Mask design of the graphene resonators. (b) Alignment marks 

The mask layout of the graphene resonator is shown in Figure 5.2(a). Four metal 

electrodes (blue) contact a graphene strip (red) of 2µm wide, which is approaching 

the minimum size that can be fabricated with standard photolithography equipment. 

As will be shown later, narrower width shortens the time for complete release of 

graphene by XeF2. The electrodes divide the graphene strip into three channels 

whose lengths are 4µm, 8µm, and 12µm respectively. The lengths of the graphene 
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bridges vary to allow transmission line measurement [148]. The electrodes have been 

placed in parallel so that when the graphene is released, three doubly clamped 

graphene bridge resonators are formed. The metal electrodes also serve as anchors to 

fix the suspended graphene bridges. The ends of the middle electrodes have been 

attached to large blocks of metal. The width of the blocks excesses the width of the 

graphene strips so that when graphene is completely released the metal electrodes are 

still supported. Otherwise, the sagging long suspended metal beam could cause the 

graphene to touch the substrate. 

5.3 Fabrication processes 

5.3.1 Four point probe structure fabrication 

 

Figure 5.3: Transfer of graphene onto poly-Si/SiO2/Si substrate. (a) Spin coating PMMA. (b) Etching 

backside graphene and copper. (c) Scooping graphene onto substrates. (d) Dissolving PMMA 

The fabrication starts with transferring the CVD-grown graphene (Single layer 

graphene on copper foil, Graphene Laboratory, Inc) onto the poly-Si/SiO2/Si 

substrate discussed in chapter 4. The transfer method inherits from the widely used 

poly(methyl methacrylate) (PMMA)-assisted transfer technique [149]. Figure 5.3 

shows the schematics of the transfer technique. The monolayer graphene sheet has 

been grown on copper foil (purchased from Graphene Laboratories Inc.). Due to the 

nature of CVD process, graphene sheet covers both sides of the copper foil. To 

support the graphene sheet after copper foil is etched away, a thin layer of PMMA 

(~500nm) has to be spin coated on topside graphene (Figure 5.3(a)). To allow the 

spin coating, graphene/Cu sheet is fixed to a carrier wafer at four edges with tape to 
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adapt to the chuck of the photoresist spinner. Without baking, the 

PMMA/Graphene/Cu/Graphene has been taken in to reactive ion etching (RIE) 

system to etch the backside graphene and expose the copper layer for following 

copper etching procedure. Experiments show that 30s of O2 plasma etching could 

effectively remove the backside graphene. Then the PMMA/graphene/Cu sheet has 

been put into 1M FeCl3 solution to dissolve the copper foil (Figure 5.3(b)).   

 FeCl3+Cu=>FeCl2+CuCl (5.1) 

When placing the PMMA/graphene/Cu sheets into the FeCl3 solution, care needs to 

be taken to make sure the PMMA-covered side is facing upward. The sheets should 

be floating on the surface of the FeCl3 solution thanks to the surface tension. After 

about half hour, the copper would be removed completely and the PMMA/graphene 

sheet appears to be semi-transparent. Samples are then scooped up and placed onto 

the surface of clear DI-water to rinse FeCl3. Such cleaning processes have been 

repeated for three times to make sure no FeCl3 is left over the graphene surface. 

Finally, the samples are scooped up with the poly-Si/SiO2/Si substrate. The samples 

are then left at room temperature for 24 hours to dry and allow graphene to form 

strong adhesion to the poly-Si surface (Figure 5.3(c)). The PMMA is finally removed 

by soaking the samples in acetone for 2 hours (Figure 5.3(d)).  

Figure 5.4 shows the as transferred graphene. (a) is the image of graphene sheet on 

75nm poly-Si/SiO2/Si substrate. The illumination wavelength is about 600nm as 

described in chapter 4. Holes and contaminations have been observed. Limited by the 

contrast on poly-Si substrate, graphene sheets have also been transferred to 

285nmSiO2/Si for comparison, as shown in Figure 5.4(b). Clearly there are cracks in 

the sheet, which might originate from scratches or water surface tension-induced 

breakage during drying. Double layer patches scatter scarcely over the whole sheet 

accounting a small portion of the whole area as shown in the inset. There are also 

PMMA residues left that could lead to deterioration of the conductivity of graphene 

as mentioned in section 2.3.2 of chapter 2 [16]. To remove the PMMA residue as 

much as possible, the samples have been placed in furnace and annealed at 200°C for 

2hours, which would not damage graphene [150]. Figure 5.4(c) shows the graphene 

sheet after annealing. Obviously, most PMMA particles have been removed. 
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Figure 5.4: Optical image of graphene transferred to poly-Si/SiO2/Si substrate (a), and 285nm SiO2 

substrate before (b) and after (c) annealing 

After the transfer process (Figure 5.5(a)), about 1.7µm thick of AZ5214E image 

reversal photoresist has been spin coated on the samples and patterned with the first 

layer mask (grey squares in Figure 5.2(b)) so that the alignment squares area are 

exposed (see Figure B.1 for whole mask). Then the exposed poly-Si has been etched 

by argon milling to leave the alignment marks into the poly-Si layer. The reason for 

adding this step in is because the visibility of graphene is relatively poor, so that 

following photo masks cannot be effectively aligned to the graphene patterns. After 
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the alignment marks are patterned, another layer of positive photoresist 

(SPR350-1.2µm) has been spin coated on top of the graphene sheet and exposed (see 

Figure B.1). Such a layer of photoresist serves as protective layer for graphene 

etching. The unprotected part of graphene is then etched by 30s O2 plasma and forms 

the graphene strip (Figure 5.5(b)). After that, a layer of AZ5214E is spin coated and 

exposed for metal lift-off (see Figure B.1). 1nm Cr/80nm Au, and 3nm Cr/100nm Au 

have been deposited by electron-evaporation for two different batches of devices 

respectively (Figure 5.5(c)). The samples have been soaked in acetone to remove the 

photoresist and lift-off the metal electrodes. The as-fabricated graphene strips are 

then ready for the release of graphene bridges (Figure 5.5(d)). 

 
Figure 5.5: Fabrication process of suspended graphene bridges. (a) Graphene transferred on to 75nm 

poly-Si/100nm SiO2/Si substrate. (b) Graphene patterned with oxygen plasma. (c) Metal lift-off. (d) 

Etching of poly-Si with XeF2 

 
Figure 5.6: Two-probe I-V measurement (a) and four-probe I-V measurement of a graphene bridge 

before release 
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The I-V measurements have been conducted on the graphene strips at room 

temperature. Two adjacent electrodes have been used as source and drain 

respectively, and the Si substrate is used as a back gate. Figure 5.6(a) shows the 

measured drain current of a sample against drain voltage, with the gate voltage set to 

zero. As discussed in section 4.4 of chapter 4, the undoped poly-Si layer does not 

conduct current and will not affect the band structure of graphene. The measured 

2-probe results show that a large portion of the strips does not conduct electric 

current. For a sample with all three channels conductive, the four-probe measurement 

has been performed as shown in Figure 5.6(b), the sheet resistance is about 

13.5kΩ/square. For other conducting graphene strips, the 2-probe resistances are 

random value as plotted in Figure 5.7, which, in contrast to other report [148], does 

not show an obvious dependence on the length of the channel, suggesting that the 

random contact resistance is large and dominant. Those devices that do not conduct 

current at all are solid evidence to support that the poly-Si is indeed non-conductive 

and does not obscure the measurement of the graphene channel. 

 

Figure 5.7: Two-probe resistance of graphene bridges on poly-Si and SiO2 substrate 

Table 5.1: List of conducting bridges/total bridges of different types of substrates and Metal thickness 

      Substrate 

Metal 
285nm SiO2/Si 90nm SiO2/Si 75nm poly-Si/100nm 

SiO2/Si 

1nm Cr/ 80nm Au 26/120 9/40 13/240 

3nm Cr/ 100nm Au 5/120 23/120 7/240 
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Table 5.1 lists the number of conducting bridges and total number of bridges for 

different types of substrate and different thickness of metal. Figure 5.8(a) plots the 

histogram of percentages of conducting graphene channels. It can be seen that thicker 

metal leads to lower chance of conducting for all three types of substrate. If all the 

graphene channels on SiO2 are counted together, it is observed that the graphene 

channels on SiO2 has higher chance of being conducting (Figure 5.8(b)). The failure 

of conducting current originates from different sources. One obvious cause is the 

cracks formed during the transfer process as shown in Figure 5.4. On the other hand, 

the lower yield of graphene on poly-Si suggests something else. It has been shown 

that the metallization condition has crucial effect on the contact resistance because 

the metal atom bombarding the graphene sheet with high energy will introduce 

defects to graphene and greatly reduce the contact quality [151]. The surface 

roughness of poly-Si is worse than SiO2 as measured in section 4.3.2 of chapter 4, 

therefore, the graphene sheets may not be well supported by the poly-Si surface and 

are more susceptible to the metal atoms.  

 

Figure 5.8: Histogram of conducting channels  
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5.3.2 Release of graphene bridges 

Based on the as-fabricated graphene four-point probe structure, the poly-Si layer can 

be etched to release the graphene bridges. The etching of poly-Si can be done in 

liquid etchant or in vapour phase by XeF2. The vapour phase release is of great 

advantage in the sense of avoiding liquid surface tension and erosion to metal 

electrodes. 

XeF2 is a highly reactive isotropic gaseous etchant, popularly used in the production 

of MEMS for etching various forms of silicon [152]. During etching, XeF2 molecules 

absorb to the surface of silicon and decompose into Xenon (Xe) and fluorine (F) 

atoms. The fluorine, which is the main functioning radical in silicon etching, reacts 

with silicon. The formula describing the reaction process is 

 2XeF2+Si=>SiF4+2Xe (5.2) 

The reaction product SiF4 is also in gaseous phase at room temperature, therefore, it 

is carried away by the gas flow to exhaust line and does not block further reaction. 

Thus, the etching rate of Si with XeF2 is considerably fast. XeF2 etches Si with 

extremely high selective ratio to other commonly used materials such as SiO2 and 

metals [152], a favourable characteristic for fabrication.  

 

Figure 5.9: The images of graphene bridge after being etched with XeF2 for different time 

The graphene bridges have been released with the MiNi XeF2 etch system from 

MEMSTAR company. The etching pressure was set at 2Torr and the flow rate 

50sccm. Such a low pressure has been used to reduce the etching rate and prevent 

excessive undercut of the electrodes. Figure 5.9 shows the optical image of graphene 

bridge etched for 30, 45 and 55s respectively. The completion of release can be 

verified by checking the residual of poly-Si underneath graphene under optical 
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microscope. In the middle image, there is still a dim line of poly-Si lift under the 

central line of graphene, which indicates that the XeF2 does not penetrate the 

graphene sheet nor the interface between graphene and poly-Si, but consuming 

poly-Si from two sides. The total etch time should be between 45 and 55s, equivalent 

to an etch rate of 18~22 nm/s. The middle figure also shows that poly-Si under the 

middle part of the graphene is etched faster than that under the two ends.   

 

Figure 5.10: Optical image of bridges before and after XeF2 Etching 

 

Figure 5.11: SEM image of graphene bridge after release 
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Figure 5.10 compares the optical image of graphene bridges before (a) and after 

release (b). In (a), the illumination is 600nm. The graphene strip is observed to be 

darker than the poly-Si substrate, complying with the theoretical analysis in chapter 4. 

After being etched by XeF2, graphene becomes almost completely transparent as 

nothing can be observed between the electrodes in Figure 5.10(b). SEM images have 

been taken at this device to confirm the existence of graphene bridges as shown in 

Figure 5.11. Those darker areas in the background originate from the electron 

charging effect during imaging, as the sample is not coated with metal so as not to 

damage the graphene sheet. No obvious ripples can be seen in the graphene bridges, 

in contrast to those reported in [37].  

5.3.3 Fluorination of graphene 

 

Figure 5.12: Electron density of states of CF 

The XeF2 does not etch the graphene skeleton, however, the fluorine atom will form 

chemical bonds to the graphene sheet thus modify the electrical properties of 

graphene [47], such process is called fluorination of graphene. Fluorination of 

graphene has been one of the functionalisation techniques of graphite-like materials 
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including oxidization [46], hydrogenation [79], and so on. Fluorination of carbon 

materials dates back more than half a century ago. Early stage of study has been 

focused on graphite, and then on carbon nanotube [153][154][155]. The XeF2 has 

been found to be a strong fluorination agent without etching the graphene. J. T. 

Robinson et al performed single side fluorination of graphene/Cu and double side 

fluorination on graphene transferred SOI wafer by XeF2 [99]. The double side 

fluorination is enabled possible by etching pinholes in the transferred graphene 

which lets the gas to pass to the underlying silicon. Fluorination is an effective way 

to tune the properties of graphene in term of opening bandgap [47][156]. Theoretical 

calculations shows that the bandgap width increases with larger fluorine coverage 

[99]. In [99], the fluorine content is found to saturate at 25% atomic concentration 

for single side fluorination and 50% for double side fluorination. Figure 5.12 plots 

the density of states of fluorinated graphene with 50% fluorine atoms, which has 

been calculated by CASTEP applying density functional theory as described in 

chapter 2. The inset shows the lattice configuration of fully fluorinated graphene 

[157]. It can be clearly observed that, there is a band gap of about 2.7eV, which is 

consistent with previous calculations [99][157]. The Fermi energy level enters the 

top of the valence band, suggesting that the Fluorination tends to dope graphene with 

holes. 

5.3.4 De-fluorination of graphene 

 

Figure 5.13: Setup for hydrazine reduction 
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The ideal de-fluorination process should remove all the fluorine atoms while 

maintaining the hexagonal skeleton of graphene. There are two types of 

de-fluorination techniques that have been reported. One is the thermal annealing at 

around 400°C. As the binding energy of C-F bond is relatively low, when the 

fluorine atoms acquire enough thermal energy, they break from the basal plane of 

graphene. The alternative way involves the reaction of reductive agent with the 

fluorinated graphene. H2/Ar is a commonly used combination of gases. However, 

they also require a high temperature at around 400°C for about 4 hours and does not 

recover the conductivity of graphene [99]. A more reductive agent, hydrazine, would 

only require about 100°C and completely reduce the fluorinated graphene in 24 hours, 

although the toxicity of hydrazine is a drawback. 

Figure 5.13 shows the setup designed for hydrazine vapour de-fluorination of the 

fluorine graphene. The hydrazine used has been in aqueous form which is much safer 

to handle. The hydrazine vapour is carried out of the hydrate by N2 gas. The whole 

bubbling system consists of three bubbler serving different purposes.  The first 

bubbler is a safety buffer in case the N2 line pressure drop below the atmospheric 

pressure. The third bubbler serves as a condenser that removes water vapour from the 

gas flow and prevents liquid condensation on the samples which may break the 

graphene by the capillary force when the liquid evaporates again. The sample is 

placed on a hotplate and the temperature is set at 160°C to facilitate reaction. Such a 

temperature also prevents water condensation. The gas is introduced to the surface of 

the sample by a downward facing funnel placed over the top of the sample.  

5.4 Results and discussion 

5.4.1 Raman characterisation 

Figure 5.14(a) shows the Raman spectrum taken at four key nodes of the fabrication 

process. (a) is taken after the graphene transfer. Only two bands, G (1580cm-1) and 

2D (2750cm-1), have been observed. The symmetry of 2D band and the intensity 

ratio of 2D band to G band suggests that the as-transferred graphene has good quality 

[115], and the graphene sheet is indeed monolayer as discussed in chapter 3. After 

patterning the graphene with O2 plasma (b), a D band (1350cm-1) emerges and the 
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base line rises towards larger wavelength. The D peak is defects-related, however, 

the appearance of it here only implies that there are defects existing under the laser 

spot of the Raman system.  

 

Figure 5.14: Raman spectrum of graphene bridge taken at four key nodes of the fabrication process  

This D band most likely comes from the edge effect of graphene, since the intensity 

ratio of 2D band and G band has not changed substantially [102]. Thus, the internal 

graphene lattice is still intact. After exposure to XeF2 for 55s with a flow rate of 

50sccm at 2Torr, the D peak protrudes to higher than a broadened G peak (c), and the 

2D peak has almost disappeared. All these features correspond to structural disorder 

[156]. The defects are induced by the fluorination process where the fluorine atoms 

bond to the carbon atoms, thus changing the sp2 carbon-carbon bond, but do not 

damage the hexagonal skeleton of graphene lattice [99]. The hydrazine is a highly 

reductive agent that removes the fluorine atoms from the graphene sheet, which is 

called a de-fluorination process. The hydrazine reduction has been the most effective 

approach to remove fluorine atoms while keeping the graphene’s unique lattice [99]. 
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The Raman spectrum after hydrazine reduction shows the 2D band is recovered, 

suggesting partial recovery of the sp2 bond lattice (d). 

 

Figure 5.15: I-V characteristics before and after XeF2 etching, as well as after hydrazine reduction 

Figure 5.15 plots the two-probe I-V measurement results of the graphene bridges 

before (black solid line) and after the XeF2 etching (red dashed line), as well as after 

hydrazine reduction (blue dash-dotted line). The conductivity severely deteriorates 

after fluorination due to the bandgap opening in fluorinated graphene, as rescaled for 

clarity in the inset. The sheet resistance has increased by approximately 15GΩ/square 

assuming the contact resistance has not been affected by the fluorination process. 

After 24 hours reduction by hydrazine, the conductivity is largely restored, in 

consistency with the Raman spectroscopy. The conductivity recovery may have also 

benefitted from unintentional doping by the N2 gas that carries XeF2. Other substance 

such as water molecular may also contribute to the doping [99]. It should be pointed 

out that, although hydrazine may not be able to recovered the conductance due to 

lattice defects caused by the fluorination and de-fluorinated process, it does not affect 

the Young’s modulus much [47], which is crucial for retaining the anticipated 

performance of graphene resonators. 
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Figure 5.16 plots the gate effect on the drain current of a graphene bridge of 12µm 

long. The drain voltage is fixed at 0.1V. The conductance decreases with increasing 

gate voltage, which suggests that the as fabricated graphene has been doped with 

holes. The charge neutrality point cannot be observed when the gate voltage is in 

-5~5V range. A even larger magnitude of gate voltage has not been applied because 

the electrostatic force could pull the graphene towards the substrate and even damage 

it [51]. As can be seen in section 5.3.3, the fluorine atoms attached to carbon atoms 

in graphene tends to dope holes in graphene as the Fermi level resides in the 

conduction band. Moreover, other surrounding substances like water and O2 also 

dope the graphene with holes. 

 

Figure 5.16: Gate effect on the free standing de-fluorinated graphene bridge 

5.5 Conclusion 

This chapter has described the design and fabrication of suspended graphene 

structures from CVD-grown graphene sheet on copper foil. The fabrication process is 

intended for mass production. The poly-Si film has been used as sacrificial layer and 

etched with XeF2 in vapour phase. The major issue of erosive HF etching and 
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capillary force has been solved. No breakage of the graphene bridges has happened 

during the XeF2 release process, which is key to improve the yield of graphene 

resonators. 

The graphene bridges has been designed and arranged in the four-point probe 

structure, which facilitates the in-process monitoring of the quality of graphene sheet. 

The graphene sheet has been fluorinated by XeF2, which opens a large bandgap in it. 

The bandgap width largely depends on the amount of fluorine atoms and severely 

deteriorates the conductance of the graphene, which hinders the electrical 

measurement of the graphene resonators. Reduction by hydrazine at 160°C can 

largely restore the conductivity of graphene sheet, enabling the electrical 

characterisation of resonance of the suspended graphene bridges. Although the 

conductivity recovery is not complete, the mechanical properties of graphene is 

reported to remain almost the same, thus the exceptional properties of the graphene 

resonators can still be anticipated.  

A problem raised in the fabrication process is the low yield of conducting graphene 

bridges after the metallization. Evidence shows that longer metal deposition would 

reduce the proportion of conducting graphene channels and the total two-probe 

resistance is not prominently related to the length of the bridges, suggesting the 

contact resistance is the major contributor to the total resistance. The contact 

resistance is large because the graphene sheets are too thin to withstand long-term 

metal atom bombardment. However, this damage could be improved if a much better 

metal deposition rate control is available. 
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Chapter 6 

6 Resonance measurement of graphene bridge 
resonator 

6.1 Introduction 

In this chapter, we discuss the electrical measurement of the resonance of the 

fabricated graphene bridge resonators as described in chapter 5 with the single source 

current mixing measurement technique described in chapter 3. The resonant 

frequency of graphene resonator is highly dependent on the built-in stress, which 

means the performance of the graphene resonators can be effectively manipulated 

through adjusting the electrostatically induced stress. The frequency tuning effect can 

be clearly observed in the graphene resonators, which offers flexibility in 

applications. Thanks to the electrical contacts made to the graphene bridges, its 

mechanical behaviour can be tested electrically. Compared to optical measurement 

technique [19], electrical measurement enables the graphene resonators to be 

integrated monolithically in a single system in the future graphene resonator-based 

sensors or RF components. Although the resonance of a graphene bridge resembles 

resonators made of other materials in many ways [158][159], it also possesses its 

uniqueness due to the ultra-minimum thickness. Monolayer graphene is an ideal 

two-dimensional material that also has no bending stiffness.  

The most intriguing feature observed in the characterisation results of the graphene 

resonators is the large amplitude of second order harmonics. The frequency and 

amplitude of second mode resonance are more sensitive to both the DC bias as well 

as the physical properties change such as the mass density. In this chapter, It will be 

theoretically proved that the appearance of strong higher mode resonance has its root 

in the distribution of electrostatic voltage difference between graphene and substrate, 

thus the electrostatic force configuration. The non-uniform electrostatic force along 

the graphene bridge could drive the second order harmonic into resonance because 

the projected actuation force onto the second order mode is not zero. To probe into 

the actuation mechanism, finite element analysis (FEA) has been conducted to look 
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at the transient forced response of the graphene bridges. Based on the theory, it is 

proposed that the single source actuation and measurement technique could 

effectively actuate fundamental or second order mode resonance. Controllable 

actuation of higher mode resonance could lead to improvement of the sensitivity of 

graphene resonator-based sensors. 

6.2 Modelling of graphene resonators 

6.2.1 Newtonian equations 

 

Figure 6.1: Force and moment balance on an infinitesimal section of doubly clamped graphene bridge  

To understand the behaviour of graphene resonators, one should look at the dynamics 

of its resonance. Figure 6.1 shows the schematic drawing of a doubly clamped beam, 

whose width, thickness, and length are 𝑊, 𝑡!, and 𝐿 respectively. Following the 

analysis in [160], the 𝑦-direction of motion for an infinitesimal section of the beam 

is considered, the dynamic equation of the small section can be obtained according to 

Newton’s Law. When the maximum deflection of the beam satisfies 𝑤!"# ≪ 𝐿, it is 

plausible to omit the in-plane displacement, that is to say, only the flexural 
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movement will be taken into consideration. Therefore, the motion of the infinitesimal 

section is governed by 

 𝐹|! − 𝐹|!!!" − 𝐹!𝑑𝑥 − 𝜎𝑡!𝑊𝑤!|! + 𝜎𝑡!𝑊𝑤!|!!!"

− 𝛼𝑤!𝑑𝑥 = 𝜌𝑡!𝑊𝑑𝑥𝑤!! 
(6.1) 

Where 𝐹|! is the sheer force perpendicular to the basal plane of the graphene sheet 

at point 𝑥. 𝑀|! is the bending moment at point 𝑥. 𝜎 is the stress in the graphene 

sheet. 𝜎 includes the built-in stress as well as the deflection-induced stress. The 

build-in tension means that the graphene is pre-stretched [38]. The pre-stretching 

could possibly have arisen from the transfer process. When water recedes from the 

graphene/SiO2/water interface, the graphene is pulled by capillary force. Moreover, 

at both ends of the graphene sheet, the Van Del Waals force between graphene and 

the anchoring metal electrodes also contributes to the pre-stretching of the graphene 

sheet. The deflection-induced stress could lead to the interaction between different 

modes [161]. In small deflection regime, such stress can be neglected. 𝑤! and 𝑤! 

are the first order differentiation of the vertical displacement with respect to distance 

and time respectively, and so forth for 𝑤!! and 𝑤!!. 𝐹! represents the electrostatic 

force subjected by the infinitesimal section. Normally, the electrostatic voltage 

contains a DC component and an AC component as elaborated in chapter 3, so does 

the electrostatic force. The DC part is intended to adjust the stress in the graphene 

beam in order to tune the resonance frequency. 𝜌 is the density of grahene. 𝛼 

denotes the damping coefficient. Dividing both sides of equation 6.1 by 𝑑𝑥, it is 

obtained that 

 −𝐹! − 𝐹! + 𝜎𝑡!𝑊𝑤!! − 𝛼𝑤! = 𝜌𝑡!𝑊𝑤!! (6.2) 

According to the balance of bending moment 

 
−𝑀|! +𝑀|!!!" + 𝐹|!𝑑𝑥 +

𝜌𝑑𝑥!

2
= 0 (6.3) 

Dividing both sides by 𝑑𝑥 after omitting the fourth term on the left side, which is 

the higher order infinitesimal quantity, then  

 𝐹|! = −𝑀! (6.4) 

Replacing 𝐹|! in equation 6.2 with −𝑀!, the equation transforms to 
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 𝑀!! + 𝜎𝑡!𝑊𝑤!! − 𝛼𝑤! = 𝐹! + 𝜌𝑡!𝑊𝑤!! (6.5) 

Because  

 𝑀!! = 𝐸𝑰𝑤!!!! (6.6) 

Where 𝑰 is the area moment of inertia, then the motion of the infinitesimal section 

should satisfy 

 𝐸I𝑤!!!! + 𝜎𝑡!𝑊𝑤!! − 𝛼𝑤! = 𝐹! + 𝜌𝑡!𝑊𝑑𝑥𝑤!! (6.7) 

During vibration, the beam is elongated, so the stress 𝜎 is also changing. Because 

the strain is 

 
𝜖 =

1 + 𝑤!!
!
! 𝑑𝑥 − 𝐿

𝐿
≈

𝑤!!
!
! 𝑑𝑥
2𝐿

 (6.8) 

The net stress is 

 
𝜎 = 𝜎! +

𝑤!!
!
! 𝑑𝑥
2𝐿𝐸

 (6.9) 

Thus we have the final equation for the beam’s movement 

 
𝐸𝑰𝑤!!!! + (𝜎! +

𝑤!!
!
! 𝑑𝑥
2𝐿𝐸

)𝑡!𝑊𝑤!! − 𝛼𝑤!

= 𝐹! + 𝜌𝑡!𝑊𝑑𝑥𝑤!! 
(6.10) 

6.2.2 Fundamental frequency 

Due to the small bending stiffness of graphene, the first term in equation 6.10 can be 

neglected. If the vibration amplitude is sufficiently small, the built-in tension 

dominates, and the second term on the right side of equation 6.9 can also be omitted. 

Generally speaking, the resonance of graphene resembles a string more than a solid 

beam. The fundamental frequency of the graphene resonator is then 

 
𝑓! =

1
2𝐿

𝜎
𝜌
 (6.11) 

When the DC components of the electrostatic force is applied on the gate to tune the 

resonance, the fundamental frequency can be expressed as [36] 
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𝑓 𝑉! =

1
2𝐿

𝜎! + 𝜎(𝑉!")
𝜌

 (6.12) 

Where 𝜎(𝑉!") is the stress related to the electrostatic force corresponding to DC 

voltage. In some literature, the following equation is also widely used [19][85]. 

 

𝑓! = 𝐴
𝐸
𝜌

!
! 𝑡!
𝐿!

!

+
𝐴!0.57𝑇
𝜌𝐿!𝑊𝑡!

!
!

 (6.13) 

Where A is about 1.03 for doubly clamped beam, and 𝑇 represents the tension. This 

equation is derived for an Euler-Bernoulli beam with thickness 𝑡!. However, for 

single layer graphene, the thickness is only 3.34Å, so the first term on the right side 

is small enough to be omitted, and equation 6.13 becomes equivalent to equation 

6.11. 

6.3 Electrical characterisation results 

6.3.1 Characterisation conditions 

The as-fabricated graphene resonators described in chapter 5 are ready to be tested 

using the current mixing technique elaborated in chapter 3. The single source setup 

has been implemented for its simplicity. The source electrode of the graphene 

resonator has been connected to ground through a 390Ω resistor. For frequency 

modulation (FM) signal actuation, the drain electrode is fed with a FM signal, and 

the gate is fixed at a DC voltage intended for frequency tuning 𝑉! = 𝑉!" . The 

pressure in vacuum chamber can be pumped down to about 3mbar. The samples are 

left at room temperature, which is approximately 290K. The frequency deviation of 

the FM signal is 100kHz, and its amplitude (the actuation voltage) is either swept 

with fixed gate voltage or kept constant for gate voltage sweeping. For gate voltage 

sweep, the actuation has been set to 400mV. The modulation wave from the 

reference output socket of the lock-in amplifier has a frequency of 616.3Hz. The time 

constant of the lock-in amplifier is set to 0.1s and sensitivity to 500µV. Amplitude 

modulation (AM) signal has also been used to actuate the graphene resonators. The 
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modulation frequency is the same as FM signal, and the AM modulation depth is 

50%. 

6.3.2 Gate voltage sweep with FM actuation 

Figure 6.2 shows the measured mixed current amplitude at 616.3Hz of a graphene 

resonator that is 2µm wide and 12µm long for different gate voltages with a fixed 

actuation voltage of 400mV (peak to peak voltage of the FM carrier wave). Clearly 

four bands can be observed at zero gate voltage. The four bands are labelled as A, B, 

C, and D respectively. At zero gate voltage, band C appears to have a small peak 

superimposed on the larger peak. The smaller peak is denoted as C’ in the figure. It 

can be observed that the shapes of the peaks are asymmetric, skewing to the left for 

A, B, and D peaks. Such line shapes are characteristic of the amplitude-frequency 

relationship of a damped resonator with large damping coefficient [162], suggesting 

energy loss is quick due to the characterisation environment. 

 

 

Figure 6.2: Mixed current against FM frequency with different gate voltage, measured with the setup 

discussed in section 3.4.6 
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The frequency and amplitude of the bands shown in Figure 6.2 can be extracted out. 

The frequency of each band against the gate voltage has been plotted onto right axis 

of Figure 6.3(a). The left axis of (a) plots the frequency shifts with respect to 

frequency at zero gate voltage. The frequency of band B is most susceptible to the 

gate voltage, and its frequency shift nearly doubles that of band A. Band C and band 

D change less than 10%. Since in the graphene resonator, components that contribute 

to measured peaks include not only the graphene bridge, but also the undercut metal 

electrodes at both ends that form cantilever resonators, those peaks can be 

distinguished by comparing the gate tuning effects. The peaks from the metal 

electrodes should be less responsive to the DC-induced stress due to their large 

thickness in contrast to graphene bridge, as reported in other articles [34]. Therefore, 

band A comes from the graphene bridge. B should be also assigned to graphene 

bridge instead of only band A, as will be discussed later. 

 

Figure 6.3: Extracted frequency shift and peak amplitude for different gate voltage 

The fundamental frequency shift of graphene resonator under tuning is indeed 

proportional to the square root of the electrostatic force-induced tension 𝜎(𝑉!) by 

𝑓! = 𝜎! + 𝜎(𝑉!) 𝜌 /2𝐿 [36], as seen from the black curve in Figure 6.3(a). Figure 

6.3(b) plots the amplitude of the bands at different gate voltage 𝑉! normalized to 

𝑉! = 0V. Band B drops most rapidly with increasing gate voltage, or equivalently, 

with the electrostatic force-induced stress. Moreover, as discussed in chapter 5, the 

graphene bridge is p-doped after the final fabrication step, which is the 
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de-fluorination process, so that increasing the gate voltage would decrease the charge 

carrier concentration in graphene, thus reducing the conductivity of the graphene 

bridge. Therefore, the gate effect also contributes to amplitude attenuation. However, 

the maximum conductivity loss at 2.5V gate voltage is only 1% compared with zero 

gate voltage. Therefore, the amplitude decrease mainly comes from the increased 

stress in graphene. 

6.3.3 Actuation voltage sweep with FM actuation 

 

Figure 6.4: Mixed current against frequency with different FM actuation voltage 

Figure 6.4 shows the measured mixed current with different actuation voltage, and 

the gate voltage is fixed at zero. At lower actuation voltage (50mV), only band A is 

observed. At the largest actuation voltage been applied (450mV), four bands are 

observed and the C’ peak emerges again and becomes even more prominent than in 

the 400mV curve in Figure 6.2. The peak amplitude and frequency of the bands are 

extracted out and plotted in Figure 6.5(a). The right hand side axis is the frequency, 

and the left hand side axis is the frequency shift with respect to the peak frequencies 

of 450mV actuation voltage since at lower voltages (<150mV), the signals from 
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bands B, C, and D are too small to be identified. Obviously, band C and D shift less 

than 10%, while band A and band B are much more responsive to the actuation 

voltage. Figure 6.5(b) plots the measured peak current against the actuation voltage. 

The resonance amplitude of band A increases linearly at the beginning and then starts 

to cross over at 250mV actuation voltage due to nonlinearity [91]. The increase rate 

of amplitude from band B at 250mV-450mV resembles that of band A at 

50mV-250mV, however, band B does not enter the nonlinear regime even at the 

largest actuation voltage being applied, which makes it possible for the amplitude of 

band B to catch up with band A. 

 

Figure 6.5: Extracted frequency shift and peak amplitude for different actuation voltage 

Table 6.1 Frequency and quality factor of observed bands at 450mV actuation voltage 

 Band A Band B Band C’ Band C Band D 

Frequency (MHz) 0.792 1.42 2.15 2.42 2.83 

Quality factor 5.02 8.07 -- -- 8.22 

Table 6.1 lists the frequency and quality factor of the visible peaks at 450mV 

actuation voltage. The frequencies of band A, B, and C’ have a relationship of 

𝑓! ≈ 𝑓!/2 ≈ 𝑓!!/3. As mentioned in the above discussion, the frequency shift of 

band B nearly doubles that of A upon gate tuning. The strong coupling of band A and 

band B prove that band A and B correspond to the fundamental frequency and 

second harmonics of graphene resonator respectively, while band C’ could be the 
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third order harmonics according to its frequency location. Since the actuation voltage 

affects frequency of the resonance, the frequency at 50mV has been taken as the best 

evaluation of the fundamental frequency, which is about 1.94MHz. The fundamental 

frequency is lower than other resonators because of its larger dimension. The 

fundamental frequency can be simply modelled as 𝑓! = 𝜎! 𝜌 /2𝐿 at zero gate 

voltage, assuming the density of graphene can take the value of graphite 2200kg/m3, 

the build-in stress in graphene is estimated to be 4.8MPa. The quality factor of a peak 

can be estimated by the ratio of its frequency 𝑓!"#$"%  and its width 𝑓!"#$!  as 

𝑄 = 𝑓!"#$"%/𝑓!"#$!. Because the peaks in the measurements have long tails on the 

right slope that obscure the evaluation of width, the full-width-at-half-maximum 

(FWHM) of a band 𝑓!"#$  has been used as the width of the band. Both the 

fundamental peak and the second order peak have quality factors below 10.  

6.3.4 AM signal actuation 

 

Figure 6.6: Mixed current against AM frequency with different gate voltage 

For comparison, the AM signal has also been used to actuate the graphene resonator. 

Figure 6.6 plots the mixed current against frequency of the AM carrier wave with 
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different gate voltage. One obvious observation is that, the measured current is much 

noisier than that shown in Figure 6.2 since the AM signal is more susceptible to 

interference. Only two bands can be distinguished. The lower frequency band might 

correspond to band A in Figure 6.2, which is the fundamental frequency of the 

graphene resonator. The higher frequency band should correspond to band C and D 

in Figure 6.2. The resonance amplitude of the AM signal actuated graphene resonator 

is significantly smaller than that of the FM signal actuation. However, the reason 

behind this remains unknown. Since the AM actuation results are hard to interpret, it 

is rarely used in the electrical measurement of resonance. 

6.4 Actuation of higher harmonics 

For a doubly clamped beam subjected to uniform actuation force, the amplitude of 

fundamental mode is much larger than higher harmonics. With some sophisticated 

design, a MEMS resonator could operate at higher resonance mode 

[163][164][165][166][167]. The higher modes often double or triple the frequency of 

fundamental mode, thus pushing the operating range of resonator to even higher 

frequency without reducing the dimension of device, which could lead to 

deteriorated performance in terms of quality factor.  

As observed from the measured results, the amplitude of band B, which is the higher 

order harmonics, is almost comparable to the amplitude of the fundamental 

frequency band A at large actuation voltage (400mV). This phenomenon indicates 

that the graphene resonator could selectively operate at two modes. Certain 

applications based on graphene resonator could take advantage of it. In this section, a 

theoretic model will be developed to understand why the second order harmonics can 

be boosted. The resonance mode of graphene bridge depend on the actuation force 

configuration, rather like actuation of the overtone of a guitar string. 

6.4.1 Modal analysis 

For simplicity’s sake, the bending stiffness and the deflection-induced stress of 

equation 6.10 have been ignored, then 

 𝜎!𝑡!𝑊𝑤!! − 𝛼𝑤! = 𝐹! + 𝜌𝑡!𝑊𝑤!! (6.14) 
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This equation is a forced motion equation for a string. The motions of every point of 

the beam are simultaneous with the same frequency but different amplitude. Their 

amplitude is a distributed function along the whole beam, and the shape of amplitude 

distribution is called a resonance mode. Different modes are mutually independent 

on each other. The motion of each point of the beam is a superposition of different 

modes. Mathematically, the solution to equation 6.14 has the form of  

 𝑤 𝑥, 𝑡 = 𝝍! 𝑥 𝑦!(𝑡)
!

 (6.15) 

Here, 𝝍! 𝑥  represents the spatial modal shape of resonance mode 𝑖. 𝑦!(𝑡) is 

time-dependent periodical function. For double-clamped beam, the spatial mode can 

be expressed as 

 𝝍! 𝑥 = sin  (
𝑖𝜋𝑥
𝐿
) (6.16) 

 

Figure 6.7: Electrostatic force distribution in single source measurement setup and the first three 

flexural resonance modes 

The shapes of the first three flexural modes have been shown in Figure 6.7(b), (c), 

and (d). These modal shapes are exported from finite-element-analysis (FEA) 
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simulation (CoventorWare 2010). It is trivial to verify that the spatial modes are 

mutually orthogonal, which means 

 𝝍! 𝑥 𝜓! 𝑥 𝑑𝑥
!

!
= 𝛿!" ,          𝛿!" =

1      (𝑖 = 𝑗)
0      (𝑖 ≠ 𝑗)  (6.17) 

Now, the expanded expression of displacement (equation 6.14) can be used to 

replace 𝑤 𝑥, 𝑡  in equation 6.13. The differentiation of modal shape with respect to 

𝑥 has been calculated explicitly as the modal shapes have determined expression.  

 

−𝜎!𝑡!𝑊
𝑖𝜋
𝐿

!

𝝍! 𝑥 𝑦! 𝑡 − 𝛼𝝍! 𝑥 𝑦! 𝑡 !
!

= 𝐹! + 𝜌𝑡!𝑊𝝍! 𝑥 𝑦! 𝑡 !!
!

 
(6.18) 

Using the orthogonality of the spatial mode functions, multiplying the above 

equation with 𝝍! 𝑥  and integrating over the beam length, we get 

 

𝑦! 𝑡 !!
+

𝛼
𝜌𝑡!𝑊

𝑦! 𝑡 !
+
𝜎!
𝜌

𝑖𝜋
𝐿

!

𝑦! 𝑡

= −
1

𝜌𝑡!𝑊
𝐹!𝝍! 𝑥
!

!
𝑑𝑥 

(6.19) 

Let  

 𝜔! =
𝜎!
𝜌

𝑖𝜋
𝐿

!

=
𝑖𝜋
𝐿

𝜎!
𝜌

 (6.20) 

and  

 2𝑛 =
𝛼

𝜌𝑡!𝑊
 (6.21) 

Then the equation 6.18 transforms to 

 

𝑦! 𝑡 !!
+ 2𝑛 𝑦! 𝑡 !

+ 𝜔!!𝑦! 𝑡

= −
1

𝜌𝑡!𝑊
𝐹!𝝍! 𝑥
!

!
𝑑𝑥 (6.22) 

So far, the string motion equation has been discretized into separate equations of 

typical damped harmonic resonators. 𝜔! represents the frequency of the 𝑖𝑡ℎ mode, 

and 𝑛  is the damping coefficient. The right side term can be viewed as the 
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projection of the actuation force on to the 𝑖𝑡ℎ mode. Taking the Laplace transform 

on the above equation and rearranging the terms, we get 

 𝑌! 𝑠 =
− 1
𝜌𝑡!𝑊

ℒ( 𝐹!𝝍! 𝑥
!
! 𝑑𝑥)

𝑠! + 2𝑛𝑠 + 𝜔!!
 (6.23) 

where ℒ() represents Laplace transform, and 𝑌! 𝑠 = ℒ(𝑦! 𝑡 ). Now it can be seen 

that the actuation of certain mode depends upon the integration of the spatial mode 

function times the actuation force along the beam. The actuation force can also be 

written as the product of spatial part and a time-dependent function, 𝐹! =

𝐹!"(𝑥)𝐹!!(𝑡). So  

 𝑌! 𝑠 =
− 1
𝜌𝑡!𝑊

𝐹!"(𝑠)( 𝐹!"(𝑥)𝝍! 𝑥
!
! 𝑑𝑥)

𝑠! + 2𝑛𝑠 + 𝜔!!
 (6.24) 

Here 𝐹!" 𝑠 = ℒ(𝐹!"(𝑡) ). The amplitude peak of the 𝑖𝑡ℎ  mode is located at 

𝜔!"#$ = 𝜔!! − 2𝑛!, where the amplitude reach a maximum of  

 𝑌!"#$ =

1
𝜌𝑡!𝑊

( 𝑓!"(𝑥)𝝍! 𝑥
!
! 𝑑𝑥)

2𝑛 𝜔!! − 𝑛!
 (6.25) 

In case of single source measurement, the voltage difference between graphene and 

the substrate is dropping from the drain electrode to the source electrode due to the 

resistance of the graphene bridge. Thus the actuation force amplitude can be written 

as 𝐹!" 𝑥 = 𝐾!𝑥 + 𝐶, here 𝐾! is the slope of the voltage and 𝐶 is a constant, as 

illustrated in Figure 6.7(a). Thus, for the second order harmonics 

 𝐹!"(𝑥)𝝍! 𝑥
!

!
= (𝐾!𝑥 + 𝐶)𝑠𝑖𝑛

2𝜋𝑥
𝐿

!

!
= −

𝐾!𝐿!

2𝜋
 (6.26) 

And for the fundamental frequency, we have 

 𝐹!" 𝑥 𝝍! 𝑥 = (𝐾!𝑥 + 𝐶)𝑠𝑖𝑛
𝜋𝑥
𝐿

!

!
=
𝐾!𝐿!

𝜋
+
2𝐶𝐿
𝜋

!

!
 (6.27) 

Comparing the above two equation, it can be seen that, for uniform actuation when 

the electrostatic actuation voltage is applied on the back gate, 𝐾!=0. So the integral 

of second order harmonics is zero, thus the second mode will not be driven into 

resonance. However, in case the voltage is a ramp function, which is the case in 

single source measurement setup, the projection of the actuation force onto the 
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second order harmonic is not zero any more, therefore the second order mode is 

activated. 

The intrinsic frequency of graphene bridge resonator can be expressed as 𝜔! =

𝑖𝜋 𝜎! + 𝜎(𝑉!") 𝜌 /𝐿 for the 𝑖th mode. Thus, when the gate voltage-induced stress 

𝜎(𝑉!") increases in the graphene bridge, the frequency shift of second harmonics is 

larger than that of the fundamental mode by a factor of 2, as shown in Figure 6.3(a). 

Because of the coefficient 2 for the second mode, it is speculated that the sensitivity 

of force sensor based on higher harmonics of graphene resonator will improve by a 

factor 2 to 0.45fN/Hz1/2 if graphene resonator works under the same condition as in 

[19]. The peak frequency of a resonance mode is related to its intrinsic frequency by 

𝜔 = 𝜔!! − 2𝑛! , where 𝑛 is the damping coefficient. 𝑛 increases with larger 

resonance amplitude due to the nonlinear damping effect [126], hence, with larger 

actuation voltage, the resonance peaks shift to lower frequency, which is consistent 

with the experiment observation in Figure 6.5(a). The amplitude of each mode 𝑌! is 

expressed as 

 𝑌! =

1
𝜌𝑡!𝑊

( 𝐹!"(𝑥)𝝍! 𝑥
!
! 𝑑𝑥)

2𝑛 𝜔!! − 𝑛!
 (6.28) 

Because the peak frequency 𝜔! changes faster for higher modes with gate voltage 

than fundamental mode, the amplitude of the second order mode responds more to 

the tuning gate voltages as shown in Figure 6.5(b).  

6.4.2 Simulation 

In order to investigate the influence of a non-uniform electrostatic actuation force on 

the dynamics of the graphene resonator, finite element analysis has been conducted 

with Matlab code (see appendix A.3) to look at the transient response of the graphene 

resonator to the electrostatic force actuation. First, the graphene bridge has been 

discretized to 𝑁 elements of the same length, so the length of each element is 

ℎ = 𝐿/𝑁. The following equations have been used to calculation the differentiation 

of the element deflection at each simulation time step 𝑤(𝑝ℎ, 𝑞𝜏). 

 𝑤!(𝑝ℎ, 𝑞𝜏) =
𝑤 (𝑝 + 1)ℎ, 𝑞𝜏 − 𝑤(𝑝ℎ, 𝑞𝜏)

ℎ
 (6.29) 
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𝑤!!(𝑝ℎ, 𝑞𝜏)

=
𝑤 (𝑝 + 1)ℎ, 𝑞𝜏 − 2𝑤 𝑝ℎ, 𝑞𝜏 + 𝑤 (𝑝 − 1)ℎ, 𝑞𝜏

ℎ!
 (6.30) 

 

𝑤!!(𝑝ℎ, 𝑞𝜏)

=
𝑤 𝑝ℎ, (𝑞 + 1)𝜏 − 2𝑤 𝑝ℎ, 𝑞𝜏 + 𝑤 𝑝ℎ, (𝑞 − 1)𝜏

𝜏!
 (6.31) 

where 𝑝 refers to the element number, and 𝑞 represents the time step. Replacing 

the above equations into equation 6.13, it can be obtained that 

 

𝑤 𝑝ℎ, 𝑞 + 1 𝜏 = 𝜏!𝜎
𝑤 𝑝 + 1 ℎ, 𝑞𝜏 − 𝑤 𝑝ℎ, 𝑞𝜏

𝜌ℎ!
+ 2𝑤 𝑝ℎ, 𝑞𝜏

− 2𝑤 𝑝ℎ, 𝑞 − 1 𝜏 −
𝜏!𝑓! 𝑝ℎ, 𝑞𝜏
𝑡!"𝜌𝑊ℎ

−
𝜏𝛼 𝑤 𝑝ℎ, 𝑞𝜏 − 𝑤 𝑝ℎ, 𝑞 − 1 𝜏

𝜌𝑡!𝑊
 

(6.32) 

The equation 6.32 is the iteration formula for the deflection of elements at each time 

step. The damping coefficient 𝛼 has been estimated from the measured quality 

factor. 

 𝛼 = 𝜌𝑡!𝑊2𝑛 =
𝜌𝑡!𝑊
𝑄

 (6.33) 

where 𝑄 is the measured quality factor. The time step 𝜏 is fixed as 1/(512𝑓), 𝑓 

is the actuation frequency that will be simulated. There are two dielectric layers 

between the graphene and the substrate, so the capacitance per element can be 

expressed as 

 𝐶!" = 1/
1

𝜀!"#𝑊ℎ
𝑡!"#$

+
1

𝜀!"#$%𝑊ℎ
𝑡!"#$%

 (6.34) 

𝜀!"#  and 𝜀!"#$%  are the permittivity of air and oxide, while 𝑡!"#$  and 𝑡!"#$ 

represent the thickness of poly-Si and oxide respectively. And the differentiation of 

𝐶!" with respect to the deflection can be expressed as  

 𝐶!"! = −
𝑊ℎ𝜀!"#$%

2(𝑡!"#$𝜀!"#$% + 𝑡!"#$%𝜀!"#)!
 (6.35) 
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In the single source measurement setup, the DC voltage is applied through the back 

gate, so the DC part of the electrostatic voltage is uniform along the whole graphene 

bridge. The actuation AC voltage is applied to the drain electrode, and the source 

electrode is connected to ground through a small resistor whose voltage drop can be 

neglected, so 

 𝑉!(𝑥, 𝑡) =
(𝐿 − 𝑥)𝑉!"𝑠𝑖𝑛(𝜔𝑡)

𝐿
 (6.36) 

According to equation 3.1 in chapter 3 

 𝐹! 𝑝ℎ, 𝑞𝜏 =
𝐶!"!

2
𝑉!"! + 𝐶!"! 𝑉!"

(𝐿 − 𝑝ℎ)𝑉!"𝑠𝑖𝑛(2𝜋𝑓𝑞ℎ)
𝐿

 (6.37) 

The equations 6.38 and 6.39 come from the assumption that the initial velocity of the 

elements is zero. Since the bridge is fixed at both ends, the deflection at the ends is 

always zero. That is why the equation 6.40 and 6.41 are true. 

 

Figure 6.8: Bridge deflection in one period driven by f=1/T=0.75MHz actuation. The length of the 

bridge is 12µm 

The initial and boundary conditions are 

 𝑤 𝑝ℎ, 0 = 0 (6.38) 

 𝑤 𝑝ℎ, 1 = 0 (6.39) 
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 𝑤 1, 𝑞𝜏 = 0 (6.40) 

 𝑤 𝑁, 𝑞𝜏 = 0   (6.41) 

 

Figure 6.9: Transient response of the element located at p=N/4 under 0.75MHz actuation 

Figure 6.8 plots the transient response of a 12µm long bridge to 0.75MHz uniform 

actuation, which is the case for two-source measurement setup where the actuation 

voltage is applied on the gate. The DC voltage is 0.1V, and the amplitude of the AC 

signal is 0.1V as well. From the simulation, it can be observed that every point in the 

bridge moves simultaneously, that is to say, the phase of each point is nearly the 

same. Figure 6.9 plots the deflection of the element located at 𝑝 = 𝑁/4 against time. 

The shape of transient response contains more than one frequency component. 

Applying Fast Fourier Transform (FFT), the frequency domain response of the 

bridge can be obtained, as shown in Figure 6.10(a). There are two peaks shown in the 

frequency domain plot. The first one is located at 0.75MHz, which is the forced 

response. There is also a peak located at around 1.95MHz, which is fundamental 

frequency of the graphene bridge. The simulated fundamental frequency is consistent 

with the measured fundamental frequency very well. No higher mode peaks can be 

observed. However, if the AC voltage is set to be a distributed function described by 

equation 6.36, which is the case for one-source measurement, the FFT clearly shows 
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(Figure 6.10(b)) another peak at 3.95MHz, which is the second order mode. The 

amplitude of the fundamental mode is more than an order of magnitude higher than 

the second order mode. The emergence of the higher order mode suggests that the 

non-uniform actuation does drive the second order mode into resonance. 

 

Figure 6.10: FFT results of transient response of the element at p=N/4 under 0.75MHz actuation in 

two-source measurement (a), and single-source measurement (b) 

Next, a frequency sweep has been conducted from 1MHz to 5MHz for both type of 

electrostatic force configurations. The amplitude at the actuation frequency is 

extracted from the FFT results and plotted against the frequency. Figure 6.11(a) 

shows the amplitude-frequency relationship of uniform actuation, which is the case 

in two-source measurement setup, while (b) shows the relationship of non-uniform 

actuation. Again, the higher mode resonance can be observed in (b) for non-uniform 

actuation force distribution. The line shape of Figure 6.11(b) resembles the shape of 

measured frequency sweep curve in Figure 6.4 very much. The evolvement of the 

bridge shape is better illustrated by looking at the time domain, as plotted in Figure 

6.12. The actuation frequency is 4MHz. After a quarter of the period, the portion of 

the bridge close to the drain side (𝑥 ≈ 0.2𝐿) is pulled downward more than the 

portion of bridge close to the source side (b), because the electrostatic force on the 

drain side is larger. Approaching one period, the second mode tends to zero, and the 
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line shape is almost that of the fundamental mode as can be seen in (d). This shows 

clearly how the second order is actuated. 

 

Figure 6.11: The resonance amplitude of the element at p=M/4 under different actuation frequency 

 

Figure 6.12: Bridge deflection in one period driven by f=1/T=3.95MHz actuation.  
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6.5 Quality factor 

6.5.1 Comparison with other resonators 

The quality factors of graphene resonators for all bands measured are below 10, 

which is relatively low compared to most MEMS resonators. Table 6.2 lists the 

quality factor of a few resonators made of different materials and their 

characterisation environment for comparison. Generally speaking, the graphene 

resonators and carbon nanotube resonator have lower quality factors at room 

temperature. At low temperature, the quality factor of graphene surges dramatically 

to around 10,000.  

Table 6.2: List of quality factors of graphene resonators and resonators made of other materials 

Author Q Material Structure Pressure Temperature 

C. Chen [36]  10,000 Graphene Beam unknown 5K 

J. S. Bunch [19]  
20-850 

Graphene Beam <10–6torr 
RT* 

1,800 50K 

A. M. van der Zande [37]  9,000 Graphene - <5x10–5torr 10K 

V. Sazonova  [158] 40-200 CNT Beam <10torr RT 

J. Wang [168]  6,225 Diamond Beam <5x10–2torr RT 

T. S. Biswas [169]  >1.6x105 Si3N4 Nano-string ~2x10-6torr RT 

*Room temperature 

As observed from other MEMS resonators [170], the temperature largely affects the 

quality factor of graphene resonator. When temperature decreases towards absolute 

zero, the quality factor increases. The quality factor of graphene resonator is found to 

be proportional to 1 T! [37][36][37]. γ is around 0.35± 0.05 when temperature 

is between 9 K to 40 K, and approximately 2.3± 0.1  from 40K to room 

temperature. A similar phenomenon has also been reported in [36] and the quality 

factor is independent on the size and shape of the graphene sheet, which indicates 

that such a segmental dependence of quality factor on temperature is not an isolated 

case and might be an intrinsic property of graphene. The scaling as 1 𝒯!.!" has 

been observed in CNT resonator at low temperature as well [171].  
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6.5.2 Dissipation mechanism 

Molecular dynamics (MD) simulation predicts the energy dissipation of carbon 

nanotube resonators follow the 1 𝒯!.!" power law from absolute zero to room 

temperature [172], matching the experimental observations at low temperature 

perfectly well. The simulation reveals that the external vibration energy is 

continuously converted to internal energy, which causes the increase of temperature. 

The coincidence of a 0.36 power in both calculation and experiment results at low 

temperature may suggest that thermalelastic dissipation dominates at low 

temperature for both CNT and graphene resonators. However, similar MD simulation 

performed on graphene resonator shows the quality factor scales as 1 𝒯 [173]. The 

reason behind the discrepancy remains unknown. 

A full understanding of the energy dissipation in graphene resonators is still lacking, 

since energy dissipation in resonators is very complicated and associated with 

various energy loss mechanisms. The common mechanisms include clamp loss[174], 

Ohmic loss [174] [175], surface loss [176][177] and thermoelastic loss etc 

[178][179][180]. Seoanez and Guinea attempted to categorize the possible 

dissipation mechanisms in graphene and nanotube resonators [181]. They have 

analysed six possible dissipation approaches and the scaling of the energy loss 

mechanisms as temperature. However, the analysis of the energy loss only provides a 

qualitatively understanding. Since the losses are related to material, dimension, 

characterizing method and environment. The theoretical prediction of quality factor 

turns out to be a tough task.   

Of all the loss mechanisms, the surface loss may play an important role in graphene 

resonators. Surface loss is caused by the surface defects including the defects of the 

lattice structure or absorbates [182]. The defects introduce stress or charge gradients 

thus increase the entropy of the resonator, so the energy decreases. Reports have 

shown that the quality factor drops as the dimension scales down, when the surface 

to volume ratio scales up[182]. Therefore, as the surface to volume ratio of graphene 

is the highest of all materials due to its 2D nature, the surface loss greatly limits 

graphene resonators’ quality factor. MD simulation of CVD-grown graphene shows 

the quality factor is reversely proportional the defects density [173]. The defects 
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induce spurious vibration modes that drain energy of the fundamental vibration. The 

simulation predicts that a tensile strain could possibly greatly enhance the quality 

factor by flattening out the buckles and suppressing the spurious modes. Previous 

study in graphene resonator also supports this hypothesis [183]. 

6.6 Conclusion 

The resonance of the graphene resonator has been characterized with the one-source 

current mixing technique. For a 12µm long graphene resonator, the fundamental 

frequency is found to be around 1.94MHz. With high actuation voltage (>400mV), 

second mode peak can also be detected with prominent amplitude. The second order 

mode frequency nearly doubles that of the fundamental mode, and so does the 

frequency shift under tuning. Both frequencies can be tuned by the DC voltage 

applied on the back gate, which offers flexibility to adjust the operating frequency of 

the resonator. The frequencies increase with the square root of applied gate voltage, 

which is consistent with theoretical deduction. Generally speaking, the frequency 

response of second order mode changes two times faster than the fundamental mode 

not only to the applied gate voltage, but also the mass density and stress change, 

which means mass or force sensors based on the graphene resonator working at 

second order mode can be increased by a factor of two. For RF applications, the 

second mode can also reach a higher frequency without decreasing the dimension of 

the resonator which puts more difficulties on fabrication and may lead to 

performance deterioration due to size effect.  

The measured quality factor of the graphene resonator is below 10 at room 

temperature, which is consistent with the reported strong dependence of quality 

factor on temperature. Similar observations have been made on carbon nanotube 

resonator before in other report . Both types of carbon based resonators show lower 

quality factor than their counterparts of other materials. The major contributor to the 

energy loss at higher than 40K could be surface defects, which couples energy of the 

working resonance mode to spurious modes.   

The origin of the prominent higher mode has been analysed by decomposing the 

resonance of the graphene resonator into individual modes, and the projected force 

onto the first two modes has been calculated for different actuation voltage 
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distribution. It has been found that the projected force onto each mode has to do with 

the integration of the product of spatial modal shapes and the actuation force 

distribution. When the actuation force is uniform along the beam, the projected force 

on second mode is zero, so the second mode will not be driven into resonance, 

however, in the one-source current mixing measurement setup, the actuation force is 

a distributed function, thus the projected force is no longer zero, so that the second 

order mode is activated. To investigate the evolution of the bridge shape under 

actuation, the transient response of the resonator to different distribution of 

electrostatic voltage has been simulated by FEA method. It has been found that, 

when the actuation force is not uniform, the part of graphene subjected to large 

electrostatic force moves faster than the rest part, which generates the second 

resonance mode. 
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Chapter 7 

Optical alignment technique for graphene 

7 and other 2D materials 

7.1 Introduction 

In this chapter, an optical alignment technique for photolithography will be 

introduced, which can be used to fabricate MEMS devices from flakes of 2D 

materials whose dimension is of just a few microns. The fabrication of MEMS 

device comprises successive steps of material deposition, followed by 

photolithography and etching to form desired patterns on a layer of certain material. 

Usually, a MEMS device involves a few layers of patterned materials. The patterns 

on different layers need to be placed at the desired location. Therefore, the 

photomask for each photolithography step relies on alignment tools and 

sophisticatedly designed alignment marks to align to previous layer of photomask 

and define their relative position. Figure 7.1(a) illustrates a basic set of alignment 

marks for a fabrication process comprising three lithography steps. The two squares 

(pink) are drawn on the first mask, while the blue cross and purple cross are drawn 

on second (blue) and third mask (purple) respectively which can be used to align to 

the squares. Conventionally, all the following marks are to be aligned with the marks 

patterned by the first step of photolithography to avoid error accumulation. Therefore, 

for simplicity, the alignment marks on first photo mask is named as master alignment 

marks, just like the two squares in Figure 7.1(a). 

For commonly used mask aligner equipped with optical microscope, it is capable of 

aligning to the master alignment marks with roughly one-micron accuracy, which is 

the resolution limit of optical microscope. And the alignment marks should be placed 

in a limited area confined by the moving range of the microscopes and wafer chuck, 

as shown by the two dashed rectangles in Figure 7.1(b). In the alignment technique, 

the core is a sophisticatedly designed set of alignment marks for consecutive layers 

of photo masks. The first layer of the alignment marks (master alignment marks) can 
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be patterned around a small flake of 2D material, and the following layer of photo 

masks can be aligned to master marks. With this technique, one can fabricate 

prototype MEMS/NEMS devices from small pieces of 2D material with the ordinary 

mask aligner and photoresists. The alignment precision is defined by the microscope 

of the mask aligner. With the mask aligner, one-micron accuracy can be achieved. 

The only pre-requisite for this technique is that the 2D material should have certain 

amount of contrast compared to the substrate. The application of this technique has 

been demonstrated by a successful fabrication of back-gated graphene transistor.  

 

Figure 7.1: Basic alignment marks (a) and the their location (b) on a wafer 

7.2 Motivation 

 

Figure 7.2: Exfoliated graphene flakes and molybdenum disulfide flakes, scale bars are 20µm 

The discovery of monolayer graphene shattered the decades-long belief that 2D 

material does not exist in this world due to their thermal instability and inspired the 

graphene rush in the past few years [14][22][184]. The excellent properties of 
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graphene not only draw attention to the research and development of commercial 

products based on graphene, but also encouraged the search for other 2D materials. 

There have been various 2D materials emerged after the graphene such as boron 

nitride (BN) [185][21], molybdenum disulphide (MoS2) and so on [20][15]. It is 

bound to draw more research efforts in the 2D materials and see more 

commercialized products based on them in the future.  

However, the development of devices based on 2D materials is still on its way and 

facing challenges. Taking graphene as example, there are three ways to prepare 

graphene, including sublimation of SiC [40][145], chemical vapour deposition 

(CVD)[186], and mechanical exfoliation. The most widely used graphene for 

academic research is mechanically exfoliated from kish graphite or highly ordered 

paralytic graphite (HOPG), although the mechanical exfoliation technique can not 

produce large area graphene nor scale up for mass production. That is because both 

kish graphite and HOPG have very few lattice defects, the quality of exfoliated 

graphene is the best in terms of lattice integrity and carrier mobility. The much lower 

cost to exfoliate graphene is another advantage. The exfoliated graphene flakes are 

micron-sized, distributed randomly on the substrates, and the shape of desired 

monolayer graphene or multilayer graphene is irregular as shown in Figure 7.2(a). 

Such morphology is common for other mechanically exfoliated 2D materials such as 

MoS2 flakes (Figure 7.2(b)). To makes devices from these micron-sized flakes of all 

kinds of randomness and irregularity appears to be beyond the capability of ordinary 

micro-fabrication technique. 

Electron beam lithography (EBL) has been the dominant patterning technique in 

prototyping graphene devices from exfoliated graphene sheets [36][187][188]. The 

EBL technique uses electrons to expose photoresist. Since the scanning of electrons 

can be easily realized and precisely controlled, thus EBL is capable of exposing 

ultra-narrow line width and offers great flexibility of pattern writing. However, EBL 

has some drawbacks. The electron beam irradiation can possibly induce defects in 

the graphene sheet, as indicated by the appearance of a strong D peak in Raman 

spectrum after electron irradiation [189]. The defects will greatly degrade the carrier 

mobility in graphene sheet [190]. Moreover, the EBL normally uses PMMA as the 

photoresist, which will leave residuals on top of graphene [150], as shown in Figure 
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5.4(c) in chapter 5. The ordinary measures to remove the residue, such as oxygen 

plasma bombardment or piranha solution rinse, are not compatible with graphene. It 

has been reported that annealing could substantially remove the PMMA, however it 

cannot be removed completely [150]. The surface absorbents and contaminations is 

the major scattering source that limits the carrier mobilities in graphene as discussed 

in section 2.3.2 in chapter 2. In order to align to randomly located graphene flakes 

and overcome the drawbacks of EBL, an optical alignment technique have been 

developed, which can be incorporated into the fabrication process of devices from 

2D flakes to avoid the use of EBL.  

7.3 Principle of alignment 

The focus of the processing technique is the alignment of different mask layers. In 

this section, It will be discussed that how the alignment marks are designed and to be 

defined around graphene flakes. For convenient, the discussion will be based on 

grapheen flakes, but should also be applicable to other 2D materials. 

7.3.1 Substrate design 

 

Figure 7.3: Grid for dividing substrate into small labelled square areas 

Usually, graphene is exfoliated and put down onto 300nm SiO2/Si substrate 

[14][134]. On this substrate, optical microscope can be used to identify monolayer 

graphene or multilayer graphene, and then process them with other tools. Therefore, 
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there is a possibility of losing track of the desired graphene flake when it is moved 

away out of the focus of microscope. To speed up seeking for a specific as-identified 

graphene flake after the sample has been transferred to other tools like the optical 

mask aligner, the substrate can be divided into small areas by patterning a grid of 

squares on the substrate (Figure 7.3(a)). In our case, the size of squares in the grid is 

320µμm  ×  320µμm. All of the squares are labelled to serve as coordinates of the 

graphene flakes. The grid lines and label letters are patterned through etching the 

SiO2 layer for 30nm. When a desired graphene flake is found under optical 

microscope, the label of the square that the graphene belongs to can be recorded. 

Once the sample is mounted to the aligner, it is easy to move substrate, thus the 

recorded square, to the view field of microscope and pinpoint the same graphene 

flake again. 

7.3.2 Alignment mark design 

 

Figure 7.4: Mask design for fabricating graphene transistors 

The design of the alignment mark has three features, namely, to solve the issues of 

random location, random orientation, and random shape of the exfoliated graphene 

flake. The alignment marks are a set of marks for three layers as shown in Figure 7.4. 

The most crucial pattern is the octagonal alignment mark on the first mask that has 

been shown in Figure 7.4(a), while the crosses in second (b) and third layer (c) can 

then be aligned to it during the fabrication once the octagonal alignment mark is 
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patterned around graphene flakes. Therefore, the octagonal mark in Figure 7.4(a) is 

the master alignment mark. The master alignment mark contains 4 pairs of squares 

arranged in octagonal shape so that the most proper and convenient pair can be 

chosen for a certain flake according to the flake’s orientation. The total number of 

mask layers only depends on device design and its fabrication processes but not 

limited to three. The structural relationship of the three layers of mask is shown in 

Figure 7.4(d). Between the crosses of the second and third mask are the patterns for 

graphene and electrodes patterning, as will be discussed in the following section. 

Those patterns are placed at exactly the centre of the pair of crosses. 

Now that the structural relationship between the alignment marks are defined, the 

only thing left is to pattern the first layer octagonal mark into the SiO2 layer and 

make sure that graphene flake is at the centre of the auxiliary octagon. In order to 

align the octagonal alignment mark to the graphene flake as accurately as possible, a 

small auxiliary octagon is placed in the middle of the alignment mark design. All the 

photo masks should be light field to facilitate observing the graphene through the 

mask under the microscope. Subsequently, the design of the device can be aligned to 

the octagonal marker by pairs of crosses. In this work, the design of the graphene 

device is a rectangle in order to pattern the channel of field effect transistor (Figure 

7.4(b)) and two long pads to define the electrode (Figure 7.4(c)). The alignment 

technique can be incorporated into different fabrication processes for fabricating 

diversified devices from exfoliated 2D flakes. 

7.4 Integration of alignment mark for device fabrication 

To apply the alignment technique depicted in the previous section, additional 

fabrication process steps can be developed and integrated with the alignment marks. 

In this section, the detailed fabrication of a graphene field effect transistor (GFET) 

incorporating the alignment technique to align to graphene flakes of a few microns in 

size will be presented.  

7.4.1 Preparation of the graphene 

The initial step of the fabrication is to prepare a proper substrate. Following the 

convention, the 285nm SiO2 has been used which provides good contrast of graphene 
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against the substrate and enables the octagonal alignment mark to be aligned to the 

graphene flake. The oxide layer has been grown on top of a 4” silicon wafer by wet 

oxidation. The substrate is then diced into 1cm×1cm squares. The next step is the 

division of the surface of the substrates into grids. This is done by etching 30nm deep 

trenches into the SiO2 layer using the mask shown in Figure 7.3 as described in 

previous section. The samples are then cleaned by sonication in IPA for 5min, in 

Acetone for 5min, and in Oxygen plasma for 10min to remove all the residuals. The 

samples are kept in oven at 200°C to keep the surface clean and dry. Graphene has 

been exfoliated by the generic exfoliation practice. To avoid leaving much tape 

residual, water soluble tape (3M water soluble wave solder tape 5414, ½ inch) have 

been used to exfoliate graphene from kish graphite(Grade 300, Graphene 

Supermarket). After a few times of exfoliation, the tape surface with graphene flakes 

has been put against the prepared SiO2 substrate and pressed gently to let the 

graphene flakes stick to oxide surface. The substrate, together with flakes been put 

down, has been soaked in 60℃ de-ionized water and softly agitated for 5min to 

remove the tape residual. Possible monolayer graphene flakes of about 4µm has been 

found under optical microscope, and the grid label it belongs to has been recorded. 

7.4.2 Master alignment marks transferring 

 

Figure 7.5: Patterning of master octagonal alignment marks around a graphene mask	  
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Once a proper graphene flake is identified, the first alignment mark can be patterned 

around it. Figure 7.5 illustrates the process of transferring the octagonal alignment 

mark around graphene. The upper parts of the figure are schematic views of process 

steps, and the lower part contains optical images taken during the fabrication. Once a 

graphene flake has been identified on top of a substrate (Figure 7.5 (a)), about 1.4µm 

thick image reversal photoresist, AZ5214E has been spin coated on the substrate. 

The reason for using image reversal resist is because the masks have to be light field 

to allow the graphene flake to be observed through the mask. Under the microscope 

of mask aligner, the desired graphene flake can be easily re-found with the help of 

recorded label. The relative position of the graphene flake with respect to the master 

octagonal masks is adjusted manually until the graphene is centred to the middle of 

the small auxiliary octagon (Figure 7.5(b)). After the exposure and development of 

the photoresist, SiO2 under the octagonal alignment marks is exposed and etched 

again by reactive ion etching for two minutes to a depth of about 30nm to transfer the 

octagonal alignment mark into SiO2, while keeping the insulation of the oxide layer 

(Figure 7.5(c)). The photoresist is then removed with acetone. 

7.4.3 Fabrication of the transistor 

Figure 7.6 illustrates the fabrication process developed for a graphene transistor, 

integrated with the optical alignment marks. In the left column are the photo masks 

(all being light field) that have been used for each photolithography step, and the 

optical images taken after each step are on the right part. After a piece of graphene is 

identified (Figure 7.6(a)) and a octagonal alignment mark is patterned around it 

(Figure 7.6(b)) as described in the previous section, another layer of 1.2µm thick 

positive resist SPR350 has been spin coated for graphene patterning, and exposed 

with the mask illustrated in Figure 7.3(c) (also see Figure B.2(a)). On the mask plate, 

there are four replicas of the second layer mask oriented in four directions just like 

the pairs of squares in the octagonal alignment marks, which offers flexibility of 

choosing a proper mask according to the orientation of the exfoliated graphene flake. 

By aligning to the pre-patterned master octagonal alignment mark, a photoresist strip 

can be patterned exactly above the graphene flake and used as a mask in graphene 

etching process (Figure 7.6(c), also see Figure B.2(b)). The unprotected part of the 
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graphene flake has been etched away by O2 plasma using the same process described 

in section 5.3 in chapter 5. Then the resist is removed again by acetone. Another 

layer of AZ5214E has been patterned with the mask shown in Figure 7.4(d) for metal 

lift-off (also see Figure B.2(c)). 90nm titanium, followed by 200nm aluminium, has 

been sputtered on top of the photoresist layer. After lift-off in acetone for 30min, the 

metal on photoresist will break from substrate. The sample is first rinsed by IPA and 

then de-ionized water to clean the metal pieces. The two electrodes are used as 

source and drain respectively (Figure 7.6(d)). 100nm Ti has been sputtered on the 

backside of the substrate immediately after removal of the oxide at the bottom, to 

serve as a back gate to control the conductivity of graphene. 

 

Figure 7.6: Fabrication steps of graphene field effect transistor 
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7.5 Results and discussion 

7.5.1 Raman characterisation 

Raman spectrum has been taken on the graphene channel after the fabrication 

process has finished. The laser wavelength is 514nm. The G band and 2D band have 

been observed as expected, located at 1580 and 2700 cm-1 respectively (Figure 

7.7(a)). A static peak scan at 2D band reveals that the peak is symmetric and can be 

fitted very well with single Lorentz peak (Figure 7.7(b)), which proves that the 

graphene channel is indeed single layer graphene [125]. There is also a D band 

observed at around 1350 cm-1 with a much smaller intensity compared to G band. 

The D band is related to defects in graphene. However, the D band in the graphene is 

more likely to be caused by the edge effect if the laser spot in the Raman system 

covers the edge of graphene sheet [102], because the intensity of the D band is much 

smaller in comparison with the intensity of G band.  

 

Figure 7.7: Raman spectrum of the graphene channel 

7.5.2 Electrical characterisation 

Figure 7.8(a) plots the drain current Ids against drain voltage Vds with different gate 

bias Vgs ranging from -25 to +25V, and Vds has been swept from -100mV to 100mV.  
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Figure 7.8: I-V measurement of graphene transistor 

The slope of the curve equals to the conductance of graphene. Again, as have been 

observed in Figure 5.7 chapter 5, the curves are straight lines, even near the zero 

voltage, suggesting that the contacts between graphene is indeed Ohmic and the 

conductance is obviously tuneable by the back gate voltage. Figure 7.8(b) shows the 

influence of Vgs on Ids curve with Vds fixed at 100mV. Ids decreases as the gate 

voltage increases from -25V to 5V, and starts to increase when the gate voltage 

surpasses 5V. The Dirac point, where the conductance is at its minimum and carriers 
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are depleted most, occurs at around 5V, which indicates graphene is p-doped. The 

as-fabricated graphene sheet are usually doped with holes by the ambient oxygen or 

water absorbed to it as mentioned in chapter 6. 

Unlike the conductance measured on annealed graphene transistors which drops 

sharply to its minimum [191], the conductance changes more slowly near the Dirac 

point in Figure 7.8. The shape of the curve compares well to those measured on 

un-annealed graphene transistor [192], which suggests that the residuals and 

contaminations on top of graphene is limiting the carrier mobility, and upon 

annealing, the mobility can be further improved. Moreover, the contaminations 

causes inhomogeneous pitches of holes and electrons in the graphene sheet so that 

the conductance does not show a deep drop around the Dirac point [62]. Using the 

diffusive transport model proposed by S. Kim [193], the hole and electron mobilities 

have been extracted to be around 1010 cm2/Vs and 3550cm2/Vs respectively. The 

carrier mobilities of holes and electrons compare well to reported values of other 

graphene transistor [194].  

7.6 Conclusion 

Fabrication of MEMS devices requires successive photolithography steps to transfer 

designed patterns to each material layer. Each layer of photo mask has to be aligned 

with the aid of sophisticatedly designed alignment marks. Conventional mask 

aligners are designed for aligning wafers, which is not suitable for fabricating 

devices from mechanically exfoliated 2D material sheets. Therefore, the unique 

alignment technique has been developed for such purpose, which offers an option to 

researchers who do not want to employ the commonly used EBL technology for 

various reasons. 

The core of this alignment technique is a master alignment mark of octagonal shape 

comprising 4 pairs of squares that can be patterned around the 2D flakes. Then the 

following layers of photo masks can be aligned to each pair of squares according to 

the orientation of the flakes. The octagon-shaped alignment mark is the enabling 

factor in this process. The alignment mark design solves the issues of random 

location to within 1µm accuracy, random orientation and the random shape of the 

exfoliated 2D flakes.  
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The application of the alignment technique has been demonstrated by successfully 

fabricating a graphene transistor whose channel length is only 2µm. The transistor 

shows comparable performance to those devices under similar condition fabricated 

with EBL technique. With optimization, the performance can be improved further. 

The alignment technique has the potential to be incorporated to the fabrication of 

other devices as well. 
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Chapter 8 

8 Conclusion and future work 

This thesis has presented the design, fabrication, and characterisation of graphene 

resonators, as well as an enabling alignment technique for prototyping devices from 2D 

flakes. In this chapter, the conclusions of the fabrication of graphene resonators will be 

summarized, including the substrate design in chapter 4 and the device fabrication in 

chapter 5, in a coherent sequence. The main findings in chapter 6 will also be reviewed, 

which is about characterisation results acquired by the current mixing technique 

presented in chapter 3, as well as the optical alignment technique in chapter 7. Based on 

the fabrication in chapter 5, further work to be done to improve the overall yield of the 

process will be suggested. The findings in chapter 6 could lead to breakthrough in 

graphene resonator’s application in sensor and RF components, which will be an 

important research topic for the future. 

8.1 Fabrication of suspended graphene structure 

8.1.1 Initiatives and goals 

In this PhD project, suspended monolayer graphene bridges have been successfully 

fabricated. Obtaining suspended graphene bridges is key to make graphene resonators, 

as well as for other applications. There have been much efforts devoted to achieve this 

goal with various approaches. Mechanical exfoliation has been the first technique used 

to fabricate graphene resonators and to isolate graphene from substrate for 

characterizing its intrinsic physical properties. Although this technique is of great 

academic value, it is not scalable for mass production of graphene devices. There are 

two techniques that are promising for mass production, both stemming from the large 

area growth of graphene. One is to release graphene grown on silicon carbide (SiC), and 

the other one is to release CVD-grown graphene transferred to SiO2 substrate. The 

former methods lacks flexibility in choosing substrate material since the graphene layers 

are firmly settled on the SiC surface, the higher cost of growing graphene by 

sublimation of SiC is another drawback, while the later one normally employs wet 
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etchant to dissolve the SiO2 layer. The wet etchant for SiO2 etching contains HF that is 

highly corrosive to metal. SiO2 is also the standard insulator in complementary 

metal-oxide-semiconductor (CMOS) technology, if the graphene resonator is going to 

be integrated with circuits to achieve a micro/nano-electromechanical system 

(MEMS/NEMS) device, the HF-based SiO2 release will not be compatible with the rest 

of the fabrication process. That is why we are motivated to develop a new technique for 

graphene resonators. There are three fundamental goals to achieve in this project. First 

of all, it is desired that the graphene resonators can be massively fabricated. Mass 

production is the key to lower the average cost per device. Second, the graphene 

resonator should have metal contacts which enables electrical characterisation of its 

resonance and also enables the integration of graphene resonator into MEMS/NEMS 

devices. And last, the fabrication process should be compatible with commonly used 

materials and processing techniques, otherwise, the integration with circuit will be 

prohibited. 

8.1.2 Substrate design 

Aimed at these goals, it is proposed to utilize the poly-Si film as sacrificial layer. 

Poly-Si has been widely used as sacrificial material in MEMS technology. It is easy to 

deposit and can be etched away in vapour phase by XeF2. It is worth pointing out that 

poly-Si is not the only material that can be etched in vapour phase. SiO2 can also be 

etched in vapour phase by a combination of HF and water vapour. Although under very 

well calibrated conditions, that the HF vapour will not degrade metal much, it still 

etches those SiO2 serving as dielectric material or passivation layer. 

Up to now, SiO2 is the mostly used sacrificial layer for graphene resonator fabrication, 

only because graphene on SiO2 layer can be made visible under optical microscope for 

certain thicknesses of SiO2. Graphene’s visibility under optical microscope is not a must, 

nevertheless, the visibility allows quick inspection of the samples during the fabrication 

and makes the experimental operations much easier. As guidance, to make an 

atomically thin graphene sheet to be visible on a substrate, the reflection of the substrate 

must be sensitive to subtle changes of its surface condition, which is the case for an 

anti-reflective substrate. The anti-reflective substrate is realized by adjusting light 

beams reflected from different interfaces to meet the destructive interference condition. 
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Then, even a thin layer graphene is put onto the substrate, the destructive interference 

condition can be destructed and the reflection will change substantially and lead to high 

contrast. Since poly-Si/Si interface does not reflect light due to their equal refractive 

index, a SiO2 layer has been inserted between, thus forming a multilayer optical system. 

a integral contrast defined over 400nm-740nm wavelength range have been used as 

target function and performed parametric study by sweeping the thicknesses of poly-Si 

film and SiO2. The reflective rate calculation, as well as the contrast, has been based on 

the transfer matrix theory. The parametric calculation results reveal that 75nm 

poly-Si/100nm SiO2/Si substrate could produce a high contrast beyond 10% in a band 

near 600nm wavelength. The contrast of monolayer graphene, as confirmed by 2D 

Raman peak, has increased from near zero under ordinary halogen lamp illumination to 

about 6.5% when a 600nm optical filter is inserted to the light path. In contrast, 

graphene on SiO2 does not change, but remains about 8% under both illumination 

conditions, consistent with previously reported calculation results and experimental 

results. Simulation has been conducted to investigate how the doping in poly-Si layer 

can affect the conductivity of graphene through the modulation doping mechanism. It 

have been found the electron concentration in graphene is two orders of magnitude 

lower the donor concentration in poly-Si when the donor concentration is below 

1015ions/cm3, suggesting that poly-Si will induce little change to graphene’s 

conductivity even poly-Si is lightly doped un-intentionally. 

8.1.3 Graphene resonator fabrication 

Based on the 75nm poly-Si/100nm SiO2/Si substrate, suspended graphene bridges have 

been fabricated. The graphene sheet has been transferred from CVD-grown graphene on 

copper foil with the PMMA-assisted transfer process. The graphene bridges have been 

arranged in four-point-probe structure with various inter-spacing intended for 

transmission line measurements. Metal pads have been deposited by the lift-off process 

to make electrical contact for graphene resonator characterisation. An issue with the 

metallization step is that the yield of conductive graphene channels is quite low after the 

metal electrodes are deposited. For 1nm Cr/80nm Au, the percentage of conductive 

graphene channel is 21.88% for those on SiO2 and 5.4% on poly-Si. It has been found 

that the devices fabricated on SiO2 have larger chance of being conductive than on 
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poly-Si substrate. Moreover, thicker metal deposition leads to a decreased percentage of 

conducting channels, consistent with widely reported observation that the kinetic energy 

of metal atoms would degrade the graphene and worsen the contact resistance. The low 

rate of conductive channels on poly-Si may suggest that the rough poly-Si could 

possibly leave nano-scopically suspended graphene sheet more vulnerable. 

The conductive graphene bridges have been released by XeF2 in vapour phase. It has 

been found that under a base pressure of 2torr, and 50sccm flow rate at room temperate, 

the 2µm wide graphene can be completely released in 55s. However, the fluorine atoms 

dissociated from XeF2 molecular are highly reactive that they could bond the graphene 

basal plane, namely the fluorination process. Ab initio calculation shows that 

fluorination of graphene leads to opening of band gap in graphene as large as 2.7eV. 

Consequently, the graphene bridge after release is almost completely invisible, 

indicating that the light absorption rate decrease to much lower than 2.3%. And also, the 

resistivity of graphene bridges surges by about 15GΩ/square due to the band opening. 

Such high resistivity would impede the electrical measurement of graphene resonator’s 

performance, therefore, reduction of the fluorinated graphene have been conducted by 

hydrazine vapour at 160°C for 24 hours. The hydrazine reduction has been proved to be 

an effective approach to remove the fluorine atoms while keep the hexagonal lattice of 

graphene intact, as suggested by considerable recovery of conductance as well as the 

re-emergence of Raman 2D band. Although the conductivity of graphene cannot be 

fully restored, its Young’s modulus is not degraded by the fluorination, which is a key 

factor for anticipating non-degraded performance of the graphene resonators. There has 

been no observation of graphene bridge breakage after the XeF2 etching, proving that 

the vapour phase release process is a superior process over wet etching. The overall 

yield of making graphene resonator is determined by the metallization process. It is 

believed that with better control of the metallization condition, as recent research on 

graphene/metal contact has achieved, the overall yield of conductive graphene channels 

can be increased substantially. 
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8.2 Characterisation of graphene resonators 

8.2.1 Frequency measurement 

The resonance of the de-fluorinated suspended graphene bridges has been tested 

electrically in vacuum at room temperature. The pressure in the vacuum chamber is 

around 3mbar. The metal pads connected to two ends of a graphene strip are used as 

source and drain electrodes, and the Si substrate has been used as gate. By applying a 

AC voltage (actuation signal) between the gate and graphene bridge, the bridge has been 

driven into resonance by the pulling electrostatic force. Because of the large frequency 

of graphene resonators, the low pass filter formed by the parasitic capacitance between 

metal electrodes and the substrate (gate) and the graphene’s own resistance attenuates 

the resonance signal to an undetectable level. Therefore, the current mixing technique 

has been adopted. An AC signal that deviates from the actuation frequency by a small 

constant frequency difference (mixing signal) has been applied to the drain electrode. 

Upon resonance, the graphene bridge acts as a mixer that synthesizes the actuation 

signal and the mixing signal to result in a signal with frequency equal to their frequency 

difference, which passes the low-pass filter with no problem. The signal for actuation 

and for mixing can both be applied to the drain electrode at the same time by feeding 

the drain electrode with amplitude modulation or frequency modulation signal that both 

contain the two frequency components needed, which is called the one-source setup as 

introduced in chapter 3. The current flowing along the graphene bridge has been 

detected by a lock-in amplifier. 

For a resonator of 12µm long and 2µm wide, the fundamental frequency is found to be 

around 1.9MHz, and the build-in stress is about 4.8MPa. The most intriguing 

phenomenon observed is that, among four resonant bands observed, there are higher 

order harmonics of graphene resonator. All the bands are tuneable by a DC voltage 

applied on the back gate. The different sensitivity of response to the tuning can be used 

to distinguish the resonance peaks from graphene bridge or metal electrodes. The 

frequency of graphene bridges should be more responsive to the tuning voltage than the 

metal electrode. The second order harmonic is confirmed by its tight coupling with the 

fundamental frequency, namely, the frequency of the second order harmonic (1.42MHz) 

is about twice that of the fundamental frequency (0.792MHz) at 450mV actuation 
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voltage, and the frequency shift under electrostatic tuning also doubles that of the 

fundamental peak. A third harmonic is also probably observed according to its peak 

location (2.14MHz) which nearly triples the fundamental frequency. When the actuation 

voltage increases, the response of the second order harmonics increases faster than the 

fundamental mode, and their amplitude eventually become comparable. This 

phenomenon could be of great value for graphene resonators’ applications. First, the 

second order mode frequency is twice the fundamental frequency thus the working 

frequency can be further increased without shrinking the dimension, which could 

deteriorate the resonator’s performance. And moreover, the peak frequency shift is more 

responsive to the physical quality change, such as mass density or stress in graphene. 

This property could lead to substantial improvement of graphene resonator’s sensitivity.  

The quality factors of all bands are quite low, even below 10. The low quality factor has 

been found for graphene as well as carbon nano-tube resonators at room temperature in 

literature [37]. It has been reported that the graphene resonator’s quality factor is 

proportional to 1/𝒯!.! when the temperature is between 40K up to 300K. Although the 

actual loss mechanism behind this remains unknown, the quality factor could improve 

by orders of magnitude at low temperature. 

8.2.2 Second order harmonic 

It has been hypothesized that the controllable and prominent second order harmonic is 

induced by the non-uniform electrostatic force applied on the graphene bridge. 

Although there have been a few MEMS cantilever resonators capable of working at 

higher modes, the second mode of doubly clamped bridge resonator is achieved 

intentionally for the first time. By decomposing the Euler-Bernoulli equation into 

separated independent equations describing each mode, it is found that the amplitude of 

each mode is determined by the projected actuation force onto that mode. The spatial 

mode function of the second mode is a sine function with a length period equal to the 

bridge length, so that a uniform electrostatic force distribution along the graphene 

bridges will project none to the second mode. While in the one-source characterisation 

setup, the actuation force is fed to the drain electrode, and the source electrode is 

grounded by a small resistor. Therefore, the voltage difference between the graphene 

and substrate will drop from the drain side to the source side, namely a ramp function. 
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And the projected force onto the second mode will no longer be zero, therefore, the 

second mode is driven into resonance. The theoretic analysis also shows that the 

response of the second mode frequency to mass change will double that of the 

fundamental mode frequency.  

Finite element analysis has been performed on graphene resonators actuated by uniform 

and non-uniform electrostatic force of 0.75MHz respectively. The displacement of the 

beam at a quarter of its length has been recorded along with simulation time step. 

Fourier transform reveals that the displacement contains the forced response frequency 

component (0.75MHz) and also the fundamental frequency component (1.94MHz) for 

uniform actuation. For non-uniform actuation, a second order harmonic at 3.95MHz 

will emerge besides the other two peaks, proving that the non-uniform actuation force 

configuration is essential to the activation of second mode. A frequency sweep has also 

been performed on these two different actuation configurations, and the displacement at 

the actuation frequency has been extracted and plotted against different frequency. The 

resulted plot from non-uniform actuation shows two bands, one near the fundamental 

frequency while the other one is near the second mode frequency, which agrees very 

well with the observed peaks in measurement results. 

8.3 Alignment technique for devices from exfoliated 2D materials 

8.3.1 Alignment mark design 

Motivated by the intention to avoid using electron beam lithography technique for 

fabricating devices from mechanical exfoliated 2D materials flakes, a set of alignment 

marks have been designed, which can be integrated into the mask design of ordinary 

optical mask aligner for device patterning. 

The common features of the mechanically exfoliated 2D materials include random 

location, random orientation, and irregular shape. The size of these exfoliated flakes are 

often of a few microns. Therefore, it has been a huge challenge to process these flakes 

with the conventional mask aligner. To solve the issue of random location, a master 

alignment mark has been designed, which can be defined with specific location 

relationship to the randomly located exfoliated flakes. The master alignment marks 

comprises pairs of squares that are commonly used in the first layer of photo masks and 
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to be aligned to by following mask layers. There are totally four pairs of such squares 

arranged in the hexagonal shape. The most convenient pair can be chosen according to 

the orientation of the 2D material flake. On the following layer of masks for 2D 

material or metal patterning (device patterns), a pair of crosses are placed aside the 

device patterns. Therefore, when the crosses are aligned to the octagonal shape master 

alignment mark, the devices patterns are placed exactly on top of the 2D material flakes. 

The alignment technique can be incorporated to various fabrication processes for 

various device structures as long as master alignment marks are not screened by opaque 

materials.  

8.3.2 Application of the optical alignment technique 

The application of the technique has been demonstrated by the successful fabrication of 

a back-gated graphene field effect transistor, which contains two more layers of photo 

masks besides the master alignment mark. The device pattern on the second layer is a 

strip for patterning the graphene channel, and the pattern on the third layer are large area 

pads for source and drain electrodes. Raman spectroscopy has confirmed that the 

graphene channel is indeed monolayer. The conductivity of the graphene channel can be 

controlled by the gate voltage. The minimum conductivity point is found to be around 

5V (Dirac point), indicating that the as-fabricated graphene sheet is p-doped. However, 

the conductivity does not drop sharply to near zero at Dirac point, and the shape is 

consistent with those measured on un-annealed graphene transistor under the similar 

temperature condition. The extracted electron and hole conductivity are about 1010 

cm2/Vs and 3550cm2/Vs respectively. Such mobility is much lower than those measured 

in annealed graphene transistors. The main function of annealing is to remove polymer 

residues left on the graphene sheet. Otherwise, the residuals can induce conductive 

puddles of electrons and holes so that the conductivity at Dirac point does not go to zero. 

Moreover, the residuals may act as scattering source for the electron transportation, 

degrading the charge carrier velocity in graphene. 

8.4 Future work 

Although It has been managed to fabricate the graphene resonators in the way proposed 

and measure the performance. There are still works to be done in the future either to 
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improve the fabrication process or to demonstrate the potential application of the 

resonators. Moreover, the findings in this work also inspire research topics of great 

academic value worth exploring further. 

8.4.1 Device processing 

There is still an issue with the fabrication process, which is the low overall yield of 

conductive graphene bridges. As mentioned in chapter 5, the low percentage originates 

from the graphene damage caused by the metal atoms bombardment during the 

deposition step. Generally speaking, metal atoms evaporated by electron beam have 

smaller kinetic energy than those sputtered by plasma. The damage is not limited to the 

first few layer of metal atoms that have direct contact with the graphene sheet, but will 

accumulate as if the kinetic energy can be transferred to the bottom layer metal atoms. 

Therefore, the metal thickness should be minimized. The metal deposition rate also 

affects the contact resistance between graphene and metal. Lower deposition rate could 

lead to lower contact resistance. In summary, the metallization condition should be 

optimised in the future to increase the overall yield. 

The other problem worth studying is the influence of fluorination on the recoverability 

of the conductivity. In this thesis, the vapour phase release technique of the graphene 

bridges have been developed, and it has been found that for graphene resonator etched 

for 55s by XeF2 with 50sccm flow rate and 2torr base pressure at room temperature, its 

conductivity can still be recovered to a reasonable range that allows the electrical 

measurement of the resonance of the graphene resonators. However, this has been 

achieved in a heuristic manner. The resonators have also been released for 150s under 

the same condition and the conductivity is not recovered at all. Therefore, it is required 

to study under what condition will the XeF2 cause permanent damage to graphene’s 

lattice structure. Equipped with better understanding of the fluorination and 

de-fluorination’s influence on the graphene resonators, we can proceed to process 

graphene resonator with various dimensions and scale down to explore the limit of this 

fabrication technique. Moreover, we could also envisage the integration of graphene 

resonators with CMOS technology to form a fully functional MEMS/NEMS device 

based on graphene. 
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8.4.2 Graphene sensor for mass detection 

It has been theoretically proven that by measuring the second mode frequency, the mass 

sensitivity could improve by a factor of two. However, sound experimental results still 

lack. Therefore, the detection of ultra-light mass is of great importance. Yet, obtaining a 

high sensitivity also relies on the characterisation environment. Under our present 

conditions, the quality factor is so low that the sensitivity is substantially limited. To 

increase the quality factor, it is necessary to cool the temperature of graphene resonators 

down and further pump down the pressure in the vacuum chamber. Another job needs to 

be accomplished is a mass source that is able to emit particles or molecular that will 

absorb to the surface of the graphene bridge so as to change the effective mass of the 

graphene resonator and thus change the frequency. With better characterisation 

environment, a comparison of the responses of the first and second modes can be 

performed. 
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Appendix A 

A Matlab codes 

A.1 Contrast calculation of graphene on poly-Si/SiO2/Si substrate 

%This program is for calculating the contrast of monolayer graphene on 

%poly-Si/SiO2/Si substrate 

%Author: Tao Chen, SMC, IMNS, The University of Edinburgh 

%Date: From 27/10/2011 

 

clear; 

load RefractiveIndice.mat;  %Load the refractive indice table for silicon and oxide 

load CMFXYZ.mat; %Load color matching function tables 

N0=1; %Air refractive index 

Nc=2.6-1.3i; %Graphene refractive index 

  

Dc=0.34*1; %Graphene thickness  

Dso=20:2:350; %Oxide thickness 

Dsi=20:2:150; %Poly-Si thickness 

Lamda=400:1:740; %Wavelength 

x=size(Dso); 

m=x(2) 

x=size(Dsi); 

n=x(2) 

x=size(Lamda); 

k=x(2) 

  

for mi=1:1:m 

    for ni=1:1:n 

        Req1int=0; 

        Req2int=0; 

        for ki=1:1:k 

            Nsi=interp1(WLsi,nsi,Lamda(ki))-interp1(WLsi,ksi,Lamda(ki))*j; 

            Nso=interp1(WLso,nso,Lamda(ki)); 

            Mc=FilmMatCal(Nc,Dc,Lamda(ki)); 

            Mso=FilmMatCal(Nso,Dso(mi),Lamda(ki)); 



Matlab codes 

 147 

            Msi=FilmMatCal(Nsi,Dsi(ni),Lamda(ki)); 

            EM1=Mc*Msi*Mso*[1;Nsi]; 

            Neq1=EM1(2)/EM1(1); 

            Req1=(N0-Neq1)/(N0+Neq1); 

            EM2=Msi*Mso*[1;Nsi]; 

            Neq2=EM2(2)/EM2(1); 

            Req2=(N0-Neq2)/(N0+Neq2); 

            Nsivec(ki)=Nsi; 

            Req2vec(ki)=abs(Req2); 

            Req1vec(ki)=abs(Req1); 

            Ctra=abs((abs(Req1)*abs(Req1)-abs(Req2)*abs(Req2))/(abs(Req1)*abs(Req1))); 

            Ctravec(ki)=Ctra; 

            Req1int=Req1int+Req1vec(ki)*(Lamda(2)-Lamda(1)); 

            Req2int=Req2int+Req2vec(ki)*(Lamda(2)-Lamda(1)); 

        end 

        Req1int; 

        Req2int; 

        Reqdef=abs(Req1int-Req2int); 

        Ctraint(mi,ni)=Reqdef/abs(Req2int); 

    end  

end 

  

save CtraIntPeakSearch.mat Ctraint Lamda Dsi Dso 

  

%ColorReq1=CMFXYZ(Lamda,Req1vec); 

%ColorReq2=CMFXYZ(Lamda,Req2vec); 

  

figure(1) 

contour(Ctraint) 

  

%figure(1) 

%plot(Lamda,Ctravec) 

%figure(2) 

%hold off 

%plot(Lamda,Req2vec,'-') 

%hold on 

%plot(Lamda,Req1vec,'o') 
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%plot3(Dsi,Lamda,Ctravec); 

%xlabel('wavelength/nm (one layer graphene)'); 

%ylabel('Contrast') 

%figure(2) 

%plot3(Dsi,Lamda,abs(Req2vec)); 

%xlabel('wavelength/nm (without graphene)'); 

%ylabel('Reflectivity') 

 
%The following is to convert the spectrum to RGB value. 

function C=CMFXYZ(Lamda,Spectrum) 

load CMFXYZ.mat 

X=0; 

Y=0; 

Z=0; 

LamdaSize=size(Lamda) 

for k=1:1:(LamdaSize(2)-1) 

    X=X+(Lamda(k+1)-Lamda(k))*Spectrum(k)*interp1(CMFWL,CMFR,Lamda(k)); 

    Y=Y+(Lamda(k+1)-Lamda(k))*Spectrum(k)*interp1(CMFWL,CMFG,Lamda(k)); 

    Z=Z+(Lamda(k+1)-Lamda(k))*Spectrum(k)*interp1(CMFWL,CMFB,Lamda(k)); 

end 

  

SUM=X+Y+Z; 

x=X/SUM 

y=Y/SUM 

z=Z/SUM 

Mrgb2xyz=(1/0.17697)*[0.49,0.31,0.20;0.17697,0.81240,0.01063;0,0.01,0.99]; 

C=(Mrgb2xyz^-1)*[x;y;z]; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
A.2 Modulation doped carrier concentration in graphene by poly-Si 

%This is the main program to solve  graphene carrier 

%density and the depletion depth in poly-Si, for modulation doping 

%structure graphene/poly-Si or graphene/Si shottkey junction. 

  

%Author: Tao Chen, SMC, IMNS, The University of Edinburgh 
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%Date: From 09/03/2012 

  

%The iteration starts from trying to narrow the distance between the Fermi 

%level in graphene (EFG) and poly-Si (EFS), the increase step of EFS will be one hundredth of 
the distance 

%between EFG and EFS 

 

%%%%%%%%%%% Parameter initialization %%%%%%%%%%%%%%%%%%% 

%ee, electron charge;  

%Nd, donor concentration in poly-Si;  

%EpsS, electric permittivity of poly-Si;  

%PhiS, band lowering in poly-Si;  

%PhiN, distance between bottom of poly-Si conduction band (ECS) and Fermi level 

%ED, Dirac point energy; 

%Xd, depletion depth in poly-Si 

clc 

clear 

e=1;            %Unit for energy 

ee=1.602176e-19;  %Electron charge 

hb=6.5811928e-16   %h bar, Plank's constant,  unit eV.S 

VF=1e8           %Graphene electron velocity 

EpsS=11.8*8.85e-10;  

ECS=-4.6+1.12/2;    % Bottom of conduction band of silicon 

ED=-4.6;            %Dirac point energy 

EFIS=-4.6;           %Intrinsic fermi level of silicon 

Kb=8.617e-5; %Boltzmann constant 

T=300; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Ni=9.38e19*(T/300)^2*exp(-6884/T)        %Intrinsic electron concentration in silicon 

for num=1:9 % main loop for different donor concentration in poly-Si 

    Nd=10^(num+11); 

EFS=EFIS+Kb*T*log(Nd/Ni); 

PhiN=(ECS-EFS)/e; 

s=1;  %Iteration step index 

%%%%%%%%%%%%%%%%  Initialization  %%%%%%%%%%%%%%%%%%%%%%% 

PhiS=0; 

EFG(s)= -4.6; 



Matlab codes 

 150 

eta=(EFG(s)-ED)/(Kb*T); 

[y, N, err]=FD_int_num(eta,1,10e-6,1000); %Fermi Dirac integration 

NPG(s)= (2/pi)*(Kb*T/(hb*VF))^2*y; 

Xd(s)= NPG(s)/Nd; 

PhiS(s)= ee*Nd*Xd(s)^2/(2*EpsS); 

  

%%%%%%%%Sub loop for each donor concentration%%%%%%%%%%%%%%%%%% 

while(1) 

    s=s+1; 

    if s==1000 

        x=1:1:s-1; 

        figure(1) 

        plot(x, EFG) 

        figure(2) 

        plot(x, Xd) 

        error('Exceed maximum iteration steps'); 

        break; 

    end 

         

    EFG(s)= EFG(s-1)+(ECS-e*PhiS(s-1)-e*PhiN-EFG(s-1))*0.01; 

    eta=(EFG(s)-ED)/(Kb*T); 

    [y, N, err]=FD_int_num(eta,1,10e-6,1000); 

    NPG(s)= (2/pi)*((Kb*T)/(hb*VF))^2*y; 

    Xd(s)= NPG(s)/Nd; 

    PhiS(s)= ee*Nd*Xd(s)^2/(2*EpsS); 

     

    if ECS-EFG(s)-e*PhiS(s)-e*PhiN <= 10e-5 %Convergence judgement 

        NPGV(num)=NPG(s); 

        break; 

    end  

end 

end % Then end of the program 

 
% The Fermi-Dirac integration program, downloaded from internet%%%%%%%%% 

function [ y N err ] = FD_int_num( eta, j, tol, Nmax ) 

  

% Numerical integration of Fermi-Dirac integrals for order j > -1. 
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% Author: Raseong Kim 

% Date: September 29, 208 

% Extended (composite) trapezoidal quadrature rule with variable 

% transformation, x = exp( t - exp( t ) ) 

% Valid for eta ~< 15 with precision ~eps with 60~500 evaluations. 

% 

% Inputs 

% eta: eta_F 

% j: FD integral order 

% tol: tolerance 

% Nmax: number of iterations limit 

% 

% Note: When "eta" is an array, this function should be executed 

% repeatedly for each component. 

% 

% Outputs 

% y: value of FD integral (the "script F" defined by Blakemore (1982)) 

% N: number of iterations 

% err: error 

% 

% For more information in Fermi-Dirac integrals, see: 

% "Notes on Fermi-Dirac Integrals (3rd Edition)" by Raseong Kim and Mark 

% Lundstrom at http://nanohub.org/resources/5475 

% 

% Reference 

% [1] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, 

% Numerical recipies: The art of scientific computing, 3rd Ed., Cambridge 

% University Press, 2007. 

  

for N = 1 : Nmax 

    a = -4.5;                       % limits for t 

    b = 5.0; 

    t = linspace( a, b, N + 1 );    % generate intervals 

    x = exp( t - exp( -t ) ); 

    f = x .* ( 1 + exp( -t ) ) .* x .^ j ./ ( 1+ exp( x - eta ) ); 

    y = trapz( t, f ); 

    if N > 1                        % test for convergence 
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        err = abs( y - y_old ); 

        if err < tol 

            break; 

        end 

    end 

    y_old = y; 

end 

if N == Nmax 

    error( 'Increase the maximum number of iterations.') 

end 

y = y ./ gamma( j + 1 ); 

 
A.3 Finite element simulation of graphene resonator 

%This program is for calculating the transient response of graphene 

%resonator to the electrostatic actuation 

%Author: Tao Chen, SMC, IMNS, The University of Edinburgh 

%Date: From 05/01/2014 

  

clear 

epsio=2*8.85e-12; % Permitivity of oxide 

epair=8.85e-12; % Permitivity of air 

beta=0.1; % Damping coefficient 

E=1e12; % Graphene Young's modulus 

Tg=0.34e-9; %Graphene thickness 

Tp=75e-9; %Thickness of poly-Si layer, which is also the air gap distance 

To=100e-9 %Thickness of oxide layer 

rou=2200; %Graphene density 

L=12e-6; %Length of Graphene bridge 

Nmesh=32; %Number of Meshes 

h=L/Nmesh; 

x=0:(L/Nmesh):L; 

dCgrPw=epsio^2*epair/(Tp*epsio+To*epair)^2; % differentiation of unit capacitance wrt gate 
voltage 

Vdc=0.1; % Gate voltage 

Vac=0.1; % Actuation voltage 

  

f=1e6:25e3:5e6; %Frequency sweep 
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for o=1:length(f) 

    Tend=50/f(o); 

    tao=1/(f(o)*1024); 

    for m=1:1:Nmesh+1 %Initialization 

        w(m,1)=0; 

        w(m,2)=0; 

    end 

    % for n=1:1:Tend/tao 

    %  fa(n)=1/2*epsio/(Tc^2*Tg)*(0.1+A*sin(2*pi*f(o)*(n*tao)))/rou; 

    % end 

    for n=2:1:Tend/tao 

        sum=0; 

        for m=1:1:Nmesh 

            sum=sum+(1/2*((w(m+1,n)-w(m,n))/h)^2)*h; 

        end 

        Sts=E*sum; 

        %(dCgrPw*Vdc^2/2+dCgrPw*Vdc*Vac*sin(2*pi*f(o)*(n*tao)))*tao^2/(Tg*rou) 

        for m=2:1:Nmesh 

w(m,n+1)=(tao^2*(4.8e6+Sts)*(w(m+1,n)-2*w(m,n)+w(m-1,n)))/(rou*h^2)+2*w(m,n)-w(m,n-1) ..., 

        -(dCgrPw*Vdc^2/2+dCgrPw*Vdc*Vac*(1)*sin(2*pi*f(o)*(n*tao)))*tao^2/(Tg*rou) ..., 

        -beta*(w(m,n)-w(m,n-1))*tao; % Iteration equation  

        end 

        w(1,n)=0; 

        w(Nmesh+1,n)=0;  

    end 

    y=w(Nmesh/4,:); % Get the displacement at a quater of the bridge length 

    Nfft=2^nextpow2(length(y)-1); 

    Freq=fft(y,Nfft); 

    Ampl(o)=abs(Freq(65)); % Extract the amplitude at the actuation frequency 

     

end 

plot(f,Ampl); 

save dataset2 

% fh=plot(w(:,n)); 

% for n=1:1:Tend/tao 

%     y=w(:,n); 

%     set(fh,'y',y); 
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%     drawnow 

%     pause(0.01) 

% end 
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Appendix B 

B Mask designs 

B.1 Graphene resonator mask 

 

Figure B.1: Mask design for graphene resonator 
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B.2 Mask design for graphene transistor 

 

Figure B.2: Mask design for graphene field effect transistor, not to scale
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Appendix C 

Publications 

Tao Chen, Enrico Mastropaolo, Andrew Bunting, Rebecca Cheung, Inhomogeneous 
actuation force activated second flexural mode in graphene electromechanical 
resonators, submitted to Nanoscale 

Tao Chen, Enrico Mastropaolo, Andrew Bunting, Rebecca Cheung, Batch fabrication of 
graphene electromechanical resonator using poly-Si as sacrificial layer, to be submitted 

Tao Chen, Rebecca Cheung, Mechanical properties of graphene, Contributed to chapter 
43 of forthcoming Handbook of Graphene Science, CRC press, 2013 

Eldad Grady, Enrico Mastropaolo, Tao Chen, Andrew Bunting, Rebecca Cheung, Low 
frequency graphene resonators for acoustic sensing, Microelectronics Engineering 119 
(2014), pp105-108 

Tao Chen, Enrico Mastropaolo, Andrew Bunting, Rebecca Cheung, Optical alignment 
technique for graphene transistor fabrication, presented at MNE 2012, Toulouse, paper 
submitted to Micro and Nano Letter 

Tao Chen, Enrico Mastropaolo, Andrew Bunting, Tom Stevenson, Rebecca Cheung, 
Optimization of the visibility of graphene on poly-Si film by thin-film optics 
engineering, J. Vac. Sci. Technol. B 30, 06FJ01 (2012) 

Boris Svilicic, Enrico Mastropaolo, Tao Chen, Rebecca Cheung, Piezoelectrically 
transduced silicon carbide MEMS double-clamped beam resonators, J. Vac. Sci. 
Technol. B 30, 06FD05 (2012) 

Enrico Mastropaolo, Boris Svilicic, Tao Chen, Brian Flynn, Rebecca Cheung, 
Piezoelectrically actuated and sensed silicon carbide ring MEMS resonators, 
Microelectronic Engineering, Vol 97, 2012, pp220-222 

Raden Dewanto, Tao Chen, Rebecca Cheung, Zhongxu Hu, Barry Gallacher, John 
Hedley, Reliability prediction of 3C-SiC cantilever beams using dynamic Raman 
spectroscopy, presented at IEEE NEMS, March 2012, Kyoto 
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