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Abstract 

The discovery of monolayer graphene by Manchester group has led to intensive 

research into a variety of applications across different disciplines. As a monolayer of 

carbon atoms, graphene presents a high surface to volume ratio and a good electronic 

conductivity, making it sensitive to its surface bio-chemical environment. This project 

investigated the fabrication of electronic biosensors using different graphene-based 

materials. It included the production of graphene, the fabrication of electronic devices, 

the chemical functionalisation of graphene surface and the specific detection of target 

bio-molecules.  

This project first investigated the production of graphene using three different methods, 

namely mechanical exfoliation, physical vapour deposition and electrochemical 

reduction of graphene oxide. With respect to the physical vapour deposition method, the 

production of large area transfer-free graphene from sputtered carbon and metal layers 

on SiO2 substrate has, for the first time, been achieved. The relationship between 

growth parameters and the quality of resultant graphene layer has been systematically 

studied. In addition, a growth model based on the detailed analysis of morphological 

structures and properties of graphene film was simultaneously proposed. Optical 

microscopy, Raman spectroscopy and atomic force microscopy were used for the 

evaluation of the number, the quality and the morphology of resultant graphene layers 

in each method. 

To investigate the performance of graphene electronic devices, field effect transistors 

were fabricated using both exfoliated and chemical vapour deposited graphene. A novel 

technique for graphene patterning has been developed using deep ultraviolet baking and 

an improved photolithography method. A new shielding technique for the low damage 

deposition of Au electrodes on graphene has also been developed in this project. The 
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practical challenges of device fabrication and performance optimisation, such as 

polymer residue and contact formation, have been studied using Raman spectroscopy 

and the Keithley 2602A multichannel source meter. 

For the functionalisation of graphene, a number of chemicals were investigated to 

provide linking groups that enable binding of bio-probes on the graphene surface. 

Hydrogen peroxide and potassium permanganate have been demonstrated to have the 

capability of immobilising oxygen-containing groups onto graphene. The levels of 

oxidation were estimated by energy dispersive analysis and Fourier transform infrared 

spectroscopy. In addition, aminopropyltriethoxysilanes and polyallylamine have 

exhibited good efficiency for immobilising amino groups onto graphene. The resultant 

graphene was characterised by X-ray photoelectron spectroscopy and cyclic 

voltammetry measurements. 

Graphene electrodes modified with electrochemically reduced graphene oxide were 

developed for the first time which exhibit significantly improved redox currents in 

electrochemical measurements. Using single stranded DNA immobilised via π-π bonds 

as probes, these electrodes showed a limit of detection of 1.58 x 10-13 M for the human 

immunodeficiency virus 1 gene. In parallel, human chorionic gonadotropin sensors 

were developed by immobilising its antibodies on 1-pyrenebutyric acid N-

hydroxysuccinimide ester functionalised graphene field effect transistors. These field 

effect transistors have been demonstrated to exhibit a quantitative response toward the 

detection of 0.625 ng/ml antigen. 

In summary, the fabrications of two types of graphene-based biosensors for the 

detection of specific DNA sequence and human chorionic gonadotropin have been 

achieved in this project. Their sensitivity, selectivity, reproducibility and capability of 

multiple biomarker detection need to be further improved and explored in future work. 
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The outcomes of this project have provided not only ready-made biosensing platforms 

for the detection beyond these two targets, but also novel techniques applicable to the 

development of multidisciplinary applications beyond biosensor itself. 
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Chapter 1 Introduction  

1.1 The Need for Graphene Biosensors 

Health diseases and conditions such as cancer, cardiovascular disease, stroke and 

dementia have become major burdens on healthcare systems, globally affecting millions 

of people. Therefore, clinical monitoring and diagnostic systems have attracted a huge 

amount of research interest in future healthcare. Biosensing technology has been a 

growing industry for several decades and is continuously expanding to meet this need. 

Currently, a very large sensor market including blood glucose, human chorionic 

gonadotropin (hCG) and other hormone monitoring is well established. However, there 

is still a large number of health conditions that cannot be diagnosed and reported in time 

before they become fatal using current commercial process. Therefore, the development 

of existing biosensing platforms towards early diagnosis, lower detection limits, higher 

sensitivity, better selectivity and reproducibility, in body fluids or in vivo, is required. 

Current biosensing technology mainly relies on fluorescent dye labelled probes, which 

react with specific target molecules present in blood, urine or saliva. The detection is by 

exposing the sample to a monochromatic laser and achieved by capturing the 

corresponding emission signal. This requires an expensive and time-consuming dye 

labelling process and complicated laser excitation/detection instruments. 

Graphene, being a 2 dimensional (2D) material, has been regarded as a “dream material” 

since its experimental discovery in 2004 by the Manchester group led by Andre Geim 

and Kostya Novoselov. Its unique chemical and physical properties, such as high 

electronic and thermal conductivity, 2D nature, intrinsically high surface to volume 

ratio and chemical inertness, have been believed to be capable of yielding biosensors 

with extremely high sensitivity and a low limit-of-detection (LoD) in the biosensor and 
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are compatible to current commercial fabrication technologies. Therefore, compared 

with the conventional biosensors, graphene-based biosensors have the potential to 

exhibit improved sensing performance with a lower commercial cost. 

1.2 Outline of this Thesis 

The aim of this work is to develop a biosensing platform utilising the unique properties 

of graphene, which could potentially lead to a better sensing performance and be 

compatible with industrial applications. This thesis is split into two distinctive parts. 

The background review section, which includes Chapters 2 and 3, provides a literature 

review on the production of graphene, fabrication of graphene-based devices and 

graphene-based biosensing technology. The experimental section, which includes 

Chapters 4 to 8, describes the experimental detail and results in the production of 

different types of graphene on silicon dioxide (SiO2), the fabrication of a graphene-

based field effect transistor (FET) and electrodes, a number of methods for chemical 

functionalisation of graphene and the assembly of a graphene-based DNA/hCG 

biosensor. 

The outline of this thesis is presented as follows: 

Chapter 2 and 3 reviews the current state of graphene in all aspects of biosensor 

fabrication. It focuses on graphene and its physical/chemical properties, the production 

and transferring of large area graphene, covalent and noncovalent functionalisation of 

graphene and graphene-based applications. In particular, different types of graphene-

based biosensors have been introduced together with their definitions, structures, 

categorisations, sensing mechanisms, sensing parameters along with their advantages 

and disadvantages. 
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Chapter 4 describes the experimental techniques and methods used in this work. It 

mainly includes the techniques used in the preparation of the substrate, the growth of 

graphene from sputtered materials, the production of micro-exfoliated graphene, the 

fabrication of graphene FETs, the functionalisation of graphene with different oxidants 

or linkers and the assembly of a DNA/hCG sensor. The experimental setup and working 

mechanisms of equipment used for different characterisation have also been outlined. 

Chapter 5 presents the results of exfoliated graphene and graphene grown from 

sputtered materials. The surface coverage, quality, grain size of graphene grown at 

different carbon/metal ratios and varied growth conditions has been systematically 

characterised and investigated.  A model for the growth of transferrable or transfer-free 

graphene has been proposed. 

Chapter 6 shows the results of the fabrication of graphene-based electronic devices. A 

novel shielding technique for the fabrication of graphene FETs has been developed. 

Compared with the normal method, the improvements in the success rate of fabrication 

and the electronic performance of the resultant devices prepared by the novel sputtering 

deposition have been demonstrated. Two different methods for cleaning the various 

residues/adsorbents have also been demonstrated. 

Chapter 7 discusses chemical methods used for the functionalisation of graphene. It 

consists of the hydroxylation of graphene with hydrogen peroxide (H2O2), the 

hydroxylation of graphene with KMnO4, the amination of graphene oxide (GO) with 

aminopropyltriethoxysilanes (APTES) and the amination of GO with polyallylamine 

(PAA). Also, the superiority of using PAA/ reduced graphene oxide (rGO)/graphene 

modified electrodes in enhancing the reduction current of hydrogen peroxide has been 

demonstrated. 
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Chapter 8 covers the results of the assembly and characterisations of two types of 

biosensors, namely DNA sequence sensors and hCG immunosensors. The quantitative 

sensing parameters, such as LoD, dynamic range and selectivity of DNA sensor have 

been provided. In parallel, the qualitative detection of hCG using 1-pyrenebutyric acid 

N-hydroxysuccinimide ester (PANSE) modified rGO electrode has been demonstrated. 

Chapter 9 summaries the major progress and results of this work, highlights the 

contribution of this work to knowledge and proposes the potential future work to 

biosensing technology. 

Appendix presents the list of journal & conference publications related to this project 

and the detailed patterns of lithography photomasks designed in this work. 
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Chapter 2 Graphene and its Production 

2.1 Graphene 

2.1.1 Definition and Structure of Graphene 

Graphene is a single atom thick 2D film which consists  of sp2- hybridised carbon atoms, 

that can be regarded as a basic building block of 3 dimensional (3D) graphite, 1 

dimensional (1D) carbon nanotubes and 0 dimensional (0D) fullerenes [1, 2], as shown 

in Fig. 2-1. It can also be considered as an indefinitely extended aromatic molecule, 

which is the ultimate case of polycyclic aromatic hydrocarbons. 

In a graphene lattice, each carbon atom connects the adjacent three carbon atoms via δ 

electrons having a bond length of 0.142 nm. The delocalised π band is formed by the 

non-bonded electrons in 2pz orbits, which are perpendicular to the graphene plane and 

interact with those from other adjacent carbon atoms [3]. 

 

Figure 2-1. The relationship between graphene and 0D, 1D, 3D materials (left), and 

simulated structure of graphene sheet (right) [4, 5]. 

Figure 2-1 has been removed due to Copyright restrictions. 
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2.1.2 Graphene Properties 

2.1.2.1 Physical Properties 

Graphene shows unique optical properties due to its single atom thickness. For white 

light (390 - 700 nm) passing through a graphene monolayer, the transmission is 97.7%. 

For n layers, the transmission decreases by 2.3% with every additional layer of 

graphene, up to 5-10 layers beyond which bulk graphite properties are restored [6]. 

Graphene on SiO2 substrate shows a different colour with different number of layers 

due to their refractive index, which has directly led to the discovery of graphene and the 

identification of the number of graphene layers in 2004 [2, 7]. Since then, more 

extraordinary properties of graphene have been unearthed [8], such as electron mobility 

of 106 cm2·V-1 s-1 at room temperature [9] (around 40000 cm2 V-1 s-1 on SiO2 substrate 

[10]), ultralow resistivity [1], ultrahigh breaking strength of 1 TPa and tensile strength 

of 125 GPa [11], anomalous quantum hall effect [12], controllable doping level [13], 

behaviour of massless Dirac fermions [14, 15], unusual band structure (as shown in Fig. 

2-2) [16, 17], high thermal stability and conductivity [18], various electronic transport 

performance in armchair or zig-zag edge orientation [19], high transparency at certain 

wavelengths [20, 21], high chemical resistance [22], long spin diffusion length at room 

temperature [23]. 

 

Figure 2-2. Band gap for monolayer and bilayer graphene [17] (π is valence band, 

π* is conduction band and ED is energy gap). 

Figure 2-2 has been removed due to Copyright restrictions. 
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2.1.2.2 Chemical Properties 

In the graphene lattice structure, carbon atoms bond to each other via δ electrons and a 

highly dense electron cloud forms both above and below the plane, leading to not only 

chemical stability [24], but also the possible chemical activities in cyclo-additions, 

Click reactions and carbine insertion reactions [25, 26], with the destruction of the sp2-

hybridised structure. Through a harsh oxidation treatment with an assistance of an 

ultrasonic bath, e.g. modified Hummer’s method [27], graphite bulk can be exfoliated 

into graphene and randomly modified by carboxyl groups, hydroxyl groups and epoxy 

groups, leading to solubility in different solvents [28]. The edge of graphene and 

graphene derivatives have proven to be more chemically active than the planar surface 

[29]. Thus, depending on the specific requirements, the resultant GO can be further 

converted to graphene amide or partially reduced to graphene by amination agents or 

deoxidiser [30]; Because of the incredibly high surface to volume ratio, graphene has 

also been considered as an ideal material for hydrogen storage [31]. Each hydrogen 

atom can be bonded to one carbon atom via the π electrons, which leads up to a 7.7% H-

mass distribution, and released through an annealing process [32]. In parallel to post 

chemical modification, graphene can also be chemically doped during the growth 

process, e.g. F atoms turn graphene from a conductor to insulator [33]. B, N atoms lead 

to the p-type or n-type graphene, respectively, which may impact the semiconductor 

industry in the longer term [34-36]. 

These unique physical/chemical properties have changed the name of graphene from 

“an academic material” to “a wonder material of the 21st century”. It is believed that 

graphene could be a promising successor of silicon for the post Moore’s law era [1, 16, 

37], with a wide range of technological applications in electronics [38], photonics [39, 

40], biosensor and chemical sensor [41, 42], energy storage [43], spintronics [44-46], 

quantum computing [47]. 



8 

 

2.2 Production of Large-area Graphene 

Graphene was first produced [2] with a method called mechanical exfoliation on a 300 

nm doped Si/SiO2 substrate, against the “common wisdom” [1, 48-50] by the 

Manchester group in 2004. This special Si/SiO2 substrate not only electrically isolates 

the graphene film but also provides a route for its visual identification, which makes the 

characterisation of graphene’s physical and chemical properties possible. In their work 

[2], a very high mobility, up to 104 cm2/V·s with a strong ambipolar electric field effect 

and ballistic transport at submicron levels at room temperature has been observed. 

Although the theoretical study of graphene has been reported for over 60 years [1] and 

the initial efforts to produce graphene with mechanical exfoliation method dates back to 

1990 [51, 52], it was only possible to produce graphite flakes consisting of 50 to 100 

layers until 2004. So far, our understanding of graphene is at a very early stage. To 

integrate this wonder material into commercial applications, the production of high 

quality, large-scale graphene on compatible substrates is one of the key requirements. 

Extensive efforts aiming to achieve this goal have been made since the experimental 

discovery of graphene [2]. This section reviews the state-of-art techniques for the 

production of high quality, large-area graphene films. 

The techniques for the production of large-area graphene which have been most 

commonly used, can be categorised into three types [53]: epitaxial growth from single 

crystal SiC, chemical vapour deposition (CVD) growth on transition metals and 

physical vapour deposition (PVD) growth using solid carbon sources. These techniques 

are all based on the same growth mechanism, which is the decomposition of carbon-

containing materials at an elevated temperature and the re-crystallisation of the sp2-

hybridised graphene lattice on the catalytic surfaces. However, the specific growth 

materials and growth conditions, such as carbon sources, growth temperature, 

environment pressure, heating and cooling rates, growth time, types and crystal sizes of 
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the catalytic surfaces, vary from one method to the other, which may lead to different 

quality of the resulting graphene. In this section, the characteristics of each method are 

discussed together with their advantages and disadvantages. 

2.2.1 Epitaxial growth from single crystal SiC substrates 

The mechanisms of carbon graphitisation on SiC have been investigated for over 40 

years [54, 55]. However, until 2004, the same year as the discovery of mechanically 

exfoliated graphene [2], the epitaxial production of an ultrathin graphite layer was 

reported by Berger and his co-workers using thermal decomposition of 6H-SiC (0001) 

and re-crystallisation of carbon in an ultrahigh vacuum (UHV) [37], which was believed 

as the first technique for the production of large-area graphene. The epitaxial growth of 

monolayer graphene was subsequently reported by the same group in 2006 [16]. The 

growth requires a single crystalised SiC substrate to be heated to a temperature ≥ 

1200 °C in a UHV chamber. Si atoms on the surface of SiC were sublimed, whilst C 

atoms were left behind due to the higher vapour temperature [55-57]. Because of the 

minor mismatch between the SiC (0001) and graphene lattices, the remaining C atoms 

were able to re-crystallise into a graphene layer at the cooling down stage [37, 58]. 

Epitaxial graphene grown on single crystal SiC has been found not to be self-limiting. 

The substrate type (Si or C terminated), the annealing temperature [59, 60] and the 

vacuum condition [61] all have been proven essential to the number of layers, quality 

and properties of the resulting graphene film. On the C-terminated face, graphene is 

preferred to form with more layers, usually more than 10. The first few layers adjacent 

to the substrate show an electron-doped characteristic together with a random 

orientation, whilst the subsequent layers on the top are not as much doped as those with 

a random crystal orientation [62]. In this case, the resultant graphene presents an 

electron mobility of 104 - 105 cm2 V-1 s-1 with a corresponding carrier density of 1013 cm-
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2. In contrast, the number of graphene layers grown on the Si-terminated face is more 

controllable and uniform [62], although in this case, the graphene shows a lower carrier 

mobility (102 - 103 cm2 V-1 s-1) and carrier density (1012 cm-2), which has been proven to 

be due to the absence of an electron-doped interface [63]. 

The major advantage of epitaxial growth is that graphene forms directly on top of the 

insulating SiC substrate; therefore, post-transfer of the resultant graphene film to 

another insulating substrate is not required, providing a unique platform for exploring 

the one-step fabrication of electronic devices, such as FETs and integrated electronic 

circuits. So far, epitaxial growth of graphene has attracted major interest from leading 

commercial organisations in the field [64]. Devices, such as graphene transistors 

operating at 100 GHz [65] and graphene integrated circuits operating at up to 10 GHz 

[66] have been reported by International Business Machines Corporation. 

However, the quality of epitaxial graphene needs to be improved to meet the industrial 

requirements for electronic applications. Particularly, epitaxial graphene presents a 

terraced morphology instead of an atomically smooth layer on top of the single crystal 

SiC substrate [16], as typically shown in Fig. 2-3 [61], leading to a degradation of 

electronic performance. In addition, the high cost of the single crystal SiC substrate 

limits its large-scale applications in industries. The very high growth temperature in 

UHV can be another limitation. 
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Figure 2-3. Terraced morphology of epitaxial graphene on single crystal SiC 

substrate and the terrace step height measured by atomic force microscope (AFM). 

The left AFM image is from graphene formed on 6H–SiC (0001) substrate. The 

middle AFM image shows terraces adjusted at the same height. The right profile 

shows the height of terraces and small depressions of around 0.5 nm and 1 nm 

amplitude at the very edge of the macro-step [61]. 

2.2.2 Chemical Vapour Deposition 

After the epitaxial method, one of the game changing achievements in the production of 

large-area graphene is the CVD method [67-69] using short-chain hydrocarbons as the 

carbon source, such as methane and ethylene [70-74], on a catalytic surface, such as Ni 

[21, 75, 76], Ru [77-79], Ir [80], Au [81], Cu [67], Pt [82], Rh [83, 84], Pd [85, 86] and 

Fe [87]. Short-chain hydrocarbon gases have been used as a carbon source for the 

production of carbon nanotubes [88, 89] for a long time. During that period, although 

the growth of few layer graphite or even monolayer graphite using CVD have been 

discovered, for example, on Pt (111) by Land et al [90] and on TiC (111) by Nagashima 

et al [91], no results in the characterisation of its electron transport properties of the 

resultant film have been reported. 

In the typical CVD method, a poly crystalline, or amorphous metal sheet [92, 93] or 

film [94, 95], which acts as a catalytic surface, is subjected to a pre-annealing process 

(800-1000 °C) in a vacuum to obtain large crystalline grains. The gaseous carbon source 

Figure 2-3 has been removed due to Copyright restrictions. 
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is introduced onto the surface of the metal film, hydrocarbon first is adsorbed onto this 

catalytic surface and then decomposes into carbon atoms and forms the graphene lattice 

during the cooling down process. Different theories have been reported to explain the 

growth mechanisms of CVD graphene on the surface of transition metals. The earlier 

theory assumed the growth of graphene was subjected to an epitaxial process on the 

hexagonal or other crystallographic surface, such as Co (0001) [96], Ni (111) [97], Pt 

(111) [96], Ru (111) [98], Ir (111) [99]. However, according to many recent findings in 

the growth of CVD graphene on a number of polycrystalline metals, the surface 

catalytic effect is more well-known [69], although the precise catalytic mechanism 

remains unknown. The growth process of CVD graphene is believed to depend on the 

carbon solubility of the substrate metal. For those metals having relatively higher 

carbon solubility at the high temperature, such as polycrystalline Ni [21, 75, 76], the 

carbon atoms are firstly dissolved and absorbed in the metal, forming a solid solution. 

Then during the cooling down process, carbon atoms segregate from the solid solution 

due to the decreased solubility of carbon at a lower temperature and precipitate (or 

surface segregate) on the surface of the catalytic metal, forming a few layer graphene on 

top of it. It is worth noting that “segregation” refers to the separation of carbon atoms 

within the metal layer, while the “precipitation” refers to the diffusion and deposition of 

carbon atoms onto the catalytic surface (known as “surface segregation), which includes 

the recrystallisation of carbon atoms. For those metals having relatively low carbon 

solubility at high temperatures, such as polycrystalline Cu [67-69], dissolution and 

segregation of carbon atoms within the metal layer is limited or, at least, is not the 

dominant process due to a limited number of carbon atoms in the metal layer. In this 

case, carbon atoms re-crystallise into a graphene lattice directly on the surface of the 

catalytic metal. These two different growth mechanisms on Ni and Cu have been 

experimentally demonstrated by Li and his co-workers [69] using a carbon isotope 
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labelling technique, as shown in Fig. 2-4. The growth process of graphene on Ni is 

presented in Fig. 2-4 (a). After the carbon isotope labels are sequentially introduced and 

randomly mixed up in the Ni layer during the heating process, the segregation and 

precipitation happened to all carbon atoms in the Ni, which in turn leads to a random 

distribution of carbon isotope labels in the graphene lattice. The growth process of 

graphene on Cu is shown in Fig. 2-4 (b). In contrast, the carbon isotope labels in the 

graphene lattice are distributed in the same sequence that introduced carbon isotope 

labels, indicating the surface precipitation is dominant, otherwise the isotope labels 

would have a random distribution, the same as shown in Fig. 2-4 (a). 

 

Figure 2-4. Isotope labelling illustration of CVD graphene growth mechanisms. (a) 

On Ni and (b) Cu, respectively [69]. 

The essential parameters for the production of better graphene include hydrocarbon 

concentration/flow rate [100], annealing time/temperature [73], metal grain size [101, 

102] and cooling rate [75]. However, the contribution of these parameters to the quality 

of the resultant graphene may vary from one growth model to another. The growth of 

graphene based on the first mechanism leads to the formation of graphene with more 

Figure 2-4 has been removed due to Copyright restrictions. 
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layers particularly at the area around grain boundaries or where there are regions of 

smaller grains, which is attributed to the excessive surface segregation or precipitation 

of carbon. In this case, the fast cooling rate is effective to obtain few layers or even 

monolayer graphene [21, 75, 76]. In contrast, graphene growth via the second 

mechanism has been believed to be a self-limiting process. Once the metal surface is 

fully covered by a graphene monolayer, the catalytic effect of the metal layer degrades, 

in turn leading to monolayer graphene (bilayer graphene is obtained instead of the 

monolayer at atmospheric pressure [103]). A longer annealing time is then helpful for 

the production of monolayer graphene with a higher surface coverage [67-69]. 

Graphene grown on Cu and Ni have both been well explored; however, the results so far 

indicate that graphene growth on Cu is more promising for electronics applications. For 

example, monolayer graphene grown on Cu with a 95% surface coverage has been 

achieved together with a crystalline grain size of 1000 µm. The electronic mobility of 

graphene has reached up to 104 cm-1/V·s at room temperature [67-69]. 

 

Figure 2-5. Typical surface morphology of CVD graphene on Cu substrate. (a) 2D 

and (b) 3D AFM images, showing the inherent non-flat topography with an r.m.s. 

roughness of 3-6 nm. Scale bar is 500 nm in (b) [104]. 

  

Figure 2-5 has been removed due to Copyright restrictions. 
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Figure 2-6. Scanning tunnelling microscope (STM) morphology analysis of 

graphene grown on Cu with different crystalline states. (a) Crooked wrinkles on 

amorphous Cu substrate and its height profile. (b) and (c) show striped ripples and 

wrinkles evolving along the boundaries from crystalline to noncrystalline states. (d) 

Ripples appearing on step boundaries of crystalline Cu. (e) Sketch map showing 

the positions of wrinkles and ripples with substrate states of (a) to (d) [105]. 

Only a few publications on the surface morphology of CVD graphene have been 

reported. According to these references, graphene grown on the surface of a Cu 

substrate always presents a non-flat nature [104, 106, 107]. Typical surface morphology 

of CVD graphene on Cu foil is characterised with AFM, as shown in Fig. 2-5. After the 

sublimation and the re-crystallisation of Cu grains at high temperature, Cu substrate 

shows an inherent non-flat nature. The terrace and rippling morphology of graphene can 

be seen together with a typical r.m.s value of 3-6 nm, which is actually a rubbing of the 

non-flat Cu underneath. This is one of the major contributions to the terraces and ripples 

of transferred graphene on SiO2 substrate. In addition, the non-flat morphology of 

graphene has been found to be closely related to the difference of thermal expansion 

coefficients between Cu substrate and graphene [105], as shown in Fig. 2-6. Compared 

with that of well-crystallised Cu substrates, Cu in the amorphous or transition state 

Figure 2-6 has been removed due to Copyright restrictions. 
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shows a greater difference in thermal expansion coefficient than the graphene grown on 

top of it, leading to a larger contraction of Cu substrate during the thermal quenching, 

which in turn leads to the formation of larger wrinkles on the graphene film. Although 

graphene grown on well-crystallised Cu substrate prefers to form a flat morphology on 

the top surface of each terrace, it shows ripples (0.5 nm high) or wrinkles at the step 

area, which is attributed to the small difference of thermal expansion coefficients 

between Cu and graphene. Similar problems have been found with graphene grown on 

Ni substrate [106], except the absence of rippling morphology caused by metal 

sublimation (because of the much weaker sublimation of Ni film at the same growth 

temperature). Typical AFM images of graphene before and after transferring from a Ni 

film onto a SiO2 substrate are shown in Fig. 2-7. The graphene has also been found to 

be a rubbing of Ni morphology underneath. Each grain more or less wraps around the 

hemispherical Ni grain underneath and deep trenches form between adjacent grains. 

After the Ni support layer is etched away, the non-flat graphene film falls onto the 

SiO2/Si substrate, leading to the formation of single wrinkles around the hemispherical 

grain boundaries and bi-wrinkles between the adjacent hemispherical grains. It is 

notable that grains here are rubbings of Ni grains underneath instead of the crystal 

grains of graphene. Also, the wrinkles caused by the thermal expansion between the Ni 

substrate and graphene are at least a few times larger than those caused by the 

hemispherical Ni grains. 
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Figure 2-7. AFM analysis and longitudinal section profile of CVD graphene grown 

on Ni/SiO2 stack, before (left) and after (right) transfer. The dotted circle in left 

AFM image refers to an individual Ni grain while two adjacent lines refer to a 

trench between Ni grains. The dotted circle and the two adjacent dotted lines in 

right AFM image refer to a closed wrinkle and bi-wrinkle after transfer, 

respectively. Longitudinal section profiles illustrate the surface-morphology-

preserved after transfer of graphene from Ni to a SiO2/Si substrate [106]. 

As CVD graphene has to be produced on top of the transition metals, a post-transferring 

process from metal to the other substrate, such as SiO2/Si substrate [70, 76, 108-110] or 

polyethylene terephthalate (PET) film [111, 112], is required for the fabrication and 

characterisation of graphene-based applications. Poly (methyl methacrylate) (PMMA)-

based wet-transfer is the most commonly used method for research purposes. Graphene 

grown on the metal substrate is covered by a spin-coated PMMA layer and then etched 

using HCl or ferrous sulphate-7 hydrate (FeSO4·7H2O), to dissolve the metal layer from 

the back side. Once the metal layer is fully etched away, the graphene/PMMA layer 

floating on the etchant solution can be picked up onto the other arbitrary substrate 

without introducing any visible cracks or wrinkles [21], which is attributed to the 

Figure 2-7 has been removed due to Copyright restrictions. 
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hydrophobicity of PMMA and the high breaking strength of graphene. To transfer high 

quality, large-area graphene for graphene applications on an industrial scale, such as 

touch screen displays [111], flexible heaters [113], solar cells [114, 115], roll-to-roll 

transfer based on the PET/epoxy film [109] has recently been proposed and achieved by 

Sony. By integrating Joule heating, CVD growth, gravure coating, ultraviolet light (UV) 

bonding and spray etching, a result of 100 m long, high quality graphene on PET/epoxy 

film has been recorded [107]. Additionally, for large-area, high quality graphene growth 

with CVD method, a number of findings have been reported on using different metal 

alloys, such as Ni-Cu [116],  Ni-Au [117] and Ni-Mo [118, 119]. 

2.2.3 Growth from Solid Carbon Source 

In addition to CVD, the other transition metal-based technique for large-area high 

quality graphene production has been reported using solid carbon sources. It shares the 

same growth mechanism with CVD method: polycrystalline Ni [120], Cu [121] or Co 

[74] deposited onto SiO2 in vacuum are used as the catalyst and solvent, while solid 

carbon-containing materials atop or underneath the metal, such as amorphous SiC or C, 

are used as carbon source. After a rapid thermal process (RTP) step in either a vacuum 

or a protective atmosphere at a temperature up to 1100 oC, carbon atoms can be 

dissolved and re-crystallised into a graphene lattice. Both the catalytic metal layer and 

the carbon-containing material can be deposited onto the heat-proof substrate by 

physical vapor deposition such as sputtering [122, 123], thermal evaporation [124], 

vacuum arc [125], molecular beam epitaxy [126] or ion implantation [127, 128]. Spin-

coated PMMA [121] or other carbon-containing polymers such as poly acrylonitrile 

[129], trimethoxy phenylsilane [130], polystyrene [131], poly (2-phenylpropyl) 

methysiloxane [132], acrylonitrile butadiene styrene (ABS) [133], have also been 

explored. A one-step material deposition has been demonstrated for the growth of 

graphene using carbon impurities embedded in the metal or alloy targets [134]. Due to 
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the same growth mechanism with CVD graphene, a post-transfer process from the metal 

layer to the insulator is required for the fabrication and characterisation of graphene-

based applications. 

Graphene growth from solid carbon sources was first achieved in 2009 by annealing e-

beam evaporated Ni onto single crystal SiC substrates at 750 °C [120], which is much 

easier to achieve than the epitaxial method. Later in the same year, a method of using 

plasma enhanced CVD (PECVD) deposited amorphous SiC and sputtered Ni films was 

reported for the growth of graphene at a RTP temperature of 1100 °C, which waived the 

high cost of single crystal SiC substrates [135]. Since then, growth of wafer-scale 

graphene has been reported with using a number of different materials, such as Ni/SiC 

[136, 137], Ni/C [123, 125], Ni/PMMA [124, 132, 138], Cu/PMMA [121, 139], NiCu/C 

[140, 141]. In this method, the essential parameters for the growth of large-area high 

quality graphene are the ratio of the metal/carbon source and the cooling rate. With 

optimal growth parameters, the quality of graphene is then mainly dependent on the 

grain size of the poly crystalline metal, although the type of carbon source has an effect 

on the resultant graphene to some extent. Graphene growth on the larger metal grains 

prefers to be monolayer or few layer, whilst multilayer graphene is likely to be obtained 

from those areas with smaller grains and at grain boundaries. The multilayer 

characteristic can be attributed to the overlap of metal grains, which produces 

overlapped graphene. Therefore, whether graphene grown on each metal grain is self-

limiting remains arguable [142]. The major disadvantage of graphene growth from solid 

carbon sources is that large-area high quality graphene cannot be grown uniformly, at 

present, due to the polycrystalline nature of catalytic metal underneath. 
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2.2.4 Transfer-free and Direct Growth on Dielectric Substrates 

For the fabrication of graphene-based electronic devices, graphene has to be grown on 

or transferred onto the insulating substrate. However, as discussed earlier in 2.2.2 and 

2.2.3, direct growth of graphene on an insulating substrate is unlikely to be achieved 

with CVD or growth with solid carbon source. In order to use graphene produced by 

these techniques for device fabrication, a PMMA-based post-transfer process is required, 

as introduced in 2.2.2, which not only increases the commercial cost but also introduces 

polymer residues and damage to the graphene film. To address these issues, two 

techniques of graphene growth have been developed: transfer-free growth [142] and 

direct growth [129] of graphene on insulator substrates. 

For the transfer-free growth of graphene, two methods have so far been developed: 

complete evaporation [94, 143] and post-etching [142] of the catalytic metal layer after 

the crystallisation of graphene. Due to a decreased sublimation temperature in UHV, the 

catalytic metal layer in the “evaporation method” can be evaporated, leading to a 

graphene layer grown atop of it falling onto the dielectric surface. This method was first  

reported by Ariel Ismach and his co-worker within a CVD process [94]. The Cu film on 

top of SiO2 substrate can be fully evaporated or de-wetted into finger-like patterns after 

15 mins to 7 hours annealing at 1000 °C and at a low pressure (100-500 mTorr), leaving 

inhomogeneous graphene behind on the substrate. A p-type doped behaviour has been 

recorded together with a carrier mobility of ~600 cm2 V-1 s-1 and a gate modulation 

around 3 on this corresponding graphene FET. With the post-etching method, Gao and 

his co-workers have achieved transfer-free growth of graphene from sputtered Cu by a 

CVD method [144]. By pre-treatment of the substrate with nitrogen plasma, bubble 

seeds can be planted in the SiO2 layer, which then generate bubbles during the chemical 

etching process. These resultant bubbles can join those trapped under the graphene film 

and act together as capillary bridges with a strong negative pressure, resulting in the 
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graphene remaining on the original substrate after the removal of the Cu layer [144], as 

shown in Fig. 2-8 (a). In this case, the graphene obtained is weakly n-type doped and 

shows a carrier mobility of 3800 cm2 V-1 s-1, which is comparable to that of CVD 

graphene. The effectiveness of this approach has been proven by its control experiment 

without the pre-treatment of the substrate, leading to the delamination of the graphene 

layer from the substrate after Cu etching. 

 

Figure 2-8. Schematic illustration of face-to-face transfer-free graphene 

production. (a)  Mediated by capillary bridges and (b) control experiment without 

pre-planted N2 seeds [145]. 

The interface of catalytic metal and SiO2 has been believed to be chemically 

unfavourable for graphene growth [142]; however, direct growth of graphene on a SiO2 

substrate has been achieved. With a 10 nm spin-coated polymer layer (PMMA) as 

carbon source and a 50 nm Ni layer as solvent and catalyst, few-layer graphene has been 

obtained directly on the SiO2 substrate after 1 min RTP at 1000 °C [129]. The quality of 

the resultant graphene is strongly dependent on the carbon sources used, which may be 

attributed to the decomposition and residue conditions. Similar results with using 

different carbon sources and catalytic metal (or metal alloys), such as CH4/Cu, ABS/Ni, 

trimethoxy phenylsilane/Ni or Cu/Ni (containing trace amorphous carbon), have been 

reported [20, 132, 138, 141]. By adjusting the parameters of graphene growth, low-

Figure 2-8 has been removed due to Copyright restrictions. 



22 

 

defect wafer-scale graphene with bilayer coverage of 70% and the monolayer coverage 

of 20% has been recorded directly onto SiO2 substrates. Although the quality of 

graphene grown with this method cannot meet the requirement of application 

fabrication so far, the key achievement of this method, which is very promising for the 

future, is that graphene is grown directly on the atomically flat insulator substrate. In 

contrast, the major disadvantage of this growth method is that carbon atoms prefer to 

segregate through the grain boundaries or micro voids of the metal layer (shown in Fig. 

2-9 (a) [20, 146]), leading to the randomly distributed ridges on graphene film (shown 

as dark blue area in Fig. 2-9 (b)). A relatively high D band and G/2D band intensity 

ratio can be seen from a Raman spectrum taken from the ridge area (shown in Fig. 2-9 

(c)), indicating the more defective and multilayer nature of graphene around the ridges. 

The corresponding FET devices show a lower carrier mobility ranging from 150-700 

cm2 V-1 s-1 and heavily p-doped characteristic compared with those devices fabricated 

with high quality graphene. 

 

Figure 2-9. Transmission electron microscopy (TEM), optical and Raman analysis 

of graphene grown at the interface of metal/SiO2. (a) TEM image of the 

longitudinal section showing grain boundary and void. (b) Optical image of 

graphene ridges formed at 160 °C for 2 min on SiO2. (c) Typical Raman spectra 

acquired from the graphene ridge labelled by a black dot in b [20]. 

Figure 2-9 has been removed due to Copyright restrictions. 
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Due to the same diffusion-segregation growth mechanism, the thickness of the metal 

layer and the ratio between the metal and carbon sources are believed to be the most 

important parameters for the production of high quality large-area graphene with both 

transfer-free and direct growth on insulating substrate. A lower carbon to metal ratio is 

favoured leading to a lower surface coverage of graphene and the potential 

disconnection between top-surface graphene and substrate; in contrast, a higher carbon 

to metal ratio may result in the de-wetting of the layer before graphene growth and 

excessive segregation of amorphous carbon after the growth, in turn leading to a 

mixture of multilayer graphene/amorphous carbon. 

The production of wafer-scale graphene using metal-free PECVD was pioneered by 

Zhang and his co-workers in 2011 [147] on various insulating substrates. After that, the 

direct growth of wafer-scale monolayer graphene on Ge substrates was achieved by 

Wang and his co-workers very recently [148]. In this method, hydrocarbon radicals 

were first introduced onto the surface of a Ge substrate together with a H2/CH4 ratio of 

50:0.1, at a temperature ranging from 800-910 °C. The carbon atoms decomposed from 

the hydrocarbon and bonded with each other and the graphene grains interlinked 

together by collision under the catalytic effect of Ge, leading to the formation and 

extension of the graphene layer on the surface of the Ge substrate. The positively shifted 

Dirac point can be observed together with a carrier mobility of 800-900 cm2 V-1 s-1 from 

its resultant FET device, which is comparable to that of CVD graphene. To improve its 

electronic properties, wafer-scale wrinkle-free single-crystal monolayer graphene grown 

on a hydrogen-terminated Ge (110) substrate was achieved [149]. The growth 

mechanism of single-crystallised graphene is attributed to the atomic arrangement of 

single-crystal Ge, which enables unidirectional alignment of graphene grains merging 

into a graphene film with the same orientation. Compared with graphene produced on 

polycrystalline Ge substrates, a much higher carrier mobility, up to 104 cm2 V-1 s-1 has 
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been observed due to the decreased electron scattering at defective grain boundaries and 

wrinkles. Due to an extremely low solubility of carbon in Ge under equilibrium 

conditions, graphene grown with this method has been believed to be a self-limiting 

process. 

2.2.5 Conclusions 

Different techniques for the production of large-area high quality graphene have been 

developed since the experimental discovery of graphene. Epitaxial graphene grown on 

single crystal SiC substrate is a wafer scale method for the production of large-area 

graphene directly on semi-conductive substrates, although the cost of substrates and 

growth temperature is very high, and the non-flat terraced nature limits its application. 

CVD graphene grown on transition metal films, particularly on Cu and Ni, is another 

promising approach for the production of large-area high quality graphene. With very 

good transfer compatibility to arbitrary substrates, it has been used for a number of 

applications, such as touch screen displays, e-paper and organic light-emitting diodes 

(OLEDs). Although CVD growth is more commercial than the epitaxial method, its 

high growth temperature and the requirement of the post-transfer process make this 

method in need for further development. Graphene growth from solid carbon source and 

transfer free growth are the other two achievements for the production of large-area 

graphene, although further improvements of these methods are required to make them 

practical for industrial device applications. Each growth method developed so far has its 

advantages and limitations. The main challenge is the development of a wafer scale 

production technique for atomically flat and low defect single crystal graphene directly 

onto insulating substrates. Although graphene is unlikely to be used for the fabrication 

of commercial high-performance applications in the near future, its superior 

physical/chemical properties have already been proved promising by proof-of-concept 

devices and sensors [150]. 
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Chapter 3 Graphene Functionalisation & Applications 

3.1 Functionalisation of Graphene 

Since the experimental discovery in 2004 [2], graphene has attracted tremendous 

interest due to its unique properties. However, developments of graphene-based 

applications have been limited due to its low solubility, zero band gap and chemical 

inertness. To overcome some of these limitations, chemically covalent or non-covalent 

functionalisation of graphene with organic or inorganic molecules can prevent the 

agglomeration of layered graphene in the solvent phase. This leads to its higher 

solubility and provides active functionalities on the graphene surface to tune its 

physical/chemical properties to meet the requirements of different applications. 

Therefore, understanding graphene chemistry and knowing how functional groups 

attach onto and modify graphene are necessary for the further development of graphene 

applications. 

Chemical functionalisation of graphene has been widely explored to meet the 

requirements of electronic and biosensing applications [30, 151]. In this section, state-

of-the-art techniques for chemical functionalisation of pristine graphene and graphene 

derivatives, especially those commonly used for the fabrication of graphene biosensors, 

have been reviewed in detail. According to the different mechanisms, they could be 

categorised into covalent or non-covalent methods. Covalent functionalisation is based 

on breaking sp2-hybridised carbon in pristine graphene lattice using methods such as 

oxidation [27] and binding of dienophiles, or attachment of functionalities through 

oxygen-containing functionalities existing on the surface of GO through the 

esterification or silanisation with APTES [25]. Non-covalent functionalisation is 

achieved via the interaction of π-π bonds, hydrophobic bonds or Van der Waals forces. 

The ultimate purpose of chemical functionalisation of graphene in this work is to 
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achieve chemically active graphene, which is capable to bond or interact with other 

biomolecules. 

3.1.1 Covalent Functionalisation 

Graphene has an sp2-hybridised 2D structure, which refers to the hybridisation of one s 

orbital and two p orbitals and results in three energetically equivalent sp2 orbitals. The 

remaining p orbital forms a π bond with p orbitals from other carbon atoms, which is 

perpendicular to the plane of the graphene sheet and is responsible for the interaction 

between graphene layers. In a typical covalent functionalisation, the break of sp2-

hybridised C-C bonds and re-hybridisation of sp3-C-C bonds results in the presence of 

free radicals or dienophiles. These introduce chemically active functionalities into the 

graphene lattice or at the end of the graphene sheet, which are capable to interact with 

other molecules. 

3.1.1.1 Oxidation of Pristine Graphene 

The first technique for the production of functionalised graphite dates back to 1859 

[152]. By reacting a mixture of potassium chlorate and highly concentrated nitric acid 

(HNO3), graphite oxide was obtained using a combination of extended bath sonication 

and careful centrifugation. This method is of high risk and needs care at all stages due to 

the strong oxidation used. To make this method safer, faster and more effective, a 

technique was developed between 1898 and 1957 by Staudenmaier, Hofmann and 

Hummers using different oxidants [153-155]. Although, Hummers method can achieve 

a higher oxidation level (27.92 wt% oxygen), it was found that the oxidation is 

incomplete, due to the GO-shell graphite-core structure. Hummers  method has been 

optimised by a peroxidation process using a mixture of sulfuric acid (H2SO4), K2S2O8 

and phosphorus pentoxide (P2O5) [156] and considered as the most effective technique 

for the large-scale production of GO (known as modified Hummer’s method) [27, 157, 
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158]. The precise mechanism of Hummer’s method has not been confirmed so far 

(likely to be that of sp2 C-C bond being attacked by free radicals), but the outwardly 

functional groups on graphene plane have been proposed and confirmed by the results 

of nuclear magnetic resonance (NMR) [159] and Fourier Transform Infrared 

Spectroscopy (FTIR) [160]. One of the most well-known GO models was proposed by 

Lerf and Klinowski as shown in Fig. 3-1 below. The plane of a graphene sheet is 

randomly decorated by hydroxyl groups (-OH) and epoxide groups (C-O-C) with the 

opening of C=C bonds, whilst the periphery of the graphene plane is functionalised by a 

small amount of carboxylic groups and carbonyl groups [161, 162]. In this case, the 

hydrophobic inert graphene is turned into highly hydrophilic GO with numerous 

reactive sites on both sides of the graphene sheet, which in turn provides the possibility 

of reacting with other biomolecules dispersed in aqueous solutions [163]. The 

advantage of the modified Hummer’s method is its high efficiency of oxidation, which 

is indicated by the weight percentage of oxygen atoms in GO. However, the 

disadvantage is that all chemicals involved are strong oxidizing agents and the reaction 

itself is very harsh as well, limiting this approach towards the functionalisation of 

electronic devices (thin metal film can be easily oxidised, damaged or no longer 

attached to the substrate). 

 

Figure 3-1. Typical atomic structure of graphene oxide [164]. 

Figure 3-1 has been removed due to Copyright restrictions. 
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3.1.1.2 Addition of Free Radical to sp2-hybridised Carbon 

In order to achieve the single-type functionality terminated graphene and to further 

understand the mechanism of covalent functionalisation, more selective methods have 

been developed recently. In 1894, Fenton reported a method which used a mixture of 

H2O2 and ferrous iron salt (Fe2+, to act as a catalyst) to degrade various organic 

compounds [165]. This was later developed as a method for introducing hydroxyl 

groups into graphene-like structures, such as graphene, graphite and carbon nanotube 

[166-168]. Through a catalytic decomposition of H2O2 at room temperature, hydroxyl 

radicals (HO·), which are believed to be one of the most powerful oxidants [169], are 

generated constantly. Unsaturated sp2-hybridised carbon bonds and the defective sites, 

existing in the plane of the graphene sheet, are synchronously attacked by the hydroxyl 

radicals through an electrophilic addition reaction. This results in the introduction of 

large quantities of hydroxyl groups onto the surface of the graphene (a limited amount 

of –COOH and quinone groups (C=O) on the rim of graphene sheet), the reaction 

equation is described as: 

 𝐹𝑒2+ +  𝐻2𝑂2 →  𝐹𝑒3+ +  𝐻𝑂 ·  + 𝑂𝐻−                                                                          

(1) 

 𝐹𝑒3+ +  𝐻2𝑂2 →  𝐹𝑒2+ +  𝐻𝑂𝑂 ·  + 𝐻+                                                                               

(2) 

 𝐹𝑒2+ +  𝐻𝑂 · →  𝐹𝑒3+ +  𝑂𝐻−                                                                                              

(3) 

Compared with Hummers’ method, a negligible amount of carboxyl (-COOH) and 

quinone groups are introduced onto the surface of graphene. However, similar to  

Hummer’s method, the original sp2-hybridised graphene lattices are significantly 

disordered by radical attack during Fenton reaction, which is consistent with the 
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introduction of oxygen-containing functionalities [167]. Therefore, the electronic 

properties, such as the conductivity of hydroxylated graphene, decrease sharply 

compared with pristine graphene. In addition to the Fenton Reaction, other 

hydroxylation methods, such as hydroxylation with sodium hydroxide (NaOH), KMnO4 

[170], sodium aluminate (NaAlO2) [171] or sodium zincate (Na2ZnO2) [172], which 

have normally been used on organic chemistry, have been attempted and developed to 

achieve hydroxyl terminated graphene. However, these methods have not been widely 

used due to the limited hydroxylation efficiency. 

Tour and his co-workers reported a method of adding nitrophenyl groups onto a 

graphene channel by heating up diazonium salts together with pristine graphene [173]. 

The diazonium salt has a general molecular structure of R-N2
+X-, where R stands for an 

organic part like aryl and X is an anion. The mechanism of functionalisation is that the 

sp2 hybridised carbon atoms in the graphene lattice are attacked by the highly reactive 

free radicals generated during heating and then covalently bonded with those radicals. 

Similar to the oxidation functionalisation above, the conductivity of the corresponding 

graphene sheet drops sharply after functionalisation, which is attributed to the 

conversion of the sp2 to an sp3 hybridised structure. After that, Niyogi and his co-

workers demonstrated that the attachment of nitrophenyl onto graphene introduced a 

controllable band gap, providing graphene a huge potential in semiconductor 

applications [174]. The ratio between sp2 and sp3 hybridised carbon atoms, which can 

be calculated by the intensity ratio of the D band and G band in Raman spectroscopy, 

can, therefore, be used to evaluate the level of the functionalisation process. 

3.1.1.3 Immobilisation of Functionalities onto Graphene Oxide 

Graphene oxide can be considered as a monolayer of carbon atoms connected through 

sp2 or sp3-hybridised C-C bonds with each other, which may randomly bond with 
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oxygen containing functionalities such as hydroxyl, epoxy, carbonyl, and carboxyl 

functional groups. The hydroxyl and epoxy groups are distributed on the both sides of 

basal graphene plane while the carbonyl and carboxyl groups are distributed at the edge 

or defective site of the graphene sheet. Therefore, GO provides the potential to react 

with chemicals, which can react with both carbon atoms in graphene lattice and the 

oxygen containing functionalities distributed on graphene. Due to the extensive 

experience accumulated on the chemistry of oxygen-containing groups above, GO has 

been commonly chosen as the initial material for the production of graphene derivative 

and the fabrication of graphene-based devices [163]. 

The method of GO functionalisation with APTES (or APTS) was first reported by Yang 

and his co-workers [25] by heating up the mixture of GO, dicyclohexylcarbodiimide 

(DCC, act as a catalyst) and APTES to 70 °C for 24 h. The mechanism is that the silane 

moieties bonded to the surface of GO through a nucleophilic displacement reaction 

occurred between epoxy groups from GO and amino groups from APTES, as shown in 

Fig. 3-2. In the presence of water, APTES molecules are subject to a hydrolysis 

condensation with each other and form a layered structure on the surface of GO. The 

key evidence of this successful chemical functionalisation include: the presence of a 

band at 1059 cm-1 in FTIR spectrum and Si2p bands at 102.6 eV and 98.6 eV in X-ray 

photoelectron spectroscopy (XPS), which indicates the existence of silicon atoms in Si-

O-C and Si-O-Si bonds. The shift of the Os1 band in XPS from 532.7 eV to 531.8 eV 

after APTES functionalisation indicates the presence of oxygen atoms in Si-O-C and Si-

O-Si bonds. 
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Figure 3-2. Demonstration of reaction between GO and APTES. 

In contrast, another mechanism for the functionalisation of GO with APTES has been 

proposed recently [166]. In the presence of water, ethoxy groups in APTES molecules 

subject to a hydrolysis reaction, result in a Si-OH functionalities terminated surface. 

These Si-OH functionalities react with the hydroxyl groups from both GO and 

hydrolysed the APTES molecules themselves, and in turn, result in Si-O-Si bonds, 

forming an inhomogenous multi-molecular layer on the surface of GO, as shown in 

equation (4) below. However, in the absence of water, ethoxy groups in APTES 

molecules directly react with the surficial hydroxyl groups from GO. In this case, the 

resultant condensed layer is relatively uniform and has fewer layers, as shown in 

equation (5) below. It is worth noting that these two reactions practically occur at the 

same time, as the trace water in chemicals is impossible to remove. 

𝐻2𝑁 − 𝐶𝐻2𝐶𝐻2𝐶𝐻2 − 𝑆𝑖(𝑂𝑅) − 𝑂𝐻 + 𝐻𝑂 − 𝐶 

→  𝐻2𝑁 − 𝐶𝐻2𝐶𝐻2𝐶𝐻2 − 𝑆𝑖(𝑂𝑅) − 𝑂 − 𝐶

+  𝐻2𝑂                                 (4) 

Figure 3-2 has been removed due to Copyright restrictions. 
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𝐻2𝑁 − 𝐶𝐻2𝐶𝐻2𝐶𝐻2 − 𝑆𝑖(𝑂𝑅)2 − 𝑂𝑅 + 𝐻𝑂 − 𝐶 

→  𝐻2𝑁 − 𝐶𝐻2𝐶𝐻2𝐶𝐻2 − 𝑆𝑖(𝑂𝑅) − 𝑂 − 𝐶

+ 𝑅𝑂𝐻                                 (5) 

Where R = H or C2H2O. 

Polymers containing chemically active species, such as hydroxyl, amino groups, can 

also be immobilised onto the surface of GO through a covalent bond. In such a 

hybridised composite, the electrical conductivity and the chemical inertness are mainly 

attributed to the structure of graphene while its chemical properties and mechanical 

properties are attributed to the particular bonded polymer. In biosensing applications, 

polymers that can provide abundant amino or carboxyl groups, are preferable in the 

fabrication of this polymer-graphene composite. PAA is one of the long alkyl molecule 

containing abundant reactive amino groups, which are able to react with epoxy groups 

on the surface of GO. In this reaction, a three-membered epoxy group was attacked by 

nucleophiles (amino groups in PAA molecules here) and subjected to a ring opening 

reaction, resulting in the formation of C-N bonds [175]. This mechanism is supported 

by the increase of the peak at 1500 cm-1 in the FTIR spectrum and the sharp decrease of 

the C1s peak at 286.7 eV in the XPS spectrum, which are indicators of the formation of 

a C-N bond and the breaking of epoxy rings, respectively. The advantages of this 

method are: a monolayer or few-layer GO fragments can be cross-linked with each 

other easily by the covalent C-N bonds and the non-covalent interaction between 

negatively charged GO and positively charged PAA. Therefore, the preparation 

procedure of this composite is simple and easy (simply by dropping PAA solution onto 

the surface of GO) compared with those complicated purification/functionalisation 

(such as electro polymerisation) and the resulting composite is relatively more stable 

[176]. In addition, the functionalisation of GO with PAA is more effective in providing 

the reactive amino groups as each PAA molecule contains a large number of amino 
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groups and only a small amount of them are used for immobilizing themselves onto the 

surface of GO. 

3.1.2 Noncovalent Functionalisation 

To make graphene hydrophilic, soluble in more nonpolar/polar solvents, able to provide 

various functionalities whilst its structure can be maintained, the noncovalent 

functionalisation has been carried out for the modification of graphene. Compared with 

the covalent functionalisation, the noncovalent functionalisation of graphene is achieved 

mainly through π-π interactions between graphene and the target molecules (or Van der 

Waals’s force between graphene and molecules), and thus, its physical and electronic 

network will not be disturbed [177]. As mentioned earlier, carbon atoms bond with each 

other through the three energetically equivalent sp2 orbitals and the remaining p orbital 

makes a contribution to the π bond, which is perpendicular to the plane of the graphene 

sheet. The π-π interaction is one of the most important noncovalent driving forces which 

refers to the attraction of the negatively charged π electron clouds with similar electron 

densities (the π-π interaction also exists through induction interactions, even if one of 

the systems is electron-rich and the other is electron deficient, such as the negative 

charge transfer from benzene to hexafluorobenzene). 

Noncovalent bonds are weaker than covalent bonds as it is further from the positively 

charged atomic nucleus, and the species noncovalently bonded onto the surface of 

graphene always leads to doping in graphene, which can be monitored by sweeping the 

gate voltage vs source-drain current in a FET device. In a typical ID-VG characterisation 

curve, it should exhibit a Dirac point at 0 V, however in practice, the Dirac point is 

negatively or positively shifted due to particularly bonded absorbents from the air or 

organic residues remaining from the fabrication process [178]. Annealing in a vacuum 

or inert gas such as Ar is preferred in desorbing absorbents from the surface of graphene, 
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which in turn reduces the doping level. However, the electronic performance, such as 

mobility, degrades as annealing brings graphene closer to the supporting substrate SiO2 

[179]. 

Noncovalent functionalisation of GO with single stranded DNA (ssDNA) has been 

reported by Liu and his co-workers [180] by simply incubating an ssDNA solution with 

GO for 24 hours. Due to the strong π-π interaction between the sp2-hybridised carbon in 

GO structures and adenine, guanine, thymine and cytosine in ssDNA molecules, which 

all contain ring structures, ssDNA shows a strong tendency to flatly bond onto the 

surface of GO. Besides π-π interactions, hydrogen bonds between DNA molecules and 

oxygen-containing functionalities on the surface of GO act as a secondary driving-force 

and enhance the binding. In subsequent work, Xu and his co-workers reported a simple 

3D self-assembly method for the production of DNA-GO multifunctional hydrogels 

with the same binding mechanism (π-π interaction) [181]. By heating up a mixture of 

equal volume solutions of GO and double stranded DNA (dsDNA) with various 

concentrations to 90 °C for 5 mins, the dsDNA molecules were subjected to an 

unwinding process and the corresponding ssDNA noncovalently bonded onto the 

surface of GO, resulting in DNA-GO hydrogels. The resulting DNA-GO hydrogels 

showed unique mechanical strength, environmental stability (no form change after 

being immersed in strong acid for one week) and high dye-adsorption (nearly 100% 

adsorption after 24 hours). Also, as bonded ssDNA molecules are capable of 

hybridising with its complementary DNA (cDNA), these stable DNA-GO composites 

have potential applications for catalysis, optoelectronics, FETs and biosensors. 

3.2 Graphene Applications 

Although it is unlikely that graphene can soon be integrated into current logic circuits as 

channel material due to the absence of a bandgap, a wide range of graphene-based 
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applications has been proposed and developed in labs since its experimental discovery. 

The properties or form of graphene used varies from one application to another 

according to the specific requirements. For example, the large area monolayer graphene 

without defects is required in the application of graphene FETs, while for some other 

applications such as energy storage devices and graphene modified electrodes, a 

graphene nano platelet with some defects is ideal. The major achievements in the 

application of graphene in electronics and sensing technology have been reviewed in 

detail below and a summary of the unique properties of graphene for particular 

applications is shown in Table 3-1 accordingly. 
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Table 3-1. A summary of properties of graphene for particular applications 

 Electrical 

conductivity 

Breaking 

strength 

Surface/ 

volume 

ratio 

Transpar-

ency 

Thermal 

conductivity 

Chemical 

inertness 

Elasticity 

Transistor √ × × × × √ × 

Transparent 

& flexible 

conductor 

√ √ × √ × √ √ 

Sensor √ × √ × × √ × 

Energy 

storage 

√ × √ × × √ × 

Paint √ × √ × √ √ × 

Field 

Emission 

√ × × × × √ × 

Battery √ × √ × × √ × 

3.2.1 Graphene Transistor 

So far, halving the FET size every 18 months is the most successful concept in the 

development of logic circuits following Moore’s law since 1965 [182]. However, after a 

considerable exploration of conventional Si-based complementary metal–oxide–

semiconductor (CMOS), the International Technology Roadmap for Semiconductors 

has announced that it will approach the limit around 2020. This can be attributed to the 

inhomogeneity of device fabrication, quantum effects and difficulties in heat dissipation 

with increasing density of device integration. Therefore, for the further development of 

FETs, it is crucial to investigate new materials, potentially providing smaller geometry 
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size, lower resistance, higher mobility and higher thermal conductivity to realise a 

replacement of conventional Si. 

Graphene has attracted intensive research on the development of electronic transistors 

due to its 2D nature and unique electronic band structure calculated by Wallace from a 

tight-binding model in 1947 [50, 65] (as shown in Fig. 3-3). Two connected Dirac cones 

normally describe this band structure with a linear energy-momentum dispersion 

relation. The Fermi level (ED) is proposed at the point where the valence and conduction 

bands meet, which is also known as a Dirac point or neutrality charge point. Both 

occupied valence and unoccupied conduction bands present a density of states of zero, 

making graphene a zero band-gap semiconductor. As a consequence of this, the 

Quantum Hall Effect can be observed at room temperature with a low magnetic field, 

making graphene a very promising candidate in the development of next generation 

semiconductors. 

 

Figure 3-3. Electronic dispersion in the honeycomb lattice. 

A typical graphene-based FET includes: a gate, which is insulated from the channel area 

by a dielectric layer (also known as barrier); a channel region, which is a graphene film 

connecting the source electrode and the drain electrode, as shown in Fig. 3-4 (right) 

below. By controlling the voltage applied between the gate and the source, the 

Figure 3-3 has been removed due to Copyright restrictions. 
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conductivity of the channel can be modulated. The first and most important 

breakthrough of graphene FETs was achieved by Manchester in 2004, using the model 

shown in Fig. 3-4, right. Due to the incompatibility of back-gated FETs with other 

practical components, the top-gated FET has since been developed using exfoliated, 

CVD and epitaxial graphene as channel materials and SiO2, aluminium oxide (Al2O3) 

and hafnium (IV) oxide (HFO2) as the dielectric layer, as shown in Fig. 3-4 left. On the 

other hand, radio frequency (RF) transistors have also been developed and optimised. 

Lin and his co-workers from IBM first reported a 240 nm gate RF transistor fabricated 

with few layer epitaxial graphene in 2010 [65]. The cut-off frequency was up to 100 

GHz, which was higher than those of the best silicon FET with similar gate length, was 

obtained together with a mobility value of 1520 cm2 V−1 s−1. At the same time, by using 

a 1-2 nm thick HFO2 as a dielectric layer, a top-gated graphene nanoribbon FET has 

now been reported with a recorded on-off ratio of 70 [183]. 

For the application of graphene-based FETs, the most crucial problem is the absence of 

a bandgap. There are four main methods that have been proposed and achieved for the 

opening of a bandgap: narrowing the channel width down to the nanometre scale, also 

known as using graphene nanoribbons [184]; replacing the monolayer graphene with a 

bilayer one [185]; applying a strain to monolayer graphene sheet [186] and modifying 

the surface of graphene with chemical functionalities [187]. Whichever methods above 

are used, the degradation of the electronic performance of pristine graphene will result 

due to the structural change of graphene. The most important advantage of graphene in 

the electronic application is its high mobility at room temperature. The mobility 

reported from pristine graphene on a SiO2/Si wafer, which was prepared with 

mechanical exfoliation, generally ranges from 10000 to 15000 cm2 V−1 s−1 with an 

upper limit of 70000 cm2 V−1 s-1 [188]. Furthermore, without the effects of impurities, 

wrinkles and substrate, a mobility of 200000 cm2 V−1 s-1 has been recorded [189]. 
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Compared with the exfoliated graphene, the graphene produced with CVD and epitaxial 

method shows mobility up to 3700 cm2 V−1 s-1 and 5000 cm2 V−1 s-1, respectively. 

 

Figure 3-4. Structural diagram of a conventional top-gated FET using graphene 

(left) and a graphene-based back-gated FET (right). 

3.2.1.1 Id-Vg Characterisation 

Isource-drain-Vgate-source characterisation (known as Id-Vg characterisation in this thesis) is 

determined by plotting the current measured between source and drain electrodes versus 

the voltage applied between source and gate electrodes. Due to the zero bandgap nature 

of monolayer graphene, a typical graphene FET exhibits ambipolar behavior in Id-Vg 

characterisation, in which the charge carrier change from electrons to holes (or from 

holes to electrons) reaches a minimum level at the Dirac Point, as shown in Fig. 3-5. In 

the region around the Dirac Point, both holes and electrons have their contribution to 

charge carriers, whilst in the region relatively far from the Dirac Point, charge carriers 

consist of only holes or electrons, which show a relationship of  𝑛𝑒,ℎ = 𝛼𝑉𝑔 with applied 

back gate voltage (α is the injection rate of back gate charge). The source-drain current 

can be described by the equation below for low source-drain voltages (Vds<Vgs-V0) 

[190]: 

𝐼𝑑 = (𝑊/𝐿)µ𝐶𝑜𝑥((𝑉𝑔 − 𝑉0)𝑉𝑑 − 0.5𝑉𝑑
2)                                     (6) 

Figure 3-4 has been removed due to Copyright restrictions. 
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where W and L are the width and length of the channel respectively, µ is the mobility of 

charge carriers at low-fields which can be calculated by: 

µ = 𝜎/𝑞𝑛 

= (𝐼𝑑 ∗ 𝐿)/(𝑉𝑑 ∗ 𝑊 ∗ 𝐶𝑜𝑥 ∗ (𝑉𝑔 − 𝑉0))                                      (7) 

Where n is the carrier concentration, q is the elementary charge, σ is conductivity for 

the linear range of Id-Vg characterisation, Cox is the geometrical capacitance which can 

be expressed as 𝐶𝑜𝑥 = (ℰ𝑟 ∗ ℰ0)/𝑑, d is the thickness of the dielectric layer and V0 is 

the voltage at the Dirac Point. 

 

Figure 3-5. Ideal source-drain current versus source-gate voltage. 

3.2.1.2 Total Resistance Measurement 

Due to the low resistive nature of graphene, an ohmmeter in the circuit loop measures 

the total resistance of the graphene channel and the connecting wires in the conventional 

two wire resistance measurement, which leads to an inaccurate reading of the real 

graphene resistance. To solve this problem, four wire (also known as Kelvin) resistance 

measurement has become the most commonly used method for the accurate evaluation 

of graphene resistance. In a typical four wire measurement, the current is taken from the 
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circuit loop, which has the same reading at all the points, and the voltage drop is 

measured just across the graphene channel, which avoids the effects from connecting 

wires, as shown in Fig. 3-6 (a) and Fig. 3-6 (b). 

 

Figure 3-6. Two wire and four wire measurement. (a) circuit loop comparison of 

two probes measurement and (b) four probes measurement. 

3.2.1.3 Contact Resistance Calculation 

The total device resistance of a graphene FET consists of the graphene channel 

resistance and the contact resistance. The channel resistance is determined by the 

quality of the graphene and the interaction between the graphene and the supporting 

substrate, which cannot be changed easily. However, the contact resistance, which 

mainly depends on the structural damage and the interaction at the graphene-metal 

interface, can be reasonably reduced, resulting in improved electronic performance. 

Therefore, a feasible method for the calculation of contact resistance is required. 

One of the most commonly used methods for the calculation of contact resistance is the 

transfer length measurement (TLM), which contains any resistance independent with 

the channel length. The TLM method is based on the equation: 

𝑅𝑡𝑜𝑡𝑎𝑙 = 2𝑅𝑚 + 2𝑅𝑐 +  𝜌𝑐ℎ(𝑑/𝑊)                                      (8) 

Where Rm is the resistance due to the metal contact, Rc is the contact resistance and ρch 

is the channel resistivity. In most cases, Rm is very small compared with Rc, therefore, 
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Rm can be ignored. The Rc, therefore, can be determined by plotting the measured total 

resistance versus their channel length accordingly (all other parameters are kept 

constant). At the zero length point, the total resistance equals twice that of the contact 

resistance, as the schematic diagram shows in Fig. 3-7 (a). 

For quick and convenient evaluation of contact resistance, an alternative method is 

extracting the contact resistance at high Vg in the R-Vg curve [191], where the resistance 

of the graphene channel was found to be stable and negligible compared with contact 

resistance. Therefore, the total resistance measured equals twice the contact resistance, 

as the schematic diagram shows in Fig. 3-7 (b). 

 

Figure 3-7. Contact resistance calculation. (a) Calculation of contact resistance 

with TLM method and (b) extraction of contact resistance at the high Vg region. 

3.2.2 Graphene-based Sensors 

Graphene has the potential to convert any physical stimulation, such as molecules 

physically absorbed or chemically bonded onto it into a change of an electronic signal. 

This change, which gives graphene a promising prospect in the application of sensing 

technology, can be attributed to the change of carrier concentration occurred on 

graphene caused by the surrounding field or those molecules performing as electron 

donors/acceptors. To date, graphene has therefore been considered for a variety of 

b a 
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sensor applications, from the measurement of the magnetic field to DNA base sequence 

and from monitoring the pressure applied to particular the environmental conditions 

(such as pH, humidity). 

One of the earliest successful cases is a graphene gas sensor reported by Schedin and his 

co-workers, which presented a limit of nitrogen dioxide (NO2) detection down to a 

single molecule absorbed onto graphene [192]. According to their report, the 

functionality of this gas sensor can be fully recovered by a vacuum annealing at 150゜C 

or illumination under UV for a short time after the detection of specific target 

substances. Compared with the detection mechanism of ammonia (NH3), which is a 

donor of electrons to graphene, the mechanism of NO2 or 2, 4-dintrotoluene detection is 

attributed to hole conduction, as each NO2 molecule receives one electron from 

graphene. Therefore, by immobilizing specific functionalities onto the surface of 

graphene, the graphene gas sensor with a high selectivity for the specific substance can 

be achieved. A LoD of 5 ppm NO2, NH3 and 28 ppb 2, 4-dintrotoluene have later been 

reported by another group [193]. In another reference, the surface of graphene was 

chemically functionalised with Pd nanoparticles [194], and, this sensor was able to 

detect H2 from the strong affinity between Pd and H2 molecules. 

Another break through is the fabrication of graphene-based heavy metal sensors. The 

detection of Pb2+ and Cd2+ by a Nafion-graphene modified electrode has been reported 

by Li and his co-workers, showing a LoD of 0.02 μg/L for both of them, which is a 

significant improvement compared with the conventional mesoporous carbon or carbon 

nanotube modified electrodes [195]. In parallel, Yao and his co-workers reported a 

graphene/sponge-based pressure sensor [196]. The mechanism of this conductive 

sponge-based pressure sensor is that the change of the graphene absorbed sponge leads 

to a macroscopic change in the conductivity under a certain pressure.  
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A biosensor is a device for the detection of particular biomolecules, which appear in the 

biological system together with other substances. Biosensors are one of the key topics 

of this thesis. Conventional devices designed for monitoring various parameters can be 

simply replaced by one graphene-based sensor to achieve the same purpose. However, 

the development of graphene-based sensors is still in its infancy due to the reasons 

below. The commercial production of large area high quality graphene has not been 

widely developed; chemical functionalisation always introduces defects into pristine 

graphene sheets, which degrade the electronic performance of graphene to some extent; 

the physical or chemical mechanism at the interface of graphene and target molecules, 

which plays an essential role in sensing devices, has not been fully understood so far. 

3.3 Graphene-based Biosensors 

3.3.1 Definition and Structure of a Biosensor 

A biosensor is an analytical device for the detection of a specific analyte, which 

normally contains a biochemical receptor, an integrated physical transducer and a signal 

processor [197], as shown in Fig. 3-8. The biochemical receptor can be nucleic acid 

(DNA/RNA/base) [198], antibody/antigen [199], protein (enzymes), organelles, cells 

[200] or tissue, which are able to interact with the target biomolecules specifically and 

generate a biochemical signal simultaneously. The transducer is integrated with the 

biological receptor to convert the biochemical signal into another signal which can be 

processed or recorded, such as a FET device [42], an electrode [201], nanoparticles 

[202], magnetic labels or fluorescent labels [203]. The signal processor (also known as 

biosensor reader), which can accept a signal from the transducer and output into a 

readable data form, is usually custom designed to suit the specific biosensing system. 

The ultimate purpose of the development of a biosensor is to carry out a fast, reliable, 

accurate test at the point of concern where the sample was produced. 
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Figure 3-8. Elements of a typical biosensor. (a) biological receptor. (b) physical 

transducer. (c) Signal processor (biosensor reader) [204]. 

3.3.2 Fluorescence Biosensors 

Conventional biosensing or immunoassay techniques mainly rely on the fluorescent dye 

labelled probes which can interact with specific molecules existing in blood or other 

body/non-body fluids [205]. The detection is achieved through laser excitation of 

fluorescent labels and capture of the fluorescent emission process, which is a slow, 

expensive and complicated technique. Very recently, graphene-based fluorescence 

biosensors have been explored and developed by Chang and his co-workers using a 

different principle of detection [206]. In a typical graphene-based fluorescence 

biosensor, graphene mainly performs as: a substrate, which can weakly bond with 

fluorescent dye labelled aptamer (short DNA sequence) or ssDNA due to its 

hydrophobic nature and π-π interactions between graphene and substances [207] and a 

quencher of fluorescent signals due to the fast electronic transference from fluorescent 

dye to graphene sheet. Therefore, when the fluorescent dye labelled probe molecules are 

Figure 3-8 has been removed due to Copyright restrictions. 
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added into the system (weakly attached to graphene sheet), quenching of the fluorescent 

signal can be observed, as shown in Fig. 3-9 (a). Whilst the target molecules are added 

into the system, the labelled probe molecules are released from the surface of graphene 

due to the stronger interaction between the specific probe-target pair, which in turn 

restores the fluorescent signal [198, 208, 209], as shown in Fig. 3-9 (b). With this 

method, a detection limit of 31 pM [206] thrombin and 2.0 nM DNA [41] have been 

reported, respectively. It is notable this system can also be modified and used as a multi-

functional device or virus sensor simply by introducing the multi fluorescence labelled 

DNA [208] or the specific functional groups (such as –NH2) [210] onto the graphene 

sheet, respectively. 

The major attraction of this method is the high throughput due to its fast response time 

and the strong signal generated; however, the probe labelled with a fluorescent dye 

requires pre-treatment and preparation, leading to extra cost and work. Also, to collect 

fluorescent signals of sufficient intensity for an accurate analysis, fluorescent biosensors 

are difficult to miniaturize to meet the requirement of in vitro applications. 

 

Figure 3-9. The principle of graphene-based fluorescence biosensors [198]. 

3.3.3 Electrochemical Biosensors 

Electrochemical biosensors are specially designed for the analysis of electroactive 

systems or the detection of electroactive biomolecules. In this sensing system, graphene 

Figure 3-9 has been removed due to Copyright restrictions. 
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mainly plays a role as a conductor for receiving or donating electrons due to its high 

surface to volume ratio (provide more edges, defects and basal plane area) and fast 

electron transfer ability [211]. A typical electrochemical sensing system normally 

includes: a working electrode, which is functionalised with graphene (or derivatives) 

and specific biological probes; a counter electrode, which constitutes an electrical 

circuit with the working electrode; and a reference electrode, aiming to provide a 

constant potential during the measurement, as shown in Fig. 3-10. The basic principle is 

that the electroactive molecules in the electrolyte can be reduced or oxidised at different 

specific electronic potentials, which donate or receive electrons from the surface of the 

working electrode (showing redox peaks). Once the target molecules bond with probes 

on the surface of the working electrode, the electroactivity of the working electrode will 

be reduced or increased, this will either obstruct or promote electron transport, leading 

to the decrease or increase of those redox peaks. 

The advantages of this graphene-based electrode include wide potential windows [212], 

electrochemical inertness in solutions [150] and good electrochemical activity. However, 

one of the challenges for biosensor applications is that the biological probe molecules 

cannot be directly bonded onto the surface of pristine graphene in most cases due to the 

absence of hydrophilic functionalities on graphene. In addition, only a very limited 

number of electroactive sites are available on the surface of pristine graphene, which 

limits the sensitivity of the resulting biosensor [213]. GO, graphene decorated with 

randomly distributed oxygen-containing functionalities on both sides of the plane, has 

also been widely reported as a biosensor material due to its high chemical and 

electrochemical activity [214] [213, 215]. However, these oxidised areas on the GO 

plane break the long-range conjugated network and π-electron cloud, leading to a 

degradation of carrier mobility and conductivity [216]. Tremendous work has so far 

been carried out to develop different materials with an aim to achieve the merit of high 
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conductivity and chemical/electrochemical activity on the same electrode [202, 217]. 

Among these materials, rGO is believed to be one of the best candidates due to its 

reasonably reduced number of functionalities [164], a large number of remaining 

electroactive sites [218] and structural similarity with graphene. However, the 

conductivity of a thick rGO layer on a normal glassy carbon electrode can never be 

comparable to pristine graphene [219] and deleterious chemicals are always used during 

rGO production [220, 221]. 

 

Figure 3-10. Structural diagram of electrochemical antigen biosensor. 

According to the specific detection mechanisms, electrochemical biosensors can be 

categorised into the following types: voltammetric/amperometric biosensors which 

apply a sweep/constant potential to the working electrode versus the reference potential 

and monitors the changes of current caused by reduction/oxidation reactions on the 

surface of working electrode [222]. The main advantages of this method are its 

commercial cost and the high reproducibility. Potentiometric biosensor is designed for 

measuring the changes of electronic potential while there is no or negligible current. 

Conductometric biosensors measure the conductivity change of the sample solution as 

the composition of the solution keeps changing during the reduction or oxidation 

reactions [223]. Impedimetric biosensors (also known as Electrochemical Impedance 

Spectroscopy) measure the changes in resistivity or capacitance at the working electrode. 
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The graphene glucose sensor, which was firstly reported by Shan and his co-workers 

[224], is considered as the most famous and commercial electrochemical biosensor so 

far. Glucose was recognised and oxidised to gluconic acid by the glucose oxidase 

enzyme immobilised on the surface of a graphene working electrode. The resultant 

electron is transferred to oxygen, which is therefore reduced to H2O2 [225], resulting in 

a redox peak at -0.5 V. Using this method, a linear response from 2 to 14 mM glucose 

was recorded together with a good reproducibility. After that, this method has been 

modified and improved by a few groups using chemical reduced graphene oxide (CR-

GO) [226], graphene/chitosan composite [201] and graphene/gold nanoparticle/chitosan 

[227]. A LoD of 0.6 µM has so far been recorded. 

Graphene electrochemical DNA sensors are mainly designed for the detection of a 

certain DNA sequence or mutation sites in DNA molecules. One strategy for DNA 

mutation detection is achieved by monitoring the direct oxidation of DNA bases at 

different electronic potential during the electrochemical process. Zhou and his co-

workers reported this CR-GO-based DNA sensor [226] in 2009. By carrying out 

differential pulse voltammetry (DPV) measurements with a CR-GO working electrode, 

four types of DNA bases, either free status or in DNA chains, can be separated at their 

corresponding potential. The other common strategy for DNA sequence detection is 

immobilizing the known ssDNA onto the surface of a graphene electrode, which is able 

to hybridise with its cDNA to affect the electroactivity of the electrode, in turn leading 

to a change in the electronic response. In addition to glucose and DNA biosensors, 

graphene has also been used for the detection of H2O2 [226], nicotinamide adenine 

dinucleotide [228] and heavy metal ions [195]. 
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3.3.3.1 Cyclic Voltammetry (CV) Measurement 

CV measurement is one of the most universal methods for the electrochemical analysis, 

which has been widely used in inorganic chemistry, organic chemistry and chemical 

biology [229]. A typical measurement unit is shown in Fig. 3-10. It consists of the 

following components: the working electrode, where the electrochemistry of interest 

takes place, is chemically or physically functionalised by graphene and bio-molecules. 

The counter electrode (also known as auxiliary electrode or assistant electrode), which 

is made of inert materials such glassy carbon, provides an electrical current circuit 

together with working electrode. The reference electrode, in this work, is an Ag/AgCl 

electrode, which aims to provide a stable and well-known electrode potential. The 

electrolyte consists of an (or a pair of) electrochemical active substance, such as 5 mM 

potassium ferricyanide (K3Fe(CN)6), and a supporting substance, such as 1 M potassium 

chloride (KCl). The triangular excitation potential sweeps from the initial point toward 

either positive or negative to the switch point and then returns to the initial point as the 

end of one cycle, as an example shown in Fig. 3-11 (a). The scan rate can be calculated 

from the slope. CV characteristics are determined by plotting the cycled potential 

applied between the working and the reference electrodes versus the current measured 

between the working and counter electrodes, as shown in Fig. 3-11 (b). 

At the beginning of this electrochemical procedure, the potential is scanning negatively 

from the initial potential of 0.8 V, as indicated by the arrow. When the potential is 

sufficiently negative, a reaction 𝐹𝑒(𝐶𝑁)6
3− + 𝑒 =  𝐹𝑒(𝐶𝑁)6

4− starts to occur (from b to 

Epc) until the Fe(CN)6
3- at the surface of electrode gets diminished (c). At the switch 

point, the potential starts to scan toward positive from -0.4 V. When the potential is 

sufficiently positive, a reaction 𝐹𝑒(𝐶𝑁)6
4− − 𝑒 =  𝐹𝑒(𝐶𝑁)6

3− starts to occur (from e to 

Epa) until the Fe(CN)6
4- at the surface of electrode starts to diminish. The intensity of the 
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redox current reflects the electroactivity of electrode. The concentration ratio of 

Fe(CN)6
3- and Fe(CN)6

4- at a certain potential can be expressed as: 

𝐸 = 𝐸°𝐹𝑒(𝐶𝑁)6
4−,𝐹𝑒(𝐶𝑁)6

3− + (0.059/1)𝑙𝑜𝑔 (
𝐹𝑒(𝐶𝑁)6

3−

𝐹𝑒(𝐶𝑁)6
4−)                           (9) 

Where E° is formal reduction potential of the electroactive pair, which can be found in 

the references. 

 

Figure 3-11. CV measurement. (a) Excitation potential of CV measurement and (b) 

a typical CV characteristic obtained with a scan rate of 100 mV/s and a scan range 

of -0.4 to 0.8 V. 

3.3.3.2 Differential Pulse Voltammetry (DPV) Measurement 

DPV measurement is another commonly used method for the electrochemical analysis. 

It can be carried out using the same components as in CV measurements and the 

resulting current is measured as a function of time (or potential) between the working 

and the reference electrodes. However, the potential applied in a DPV measurement is 

varied with fixed pulses of small constant amplitude. The base potential is a constant 

during one pulse period, but changes from one pulse to another in small steps (Step E). 

Constant pulse amplitude is kept throughout the whole measurement with respect to the 

base potential. Each current reading is determined by the current change measured 

a b 
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between two points, which are the one just before a pulse and the other one at the end of 

the same pulse, as shown in Fig. 3-12 (a). By plotting all the current readings versus 

their base potential accordingly, DPV characteristics can be obtained, as shown in Fig. 

3-12 (b). In comparison with CV measurement, the background current, which does not 

change significantly between two pulses, has been subtracted; therefore, the detection 

sensitivity of using DPV measurement for the same substance is normally higher than 

that of CV measurement. 

 

Figure 3-12. DPV measurement. (a) Excitation potential of DPV measurement and 

(b) a typical DPV characteristic obtained with a scan range of -0.2 to 0.6 V. 

3.3.4 Field Effect Transistor-Based Biosensor 

In this sensing system, graphene, as a 2D material, provides some advantages, such as 

high electron transfer speed, high area to volume ratio and the possibility of being 

chemically functionalised, which make the graphene-based FET perfect for detecting 

charged molecules. The surface of the graphene channel is normally pre-functionalised 

with the specific “bioreceptor” molecules (such as antibody, enzyme or amino acid), 

which enable the detection of specific target molecules. The principle of the graphene 

FET biosensor is that once a target molecule binds onto the conductive channel which 

has been pre-modified by various molecules or functional groups, a change in the 

a b 
Quiet time 0.5 - 4 s 
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charge carrier density results, in turn leading to a change in the conductivity of the 

biosensor [230], as shown in Fig. 3-13. Therefore, graphene FET biosensors are capable 

of highly sensitive and selective detection of target analyte, such as DNA and antigen 

[230, 231]. As a milestone, Mohanty and his co-workers reported a graphene FET-based 

biosensor in 2008 [42] by oxidizing the graphene surface. DNA molecules or negatively 

charged bacteria can then be linked or absorbed onto the surface of the graphene via the 

peptide bond or Coulombian force, providing a LoD of 0.175 μg/μL for DNA and single 

bacterium, respectively. Following this, CVD graphene FET biosensors have been 

widely reported and improved for the detection of nucleotides and ssDNA with showing 

a resolution of a single base [232] and a limit of detection of 0.01 nmol/L [232, 233], 

respectively. They also found that the graphene channel can also be modified by 

nanoparticles or corresponding antibodies to achieve the detection of immunoglobulin 

G (lgG) [234], immunoglobulin E (lgE) [235] or cancer biomarkers [236]. 

One of the most significant breakthroughs is that the operation of a graphene FET has 

been achieved in solution instead of under high vacuum or atmospheric conditions. By 

taking the advantage of a solution top gate, the electronic characteristics of soluble 

biomolecules can be monitored in real time without considering the thickness of the 

substrate [237] or losing the activity of the biomolecules [232]. Ang and his co-workers 

first reported a solution top gate graphene FET pH sensor with a fast response time and 

low signal-noise ratio [238]. Based on his work, the detection of pH and the physical 

absorption of protein [231] have been achieved by the Ohno group with the electrolyte 

gated graphene FET, and the specific detection of immunoglobulin E protein has later 

been achieved by pre-immobilisation of Immunoglobulin E aptamers onto graphene 

[235]. Nevertheless, further investigation of the effects on electronic performance from 

the solid/liquid interface and the liquid gate is still required. 
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In parallel to the development of the detection in liquid, detection in a living cell has 

also been carried out very recently. Cohen-Karni reported that a graphene FET, which is 

combined with both graphene and a silicon nanowire and interfaced to an electrogenic 

cell [239], could record conductance signals from spontaneously beating embryonic 

chicken cardiomyocytes with a signal to noise ratio >4. Furthermore, they found the 

peak to peak width shows a positive correlation with the area of the graphene FET, 

indicating that the data measured is averaged from many points across the interfaced 

cell membrane. In the following work, Hess and his co-worker developed a technique 

for action potential detection by coating living HL-1 cells (electrogenic cells) onto FET 

arrays fabricated with large area CVD graphene [240]. A similar high signal to noise 

ratio together with large transconductive sensitivity presents a promising future for 

graphene FET-based biosensors. 

 

Figure 3-13. Label-free biosensing for bacterium attachment and DNA 

hybridisation using FET-based platform. After the binding of (a) bacterium, (b) 

ssDNA and dsDNA, graphene conductivity increases.  Inset 1-4 in (a): A 

LIVE/DEAD test conducted on GA or electrode. Inset in (b): fluorescence analysis 

of dsDNA attached on graphene using confocal microscopy, W is wrinkles [42]. 

Figure 3-13 has been removed due to Copyright restrictions. 
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3.3.5 Sensing Parameters 

Sensitivity: It refers to the change of the output signals when measuring a certain 

change of the substance concentration. The sensitivity of steady calibration is 

determined by plotting steady values versus C or log (C/C°), where C is the 

concentration of the substance and C° refers to a reference concentration. Similarly, the 

sensitivity of transient calibration is determined by plotting (dvalue/dt) versus C or log 

(C/C°), where dvalue is the change of output signal within a time period of dt. In both of 

these cases, the sensitivity needs to be calculated within the linear range of the 

characteristic curve. It is also notable that the sensitivity, which is based on the 

measured value, differs from the LoD, which takes the noise in the signal into account 

and is calculated from the fitted curve. 

LoD: It relates to the difficulty to precisely measure a certain analyte with a 

concentration close to zero. The adequate amount of analyte has to be provided to 

produce a signal which can be distinguished from the noise signal in zero concentration 

samples. LoD is the minimum quantity of substance or the lowest concentration of 

substance likely to lead to a reliable signal change at which detection is feasible [241]. 

The most common method of LoD estimation is known as: 

LoD = the mean value + nSD                                            (10) 

As shown in Fig. 3-14, where the mean value and standard deviation (SD) are 

calculated from repeating measurements of blank sample and n is normally > 2 or even > 

10 to provide a more conservative value. 
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Figure 3-14. Diagram illustration of LoD and sensitivity. 

Selectivity: it is the ability to distinguish a specific target analyte from a mixed media or 

solution. This is the key characteristic of a biosensor and achieved by using 

complementary DNA chains, antigen-antibody pairs or specific protein-target cells. 

Two major methods have so far been proposed for the determination of biosensor 

selectivity. The first method is achieved by separately measuring the target substance 

against the interfering substance under the same experimental conditions. Then, 

selectivity is defined as the ratio of the signal generated from the target substance alone 

and the one from that interfering substance alone at the same concentration with the 

target substance. The second method is carried out by adding a certain interfering 

substance with an expected concentration into the solution of the target substance with a 

medium concentration. Then, the selectivity is defined as the change percentage of the 

biosensor response compared with the solution of the sole target substance. 

Response Time: it is defined as the necessary time to reach 90% of the steady state 

response [242]. There are three major factors affecting the response time: the transport 

rate of the analyte through different layers of the electrode or in the electrolyte; the 
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activity of the biological recognition pair, such as the activity of the antigen towards its 

antibody and the mixture of state/conditions of the sample into the measurement unit. 

Reproducibility (stability of signal, also known as precision): reproducibility refers to 

the signal shifts or scatters between a series of individual continuously cyclic 

measurements with the constant conditions, which are within the usable range of this 

sensor. The reproducibility is normally evaluated by SD, which are expressed as: 

𝜎 = √(
1

𝑁
) ∑ (𝑥𝑖 − µ)2𝑁

𝑖=1
                                                   (11) 

Where mean value µ = (1/𝑁) ∑ x𝑖
𝑁
𝑖=0 , or can be evaluated by the relative standard 

deviation (RSD), which is expressed as: 

𝑐𝑣 = 𝜎/µ                                                               (12) 

Where σ is SD and µ is the mean value calculated above. 

3.3.6 Conclusion 

A number of different chemical reactions for graphene functionalisation, including both 

covalent and non-covalent methods, have been presented. The detailed functionalisation 

mechanisms have been discussed together with their advantage and disadvantage for the 

fabrication of graphene-based biosensors. By taking advantage of the outstanding 

properties of graphene, various graphene-based applications have thus been pioneered 

and developed. In this section, the most commonly developed types of graphene 

biosensors have been reviewed. The comparisons of their structures, detection 

mechanisms, applications are also carried out. Fluorescence biosensors provide a fast 

response time and a strong signal output; hence, high throughput can be achieved. 

However, the extra work on labelling the probe molecules and the difficulty in the 

miniaturisation of the device slows down the development of this biosensor. 
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Electrochemical biosensors provide a commercial way for the detection of electroactive 

molecules with high reproducibility, but its compatibility with current industry needs to 

be further developed. FET-based biosensors present an electronic performance, good 

compatibility with current semiconductor industry and low commercial cost, therefore, 

it has been believed to be the most promising biosensor. 

Although some impressive progress has been made, none of the current techniques of 

graphene biosensor fabrication can meet the requirement of industrial-scale production 

at present. The major obstacle is the inhomogeneous nature of graphene obtained by 

different methods, such as the number of layers and the defect density, which will cause 

heterogeneity of the measurement baseline from device to device. Therefore, the 

production of large area, high quality graphene is urgently required for the further 

development of graphene-based biosensors. Besides, most of the reported sensing 

techniques are carried out in ideal media instead of the real clinical samples, such as 

blood, urine, tissue, and thus, the practical biosensor needs to be explored. The possible 

challenges of graphene-based biosensors can also be the improvement of the sensitivity 

and LoD, selectivity, response time and the repeatability of detection along with the 

commercial cost. 
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Chapter 4 Experimental Techniques 

4.1 Techniques in Graphene Production with Sputtered Materials 

4.1.1 Sputtering Deposition 

 

Figure 4-1. Sputtering deposition unit. (a) Schematic of conventional sputtering 

coating technique and (b) an optical image of the three targets 8’’ sputtering 

machine. 

The sputtering machine is one of the major tools used for the precise deposition of thin 

films in semiconductor industries. The required base pressure is set to be < 5 x 10-7 

Torr in this work. 20 mins plasma cleaning for each target and 3 mins plasma cleaning 

for the substrate are carried out to remove the contaminant or oxide on their surfaces. 

Then, the chamber need to be pumped down again to the required base pressure waiting 

for material deposition. Liquid nitrogen is used for the cooling of the diffusion pump. 

The material targets have a typical purity of >99.99%. 

During the sputtering process, the target is bombarded by the energetic atoms (either Ar 

or N ions in this project). After the momentum exchange between ions and target atoms, 

atoms from the surface of the target are ejected towards the substrate surface as the 
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collision energy is much higher than the binding energy between target atoms, as shown 

in Fig. 4-1. For materials such as carbon, Ni, SiC, an Ar pressure of 3-3.5 mTorr and a 

discharge power of 300 W has been proven to be optimal; whilst an Ar pressure of 4 

mTorr and a discharge power of 200 W were chosen for Au, Ag and Cr deposition. 

Most of the atoms of the target materials deposit onto the substrate via relatively 

straight trajectories, however, Au atoms sputter with more random trajectories, which 

causes difficulties in the later lift-off process. In all cases, water cooling to the substrate 

holder is applied throughout the deposition process to help prevent the overheating of 

resist on substrate (see lithograpy process in 4.2.2), as this may cause hardening of the 

lift-off resist at the substrate surface and also helps to minimise the damage from the 

impact of local high temperature particles in the plasma. 

4.1.2 Rapid Thermal Annealing 

The RTP can be carried out either in the vacuum chamber of sputtering machine or in 

the commercial RTP unit. The details of heating and cooling curves of both systems are 

shown in Fig. 4-2 (a). For the RTP carried out in the same vacuum chamber as the 

sputtering deposition, a homemade heating component containing two 500 W halogen 

lamps is employed. Oxidation of the metal film and graphene grown at high temperature 

is minimised as there is no atmospheric oxygen introduced during this process. For the 

RTP carried out in the commercial rapid thermal processor, not only a faster and more 

controllable heating rate up to 100 °C/s but also a rapid cooling capability is achievable 

due to its eleven 1.5 kW halogen lamps and a cold chamber wall design, respectively. In 

both cases, the temperature of the sample was monitored by a thermal-couple installed 

on the back of the substrate holder (a highly doped SiO2 wafer) and to avoid the 

oxidation of graphene during and after graphene growth at high temperature, high purity 

Ar was introduced into the chamber as protective gas at least one hour before and 

throughout the whole RTP. Also, to obtain good quality graphene, the samples needed 
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to be annealed immediately after the deposition of the metal materials, because the 

surface oxidation and adsorption has negative effects on the growth of the graphene. In 

both systems, no significant difference in the quality of graphene was found, when all 

other parameters were kept constant and no oxidation occurred. 120 s annealing time 

was applied to all samples in this work so that the effects caused by the different 

temperatures of annealing could be investigated. 

 

Figure 4-2. Rapid thermal processor. (a) Typical heating and cooling curves of the 

RTP in sputtering machine and commercial thermal processor, green curve 

overlapped with the blue one from 0-120 s. (b) Optical image of the ex-situ RTP 

unit. 

4.1.3 Etching of Metal Film 

The metal layer, such as Cu or Ni, together with their soluble salt that was produced 

during the RTP on the samples can be etched away by immersion into 1:3 HCl aqueous 

solutions. Too strong a solution of HCl would generate many bubbles during the etching, 

which cause damage to the graphene or even lifts off the graphene from the substrate; 

whilst over diluted HCl requires a much longer etching time. This etching time varies 

from 1h to overnight depending on the thickness of the metal layer. After HCl etching, 

the samples were gently rinsed with deionised (DI) water three times, followed by an 
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oven bake at 110 °C for 20 mins to remove the HCl residues and the water absorbed by 

graphene. 

4.2 Techniques in Production of Exfoliated Graphene 

4.2.1 Blocking of Surficial hydroxyl Groups 

The surface of the SiO2 wafer is normally terminated with hydroxyl groups, which is 

hydrophilic, due to its production techniques and the storage conditions. This 

hydrophilic surface has a strong interaction with water adsorbed from the air, which 

leads to poor adhesion when the photoresist is spun onto it, in turn leading to a failure 

later in the lithographic process. To increase the adhesion between the photoresist and 

the substrate, two methods for removing and blocking of the surficial hydroxyl groups 

have been explored. 

4.2.1.1 Plasma Etching 

The SiO2 wafer is loaded into the vacuum chamber of the sputtering machine and 

pumped for 2 hours to get rid of gaseous absorbent and water on the surface of the 

substrate. Then, a 3 mins plasma etch is carried out using a discharge power of 50 W 

and an Ar pressure of 3-3.5 mTorr to remove the surficial hydroxyl groups, as described 

in 4.1.1. The etching rate of SiO2 here is less than 0.2 nm/min and thus no significant 

effects can be introduced to the optical identification of graphene on such wafers 

described in 4.7.1. After plasma cleaning, the wafer can be kept in the vacuum chamber 

until shortly before the next process to minimise contamination prior to graphene 

transfer. 

4.2.1.2 Hexamethyldisilazane Blocking 

Hexamethyldisilazane (HMDS) is a common primer used for increasing the adhesion 

between the SiO2 wafer and the photoresist. To block the surficial hydroxyl groups, the 
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SiO2 wafer is sealed in a stainless steel container with 3 drops of HMDS and heated up 

to 120 °C for 2 hrs. During this process, a very thin layer of Si(CH3)3 is chemically 

bonded with the hydrophilic surface, turning it to a hydrophobic surface [243, 244] 

which the photoresist can more readily stick onto. The wafer is then thoroughly rinsed 

with 99.99% purity ethanol and blown dried with N2. No negative effects have been 

found for the optical identification of graphene on this type of wafer. The blocking 

mechanism is shown in Fig. 4-3. It is important to note that HMDS cannot be spin-

coated as using this method the HMDS would be too thick. In this case, the ammonia on 

the surface of the wafer can diffuse into the photoresist spun on it, leading to the 

crosslink between the photoresist molecules and, in turn, resulting in the potential 

failure in later lithographic processes. 

 

Figure 4-3. The schematic reaction between surficial hydroxyl groups and HMDS. 

4.2.2 Mask Aligner and Photolithography 

Photolithographic techniques using a mask aligner have been commonly used to create 

the micrometre-sized structures in the semiconductor industry for many years. In this 

project, all the patterns on the SiO2 substrate were created using these techniques. 

As 1.5 x 1.5 cm substrates are used in this work, a 4-inch SiO2 wafer must firstly be 

diced into these sizes. A diamond tipped pen is used to scribe the backside of the wafer 

into 1.5 cm squares and then the wafer is turned over onto a flexible surface where 
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pressure is applied with a metal ruler to break the wafer into separate substrates. To 

remove the particles resulted from the dicing process and other contaminates physically 

attached to the SiO2 substrate surface, the substrates are cleaned for 15 mins in warm 

acetone in an ultrasonic bath. This is followed by a further 10 mins in isopropyl alcohol 

(IPA) and 10 mins in DI water. As acetone cleaning always leaves residues on the 

substrate after it gets dried, following IPA and DI water cleaning steps have been found 

necessary in avoiding the acetone residues remaining. Finally, the substrates are dried 

using a nitrogen gun and baked in the oven at 110 °C for 1 h to remove any residual 

water that may remain on its surface (this procedure is referred as the standard cleaning 

in this thesis). 

After drying, a uniform layer of photoresist is spin-coated onto the polished side of SiO2 

substrate using a speed of 3000 rpm for 20-30 s, as shown in Fig. 4-4 (b). One minute 

pre-baking of the resulting substrate is carried out at 100 °C on the hot plate to solidify 

the photoresist by removing its solvents. To pattern the resist, the substrate is exposed to 

UV on the mask aligner for 5 s or 10 s for photoresist 1805 or 1813, respectively, as 

shown in Fig. 4-4 (c). Next, the substrate is immersed in the photoresist developer for 

about 25 s and rinsed with DI water for 30 s to produce the pattern, as shown in Fig. 4-4 

(d). Post-baking at 110 °C for 30 mins is required to completely dry the water on the 

surface of the substrate. After sputtering deposition, as shown in Fig. 4-4 (e), the 

substrate is cleaned in the ultrasonic bath with photoresist remover and then rinsed with 

DI water so that the sacrificial layer can be completely peeled off, leaving the required 

pattern, shown in Fig. 4-4 (f). 

The chemical principle here is: UV exposure leads to denaturation of the photoresist and 

the denatured positive photoresist can be dissolved and washed away in the photoresist 

developer, exposing the SiO2 substrate where the metal film will deposit. The 

indentured positive photoresist is dissolved in the photoresist remover so that the metal 
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film on top of the photo resist can be peeled off. As UV is a hazard, proper eye 

protection is required. 

 

Figure 4-4. Mask aligner in lithography technique. (a) Optical image of the mask 

aligner and (b-f) schematic of photolithography and lift-off process in Cleanroom. 

4.2.2.1 Photomask Design 

Photomasks for the fabrication of graphene devices are home designed with L-Edit. Fig. 

4-5 (a) shows the mask designed for the fabrication of exfoliated graphene devices, 

which contains one numeral-marker square for substrate mapping and three four-probe 

device squares with the different channel length of 5, 10 and 15 µm, as indicated by the 

numbers. Fig. 4-5 (a1) and (a2) presents the central area of one device pattern with a 

channel length of 5 µm and the dimension of one number for substrate mapping, 

respectively. Fig. 4-5 (b) shows the mask for the fabrication of CVD graphene devices, 

which consist of four squares for substrate mapping, channel shaping, contact 
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deposition and window opening. Fig. 4-5 (b1) and (b2) shows the zoom-in patterns for 

graphene channel shaping and contact deposition. The minimum feature for all the 

patterns is 2 µm. The photomasks are manufactured on 4’’ soda lime glass using Cr as a 

UV blocking material by Compugraphics International Ltd, UK. 
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Figure 4-5. A home designed photomask for device fabrication. (a) For exfoliated 

graphene devices and (b) CVD graphene devices. 

4.2.3 Substrate Mapping 

Due to the requirements of graphene identification with an optical microscope [245], 

exfoliated graphene is normally produced on the doped silicon substrate with 300 nm 

SiO2 atop (known as SiO2 substrate in this thesis). However, the exfoliated graphene has 

an area up to a few hundred micrometres, which is difficult to be recognised on SiO2 

substrate. To locate the exfoliated graphene, the SiO2 substrate needs to be mapped with 

the unique numbers throughout its whole surface before transferring exfoliated graphene 

onto it. 

The number-marker square on the photomask designed for substrate mapping is shown 

in Fig. 4-5 (a), which consists of 400 numbers within 1 x 1 cm (20 rows x 20 columns). 

Conventional photolithograph and sputtering deposition, as introduced in 4.1.1 and 

4.2.2, are carried out to create the numbers with 50 nm Ni (or 30 nm Cu). Afterwards, 

the chemical cleaned substrates are subjected to a plasma cleaning process in the 

sputtering machine, which helps to thoroughly remove the potential contamination and 

enhance the adhesion between the graphene film and the SiO2 substrate. Plasma 

cleaning lasts 3 mins at 50 W with an Ar pressure of 3-3.5 mTorr, after which the 

substrates are kept in the vacuum chamber before transferring graphene onto it. 

4.2.4 Mechanical Cleavage 

One piece of shiny flat highly oriented pyrolytic graphite (HOPG) is put onto Scotch 

tape (3 cm x 10 cm) and gently pressed with the back of tweezer to make sure the large 

flat area of HOPG is attached tightly onto the tape. The major bulk of the graphite is 

peeled off, leaving a thin graphite layer on the tape. This piece of graphite is subjected 
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to repeatedly folding and splitting to achieve increasingly thinner pieces until most of 

the Scotch tape is covered by graphite flakes. To thin the graphite flakes further, the 

second piece of Scotch tape is attached to the first one, then repeat the mechanical 

cleavage above. It is important to use a different area of the tape for each peeling action 

so that each action is effective and there is sufficient area covered by graphite/graphene. 

In addition, the initial graphite bulk should have a big flat surface instead of uneven one 

to provide a better chance of producing a larger graphene film. 

4.2.5 Transfer of Exfoliated Graphene 

A piece of plasma cleaned SiO2 substrate is taken out of the vacuum chamber, one at a 

time, and placed onto the tape where there is a matt finish. The exfoliated graphene on 

tape is pressed onto the polished side of the SiO2 substrate. After 3-5 hours in contact 

with the substrate, the tape is pulled off carefully and the substrate is sent back into the 

vacuum chamber in case of impurity adsorption. The transferred graphene on SiO2 

substrate can then be characterised by an optical microscope, Raman spectroscopy and 

AFM. Here, it has been found that using a thermal annealing procedure before pulling 

off the tape produces larger size graphene and enhances the adhesion between the 

graphene and the substrate, however, this procedure results in more glue residues on 

graphene and SiO2 substrate, which cannot be easily removed. 

4.3 Processing of CVD Graphene 

4.3.1 Transfer of CVD Graphene 

The wet transfer procedure of CVD graphene is shown in Fig. 4-6. The commercial 

CVD graphene grown on both sides of Cu foil purchased from Graphene Supermarket 

(ltd) was firstly cut into the required size. Then, a layer of PMMA with a thickness 

about 500 nm  was spin-coated (about 1000 rpm) onto one side of the Cu foil to ensure 
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the graphene film was visible during the transfer procedure in solution and also to 

protect the potential damage from HNO3 and mechanical transfer. Graphene grown on 

the other side of Cu foil was etched away by immersing this one-side PMMA-coated 

sample into 10% HNO3 aqueous solution for 2 mins and then the sample was 

thoroughly rinsed with DI water to remove the HNO3 residue. By immersing this 

sample into 0.1 M ammonium persulfate ((NH4)2S2O8) aqueous solution (or 0.7 mol/L 

iron nitride) for 12 hours, the supporting Cu foil was completely dissolved, resulting in 

a visible graphene/PMMA film floating on the surface of etchant solution. Then, the 

graphene/PMMA film was gently rinsed with DI water to remove the etchant residue. 

One piece of plasma pre-cleaned SiO2 substrate (or arbitrary substrate) was chosen to 

carefully pick up this graphene/PMMA film from DI water with the assistance of a fine 

needle. The graphene/PMMA film on SiO2 substrate was dried with a nitrogen gun and 

then subjected to an annealing process at 220 °C for 5 mins to promote a stronger 

interaction between the graphene and SiO2 substrate. This sample was then immersed 

into warm acetone (about 60 °C) for about 30 mins to remove PMMA layer and then 

sequentially rinsed with isopropanol and DI water to remove acetone residues. The N2 

gun was used again with a small flow rate to dry the water. The dried graphene samples 

were kept in the vacuum chamber at room temperature to prevent the absorption of air. 
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Figure 4-6. Schematic of wet transfer procedure of CVD graphene. 

4.3.2 Novel Graphene Shaping Technique using Ion-milling Etching 

Instead of using an oxygen plasma asher, in this work, a modified etching method using 

an ion-miller has been achieved for the patterning of CVD graphene. Graphene on SiO2 

substrate was successively spin-coated by 500 nm lift-off resist (LoR) and followed by 

post-baking at 175°C for 5 mins. The sample was then spin-coated by another layer of 

photoresist with the same thickness. The key step of using modified ion-milling method 

for the graphene patterning is to bake the sample at 180°C for about 1 h under a deep 

UV exposure, which helps with the removal of the photoresist after ion-milling. The 

discharge power and current were optimised to 100 W and 30 mA respectively. To 
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further prevent the photoresist crosslinking and ensure its removal, the 100 s milling 

time was split into five multi-stages with 1 min cooling between each two stages. Then, 

standard lithography as previously described in 4.2.2 was used for the formation of the 

electrodes. Water cooling and a thermal conducting shim between the substrate and its 

holder were also found to be essential to achieve successful fabrication. 

4.4 Techniques in Graphene Devices Fabrication 

4.4.1 Modified Photolithography and Lift-off 

 

Figure 4-7. Schematic of modified photolithography and lift-off process. 

To produce successful graphene transistors, Au contacts need to be patterned on 

graphene without causing any significant damage to the graphene. However, the 

ultrasonic bath used in the conventional lift-off process removes not only the unwanted 

metal film but also the graphene layer. To overcome this problem a modified 

lithography and lift-off process together with a novel sputtering deposition (introduced 

in 4.4.2) was developed for the fabrication of Au contacts on graphene. 

After the standard cleaning process, the samples were kept in the vacuum chamber of 

the sputtering machine for 1 hour to get rid of gaseous and water absorbents on the 

surface of graphene. A SiO2 substrate is spin-coated with LoR at 3000 rpm for 30 s with 

a resulting thickness of 0.5 µm and then placed in a fan oven to dry at 175 °C for 5 mins. 
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After it cools down to room temperature, the substrate is spin-coated with a layer of 

photoresist at 3000 rpm for 30 s to create a sandwich structure (0.5 µm thick), as shown 

in Fig. 4-7 (a). Then exposure using UV (Fig. 4-7 (b)), followed by the developing 

process (Fig. 4-7 (c)) are carried out as described earlier in 4.2.2. Because the 

dissolution rate of LoR in photoresist developer is slightly faster than that of photoresist, 

undercuts in the photoresist are created after the developing process. This helps to avoid 

the physical connection between the Au film on photoresist and the Au film on the 

substrate occurring during sputtering, which prevents the Au on photoresist from 

remaining on the substrate after lift-off process. The undercut distance is about 0.2 µm 

after developing, which is not only able to overcome difficulties in removing the 

unwanted Au film, but also helpful to achieve better-defined contact edges. 

4.4.2 Novel Method for Sputtering Deposition of Au Contacts on Graphene 

4.4.2.1 Shielding Tube Production 

The novel sputtering deposition of the Au contacts was performed using a shielding 

tube as shown in Fig. 4-8 to prevent deposition of the Au atoms onto the sidewall of the 

photoresist edges. The shielding tube is home designed and produced using aluminium 

in local workshop. As the diagonal size of individual graphene FET is 7 mm, the inner 

diameter of the protective aluminium tube is designed to be 14 mm to ensure that the 

contact pattern can be fully covered by sputtered Au. The height of this aluminium tube 

is 20 mm and it is clipped on top of the Si substrate during the deposition process. In 

this case, although the sputtered Au atoms deposit through trajectories toward substrate, 

only a small portion of ejected atoms can go through the metal tube, the deposition rate 

is much slower than that without using the shielding tube. 
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4.4.2.2 Deposition Parameter Control 

Au with a thickness of 30–50 nm was sputtered onto graphene as the contact material. A 

2 x 10−7 Torr base vacuum and 4–20 mTorr Ar pressures were chosen depending on the 

particular samples. Water cooling was applied to the back of the substrate throughout 

the deposition process. The finished device has four Au contacts designed to align with 

four contact probes during testing. These have an overall size of 5 × 5 mm and a 2 μm 

graphene channel length which was chosen for all devices measured in this section.  

 

Figure 4-8. Schematic illustration of (a) conventional and (b) novel sputtering 

deposition. The dimension of green metal tube is 14 mm inner diameter and 20 mm 

height.  

4.4.3 Post-cleaning Procedures 

A post-cleaning procedure without ultra-sonication (in warm acetone for 1-2 h, in IPA 

for 1 h and DI water for 30 mins successively) was found to be essential to minimise the 

Home designed/made 

aluminium 

Cu clipper 

Top View 



74 

 

negative effects from the polymer residues remaining on graphene channel after the 

fabrication. This process is referred as the standard post-cleaning in this project. 

In addition, another two methods of post-cleaning were developed, which are: thermal 

annealing in Ar in a separated atmospheric chamber at 300 °C and thermal annealing in 

the vacuum chamber of the sputtering machine with a home-designed filament. 

4.4.4 Contacts Formation with Thermal Evaporator 

 

Figure 4-9. Thermal evaporator. (a) Optical image and (b) Schematic illustration 

of Edward’s thermal evaporator. 

To evaluate the effects on the structural and electronic performance of graphene FETs 

introduced by sputtered Au contacts, an Edwards 306 thermal evaporator was used to 

deposit the Au contacts on the graphene channel and the results compared in Chapter 6. 

Here, evaporation is achieved by tuning the voltage applied between two terminals of a 

tungsten boat holder containing Au. Once the Au has melted and evaporated, the metal 

vapour rises and deposits onto the surface of the substrate. It is worth noting that the 
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adhesion between the evaporated material and substrate is less than that between 

sputtered material and substrate. 

4.5 Techniques for Functionalisation of Graphene Surface 

4.5.1 Hydroxylation of Graphene Channel 

4.5.1.1 Fenton Reaction 

Hydroxylation of graphene can be achieved through the Fenton Reaction [168, 246], as 

introduced in 3.1.1. The catalyst of this reaction, which is 0.025 g FeSO4·7H2O, is 

incrementally added into 20 ml of 30% H2O2 in a glass beaker. Graphene powder is 

then added into the solution for 30 mins. The pH value is maintained at 4-5 to avoid the 

precipitation of iron(III) oxide-hydroxide (Fe(OH)3), which will lead to the 

decomposition of H2O2 with a by-product of O2. Modest shaking is applied in case of 

the local overheating and the splash of chemicals as the Fenton Reaction is highly 

exothermic. After the reaction, hydroxylated graphene is collected by 10 mins 

centrifugation at a speed of 5000 rpm and rinsed thoroughly with DI water to remove 

salt residues. The Fenton reaction shows a high hydroxylation rate towards the 

modification of graphene powder. However, it cannot be used for the modification of 

graphene FET due to the harsh nature and a large amount of gas generated, which could 

damage both the graphene channel and the Au contacts on top of it. 

4.5.1.2 Hydroxylation with Potassium Permanganate 

To overcome the disadvantage of the Fenton reaction, hydroxylation of graphene with 

KMnO4 has been developed. A 0.2 M KMnO4 solution is prepared with a balanced pH 

value of 10. Graphene powder or a graphene FET is immersed into this solution for 4 h 

at 4 °C, followed by thorough DI water rinsing to remove KMnO4 residues. 
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4.5.2 Modification with Graphene/rGO Dual-layer 

GO aqueous solution, which contains >80% monolayer GO with an overall 

concentration of 0.5 mg/ml, was produced by Hummer’s method as introduced in 3.1.1. 

A 3 mm diameter electrode modified with screen-printed graphene powder was chosen 

as the working electrode. To figure out the optimal GO concentration for the fabrication 

of a graphene/rGO electrode, GO was diluted to 0.05 mg/ml, 0.1 mg/ml, 0.15 mg/ml, 

0.2 mg/ml, 0.25 mg/ml and 0.3 mg/ml by adding DI water and then carefully drop-

casted onto the surface of the graphene modified electrodes with a volume of 20 ml 

respectively. The electrodes were dried at room temperature for 1 h to promote strong π-

π interaction with graphene underneath. An Ag/AgCl and a carbon electrode were 

selected as the reference and the counter electrodes respectively. The electrochemical 

reduction of GO was achieved by a CV cycle in 10 mM K3Fe(CN)6 and 1 M KCl 

solution with an applied potential of 0.5 to -1.5 V and a scan rate of 100 mV/s. 

According to the reference [247], the reduction of GO occurred at a potential of -0.6 V 

and maximised at -0.87 V. Due to the optimised thickness of GO and the 

electrochemically irreversible nature of this reaction, the reduction of GO can be 

achieved by only one cycle at the potential above [247]. The resultant rGO/graphene 

double-layer electrodes need to be thoroughly rinsed with DI water and then dried at 

room temperature. To minimise the difference in the symmetry and intensities of redox 

currents between electrodes, the following key parameters need to be kept as constants: 

the concentration and quality of GO solution drop-casted onto the surface of graphene 

electrode, the area of hydrophobic polymer insulated on working electrodes and the 

number of reduction cycles [247]. For the fabrication of rGO modified electrode, the 

GO layer was directly reduced on top of a carbon working electrode following the 

procedures above. 
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4.5.3 Amination of Hydroxylated Graphene 

4.5.3.1 Amination with 3-aminopropyltriethoxysilylpropylamine 

For the fabrication of antigen biosensors, the surface of the hydroxylated graphene 

electrode needs to be further functionalised and terminated with amino groups, which 

could bond with antibodies to provide a platform for antigen detection. The mechanisms 

of functionalisation with APTES have been introduced in 3.1.1. The electrode surface 

terminated with hydroxyl groups is immersed into 1% (V/V) APTES ethanol solution 

for 10 mins, then rinsed thoroughly with ethanol and followed by oven baking at 120 °C 

for 4 mins. The GO layer in the structure of graphene/GO/APTES was 

electrochemically reduced to rGO in ferricyanide system with the same methods used in 

4.5.2. 

4.5.3.2 Amination with Polyallylamine 

After the coating of the GO layer, 20 μl PAA with a concentration of 2 % (V/V) was 

dripped onto the surface of the GO modified electrode and then was left in a moist 

container for 1 h to promote chemically/physically reacting with negatively charged GO 

underneath. The unreacted PAA was gently rinsed with DI water and the electrode was 

dried at room temperature for 1h before use. The GO layer in the structure of 

graphene/GO/PAA was electrochemically reduced to rGO with the same method in 

4.5.2. 

4.5.4 Reduction of H2O2 with graphene/rGO/PAA modified electrode 

An H2O2 aqueous solution with a concentration of 30% (w/w) was diluted to 0.05 M by 

adding phosphate-buffered saline (PBS) buffer with a pH of 7.1. Blank PBS buffer of 

20 µl was added onto the surface of electrodes modified with graphene, rGO, PAA and 

graphene/rGO/PAA respectively as references. Then, the surface of the electrodes were 
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rinsed with DI water three times and dried in air at room temperature. 0.05 M H2O2 of 

20 µl in PBS buffer was then dripped onto the electrodes accordingly. The scan 

potential ranged from 0.2 V to -0.6 V and the scan rate was 100 mV/s. 

4.5.5 Modification with 1-Pyrenebutyric acid N-hydroxysuccinimide Ester 

To obtain a bioactive surface, which the antibody molecules can bond to, PANSE has 

been used to functionalise the graphene electrode without introducing defects into the 

graphene lattice [248]. A 2 mM PANSE solution is prepared by adding 0.0385 g 

PANSE powder into 5 ml methanol with modest shaking for 5 h. The graphene 

modified electrode is immersed into this resulting solution and sealed tightly for 2 h at 

room temperature, followed by methanol rinsing to remove excess PANSE. The 

mechanism is: the PANSE molecule consists of a four-benzene ring end (as shown in 

the red structure in Fig. 4-10), which can be immobilised onto the surface of graphene 

via the non-covalent π-π bond, leaving the bioactive end free-standing in solution. 

 

Figure 4-10. Schematic of the interaction between PANSE and the graphene plane. 

4.6 Assembly and Characterisation of Biosensor 

4.6.1 Fluorescence Analysis of DNA hybridisation on rGO 

The lyophilised oligonucleotide was prepared and diluted in PBS buffer with a pH value 

of 7 as stockers. For the fluorescent analysis: the concentration of 6-carboxyfluorescein 
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(FAM)-labelled probe ssDNA was further diluted down to 50 nM [208] in PBS buffer 

and 30 µl of this ssDNA solution was chosen as the reference. 10 µl 300 nM target 

cDNA and 10 µl blank PBS buffer were added into two same mixtures of 10 µl 50 nM 

ssDNA and 10 µl 0.05 mg/ml GO solution, respectively. To enable the hybridisation 

between the probe ssDNA its cDNA on the surface of GO, the concentration of cDNA 

added here, therefore, needs to be at least five times more concentrated than that of the 

probe ssDNA. Compared with the hybridisation between free-standing ssDNA and 

cDNA in solution, a much longer time up to 1 h is required for the restoration of the 

fluorescent signal due to the bonding competition existing between GO/ssDNA and 

ssDNA/cDNA. After 1 h reaction, a volume of 20 µl was sampled from three tubes 

above and dried on the freshly cleaned glass slides at room temperature. The fluorescent 

images were recorded with Nikon Eclipse 80i Microscope, as introduced in 4.7.7. 

4.6.2 Electrochemical Analysis of DNA hybridisation 

For the electrochemical analysis: 10 µl probe ssDNA with a concentration of 10-6 M 

was added [214] onto the surface of the rGO/graphene double-layer electrode and kept 

at 35 °C for 30 min to achieve a ssDNA terminated electrode surface. The ssDNA 

weakly bonded onto the surface of the electrode or free-standing in solution was 

removed by rinsing the electrode surface with nuclease free water for 15 times. 10 µl of 

the target cDNA with the concentration ranging from 10-12 M to 10-7 M were dripped 

onto the surface of ssDNA terminated electrodes at room temperature for 1 h. Then the 

weakly bonded or free-standing cDNA on the electrode surface was thoroughly rinsed 

away with the nuclease free water before the electrochemical analysis. The 

electroactivity of the electrode surface at each step were monitored by CV and DPV 

measurements. 
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4.6.3 Fabrication of hCG biosensor 

The fabrication of rGO modified electrode used the same procedure with 4.5.2, except 

the screen-printed graphene layer. The electrode was then immersed into 2 mM PANSE 

methanol solution for 1 h at room temperature, followed by 3 times methanol rinsing. 

10 µl of the antibody solution with a concentration of 100 µg/ml was then dipped onto 

the surface of rGO modified electrode and incubated at room temperature for 2 h. Then, 

the surface of the electrode was rinsed with PBS buffer and 20 µl of bovine serum 

albumin (BSA) solution with a concentration of 0.5 mg/ml was dripped onto the surface 

of the electrode to block the free amino functionalities which may non-specifically bind 

with hCG. After 30 mins, the electrode was again rinsed with PBS buffer to remove 

free-standing BSA. These electrodes can be stored at 4 °C waiting for use. The label-

free detection of hCG was achieved by dripping 20 µl hCG solution onto the surface of 

biosensor prepared above. The hCG solution with different concentration ranging from 

0.05 to 50 ng/ml were prepared by diluting 1 µg/ml stocker in PBS buffer. The mixture 

was left at room temperature for 2.5 h to ensure antibody/antigen binding. The 

electrodes were rinsed by PBS buffer before any characterisation. 

4.7 Characterisation Techniques 

4.7.1 Identification of Graphene with Optical Microscope 

As the properties of graphene change with increasing number of layers, a high 

throughput and precise technique for determining the number of graphene layers is 

essential for the exploration of graphene. However, the conventional characterisation 

instruments, such as AFM, Raman and TEM, not only show inefficiency for the fast 

graphene identification but also can potentially damage the graphene crystal lattice. 
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By taking the advantage of the refractive index enhancement on 285 nm (with a 

maximum 5% error, 300 nm is common) SiO2 substrate, graphene with a different 

number of layers shows different colours and contrasts to each other under a normal 

white light source [7, 245]. And according to theoretical calculations and experimental 

results, the contrast for monolayer reaches up to 12% for green light, making graphene 

visible to the naked eye. The identification of monolayer and bilayer graphene needs to 

be assisted by Raman spectrum analysis first because the colour varies from lab to lab. 

Once the monolayer is identified, it can be used as a reference for other cases. 

The Olympus BH2 optical microscope is equipped with 4 objective lenses (5 X, 10 X, 

20 X, 50 X), two-eyepieces (10 X) and connected with a high-resolution monitor, as 

shown in Figure 4-11. The intensity of the white light source can be controlled at 12 

levels. 

 

Figure 4-11. Optical microscope BH2 (Olympus, Japan). 
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4.7.2 Atomic Force Microscope 

 

 

Figure 4-12. Optical image of AFM (PACIFIC NANOTECHNOLOGY). 

AFM consists of the following four components, which are an electronic controller, a 

mechanical measurement unit and a PC with corresponding software. The cantilever tips 

of AFM used in this project are purchased from Nano World. Typical technical data of 

non-contact cantilever is: 4 µm thick, 125 µm length, 30 µm width, using a resonance 

frequency of 320 kHz and force constant of 42 N/m. The arrival amplitude varies from 

900-1100 mV and the typical resolution of the image is 256 points. A Nano-R 

controlling software is mainly used for the characterisation of graphene morphology in 

this project. During the probe scans cross the sample surface, a constant force is 

maintained and applied onto the probe. By recording the Z direction movement, a 3D 

morphology of sample surface can be imaged. 

AFM also is used as one of the foremost methods for the identification of single layer 

graphene. However, for the measurement of graphene thickness, especially down to a 

few layers of graphene, the offset may vary from 0.5-1 nm due to AFM probe-graphene-

substrate interactions and the corrugated wrinkle which keeps graphene sheet thermally 
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stable [249, 250]. The formula to evaluate the number of graphene layers from an AFM 

measurement is: 

N =
𝑃 − 𝑋

0.34
+ 1 

Where N is the number of graphene layers 

P is the measured thickness (nm) 

X is the measured thickness of monolayer graphene. 

4.7.3 Raman Spectroscopy 

4.7.3.1 Mechanism 

Raman spectroscopy is the most accurate, non-destructive and high-performance tool 

for the characterisation of graphene with different layers and qualities. A typical system 

contains a monochromator, optics, photodetector and monochromatic light, which is 

chosen as the excitation light source in the system. After laser excitation, most of the 

photons are elastically scattered from the surface of the analyte, however, a small 

portion of those are scattered inelastically, which is reflected as the change of 

wavelength or wave number. According to those changes caused by the molecular 

rotation and vibration, the properties and chemical bond structure of the substance can 

be determined. The shift in wavelength, also known as the Raman shift, is presented as 

the wavenumber, as: 

∆𝜔 = (
1

 0

−
1


1

) 

Where ω is the Raman shift with an unit of cm-1 

0 is the wavelength of excitation light source 
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1 is the wavelength of Raman Spectrum 

4.7.3.2 Experimental Setup 

Raman spectroscopy analyses are carried out with an XPLORA HORIBA system 

integrated with an OLYMPUS BX41 microscope (equipped with 10 X, 100 X objective 

lenses and 10 X eyepieces), as shown in Fig. 4-13. Typical acquisition parameters for 

the characterisation of graphene are shown below (unless stated otherwise): 

 532 nm green laser source, 100 mW with a diameter of 1 µm 

 100 X objective lens 

 Scan range: 1100 to 3000 cm-1 

 Exposure time: 5-60 s upon particular sample 

 Grating: 1200 T 

 Filter: 10-25% in case of damage to graphene lattice 

 Slit: 100 µm 

 Hole: 100 µm 

 Scan area: upon particular sample 

4.7.3.3 Raman Characteristic of Graphene 

From a view of a graphene research related instrument, the most important abilities of 

Raman spectroscopy is to determine the number of graphene layers, disorder or defects, 

the presence of edge boundaries. Relevant information can be extracted from the 

positions (quoted as wavenumber, unit cm-1), intensities and shape of a few prominent 

bands. 
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A typical Raman spectrum of graphene contains three major bands: the D band centred 

around 1350 cm-1, the G band centred around 1580 cm-1 and the 2D band centred 

around 2700 cm-1. The D band indicates the presence of disorder or edge site within the 

graphene plane and intensity of this band is related to the disorder level. This band is 

attributed to the second order Raman scattering process in the sp3 hybridised carbon 

bonds. The G band comes from the in-plane vibration of C-C bond; therefore, it is very 

sensitive to the stress change caused by the change of the number, symmetry and 

crystallinity of graphene layers. The position of the G band shifts as a function of the 

number of graphene layers; however, this is not preferable for the accurate 

determination of graphene layers [251]. The 2D band, which is known as the G’ band 

(G-prime) but has no relationship with the G band, is a result of the second order of 

zone-boundary phonons, same as the D band [252]. However, the 2D band can be found 

in both well-crystalised graphene and defective graphene. The full width at full width at 

half maximum (FWHM) of the 2D band is related to the number of graphene layers and 

the components of the 2D band are particularly important for the determination of the 

number of graphene layers: the 2D band of monolayer graphene can be Lorentz fitted by 

only one single symmetric band but four for bilayer graphene. 

More practically but less accurately, the intensities ratios of D/G and 2D/G can be used 

to evaluate graphene quality (defect density) and the number of layers, respectively. 

Compared with graphite or few layer graphene, the most significant characteristics of 

monolayer graphene with good quality is that its spectrum shows an invisible D band, a 

sharp and symmetrical 2D band together with a G/2D intensity ratio < 0.7 and the 

FWHM value < 45 cm-1. With the increase of graphene layers, both the intensity of a 

negatively shifted G band and the G/2D intensity ratio increase, while the 2D band 

becomes wider and asymmetrical (comprising more sub-bands). With the increase of 

defect or disorders densities, both the D band and D/G intensity ratio increase. These 
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trends fit up to 5-10 layer graphene and become hardly distinguishable for graphene 

with more layers. 

 

Figure 4-13. XPLORA Raman analysis system with an OLYMPUS BX41 

microscope in Cleanroom (HORIBA, UK). 

4.7.4 Characterisation with Keithley 2602A Two Channel Source Meter 

The characterisation of electronic performance of graphene devices is carried out with 

using a Keithley 2602A Source Meter interfaced with a Cascade Microtech MPS 150 

probe station, as the optical image shown in Fig. 4-13 (a). A Keithley 2602A is a two-

channel source-measure unit with a high current resolution of 1 pA at the range of 100 

nA. The output voltage is from -40 to 40 V. The output voltage or current are 

programmed with TSP Express software. 

4.7.4.1 Id- Vg Characterisation 

The mechanism of Id-Vg characterisation has been introduced in 3.3.4. The setup for 

measuring a graphene FET fabricated on SiO2 substrate (as shown in Fig. 4-13 (a)): the 

source-drain voltage can vary from 10 mV to 2 V while the back gate voltage sweeping 

from -40 V to 40 V maximum depending on the particular measurement. A source-drain 

voltage of 10 mV and a back gate voltage of 20 V are chosen for the first measurement 
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for any device in order to avoid the current damage to the graphene channel. The time 

point is set at 100 ms with at least 100 data points and back gate leakage, which is 

normally < 10-9 A needs to be double checked before measurement. 

 

Figure 4-14. Electronic setups for graphene FET measurement. (a) Optical image 

of Keithley 2602A and Cascade Microtech MPS 150 Probe Station and (b) the 

sketch of a typical Id-Vg measurement. 

4.7.4.2 CV and DPV Measurements 

 

Figure 4-15. Schematic of the CV measurement setup with Keithley 2602A. 
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CV and DPV measurements, as introduced in 3.3.3, are two of the most versatile 

approaches developed for analysing the electroactive molecules in solution. They both 

are carried out with home designed connections with a Keithley 2602A source meter as 

shown in Fig. 4-15. 10 mM ferricyanide and 1 M KCl are chosen as the electroactive 

substance and the supporting electrolyte, respectively. It is worth noting that the 

supporting electrolyte needs to be at least 100 times more concentrated than the 

electroactive substance; otherwise, the system cannot be under equilibrium to see fast 

transfer kinetics. For CV measurements: a liner-sweeping triangular potential from 0.8 

to -0.4 V is applied on working electrode against the standard potential from a reference 

electrode and acts as an excitation signal. Scan rates of CV measurements were varied 

from 30 mV/s to 200 mV/s in the characterisation of the rGO-graphene double-layer 

electrode and the scan rate of 100 mV/s was chosen for the rest of this project unless 

otherwise stated. For DPV measurements: The scan potential ranged from 0.8 V to 0.4 

V. The pulse period for the DPV measurement was 0.4 s, pulse width was 0.12 s, pulse 

amplitude was 50 mV, step potential was 10 mV and quiet time was 2 s. 

4.7.5 Scanning Electron Microscope (SEM) 

 

Figure 4-16. JEOL JSM-7001F field enhanced SEM. 
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SEM characterisation is performed with a JEOL JSM-7001F ultra-high resolution FE-

SEM, as shown in Fig. 4-16. An analyte is loaded in the vacuum chamber and the 

surface is cross-scanned by the electron beam. This SEM system equipped with a 

Schottky Electron Gun, an acceleration voltage range of 0.5 kV-30 kV, a magnification 

range of 10 – 500000 X and a resolution down to 1.2 nm at a power of 30 kV. During 

the analysis, an electron beam is focused onto the surface of the sample, which results in 

the generation of secondary electrons, backscattered electrons, X-rays photons, Auger 

electrons and cathodoluminescence. By detecting the secondary electrons, the 

topographical data and elemental information can be obtained. Meanwhile, by analysing 

the X-ray photons, the elemental information of the sample can be recorded (energy 

dispersive analysis by X-rays, EDX). 

4.7.6 X-Ray Photoelectron Spectroscopy 

XPS is one of the most powerful techniques for analysing the elemental composition 

and chemical state of the sample surface. XPS analysis was performed using a Kratos 

AXIS ULTRA equipped with an a mono-chromated Al kα X-ray source (1486.6 eV) 

operated at 10 mA emission current and 12 kV anode potential (120 W). The ULTRA 

was carried out in the fixed analyser transmission (FAT) mode with a pass energy of 80 

and 20 eV for wide survey scans and high-resolution scans respectively (Nottingham 

University). During the scanning, input photons are absorbed by the first few nanometre 

material, resulting in the emission of the core electrons, which has the unique binding 

energy for different elements. By analysing the binding energy and their corresponding 

intensities, elemental information can be quantitatively obtained together with their 

chemical states. It is to be noted that XPS has no response to hydrogen and helium. 
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4.7.7 Florescence Microscope 

Fluorescence analysis of dye labelled DNA molecules was carried out with a Nikon 

Eclipse 80i Microscope. This fluorescence microscope is equipped with five objective 

lenses (5 X air, 10 X air, 40 X air, 60 X oil, 200 X oil) and two 10 X eyepieces. It is 

capable of exciting the sample with different wavelength lasers, which are blue (485 

nm), green (525 nm) and red (650 nm), and block the source laser with corresponding 

filters. The white light is provided by a halide metal lamp and the images can be 

recorded at a resolution of 1392 x 1040. 

 

Figure 4-17. Nikon Eclipse 80i fluorescence microscope. 

4.7.8 Fourier Transform Infrared Spectroscopy 

Infrared spectroscopy refers to the light with wavelength from 700 nm to 1 mm. Within 

this range, photons can be absorbed by the IR-active analyte molecules, which vibrate in 

a number of different mode. The FTIR characteristics of a certain analyte reflect its 

inner chemical structure. In this work, a Perkin Elemer Benchtop FTIR was used for the 

chemical component analysis. Before the analysis, the analyte needs to be mixed and 

ground with 0.2 g KBr powder. The fine mixture is compressed into a tablet with about 
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10 T weight on top and placed in a dark chamber for measurement. The acquisition time 

is 30 s and the range of measurement is 400 – 4000 cm-1. 
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Chapter 5 Novel Method for Graphene Production 

5.1 Introduction 

Graphene has attracted huge interest due to its unique performance in a wide range of 

applications since its discovery. To date, many different methods for the production of 

graphene have been proposed and achieved, as reviewed in Chapter 2. In this chapter, 

the results of conventionally exfoliated graphene on SiO2 substrate are briefly presented 

together with their corresponding optical and Raman analysis, indicating the good 

repeatability of this method and the high quality of the resultant graphene. In addition, 

this chapter will mainly focus on the novel production method for large area transfer-

free graphene grown from sputtered carbon and metal layer on SiO2 substrate. 

Compared with previous work, our investigations have proven that a Ni film, acting as 

the catalytic agent and the buffer, cannot be fully evaporated either in a high vacuum 

chamber or in an atmospheric environment. Also, the interface of a Ni layer and the 

SiO2 substrate has been found unfavourable for the formation of graphene. The 

systematic exploration of this growth method has led to discover that large area 

graphene can be obtained directly on the SiO2 substrate when the thickness of the Ni is 

thinner than 100 nm. A growth model based on the detailed analysis of morphological 

structures and properties of graphene films is simultaneously proposed. This in-depth 

study of graphene growth paves a new way to the further development of graphene 

production and related device fabrication. 

5.2 Experimental 

5.2.1 Materials and Instruments 

DI water 
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Dicing tape, 100 m x 25 cm (Loadpoint, UK) 

4-inch Si (500 µm) wafer with 300nm SiO2 atop (Siltronix, US) 

IPA, general purpose grade (BDH chemicals LTD, UK) 

Acetone, general purpose grade (BDH chemicals LTD, UK) 

Graphite Flakes, 10-20 mm (NGS, Germany) 

Mask aligner J500/VIS (OAI optical associates Inc) 

Vacuum spinner 14E ( DAGE PRECIMA INTERNATIONAL) 

6-inch Ni target, 99.99% purity (Kurt J. Lesker, US) 

6-inch SiC target, 99.99% purity (Kurt J. Lesker, US) 

8-inch C target, 99.99% purity (Kurt J. Lesker, US) 

Oxygen free nitrogen, N2 (BOC, UK) 

Pure argon, Ar (BOC, UK) 

Liquid nitrogen (BOC, UK) 

Ultrasonic Cleaner (CBEST, US) 

Hotplate SH8 (STUART SCIENTIFIC) 

Hydrochloric acid 37%, laboratory regent grade, HCl in this report (Fisher scientific, 

UK) 

Three targets sputtering machine 8-inch (Nordiko Limited, UK) 

Three targets sputtering machine 6-inch (Nordiko Limited, UK) 

4-inch Si (500 µm) wafer with 90nm SiO2 atop (Siltronix, US) 
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Rapid thermal processor, 210T-03 (Heatpulse, UK) 

Fan Oven (WTB binder, Germany) 

5.2.2 Production and Characterisation 

The pre-preparation of SiO2 substrates for the production of exfoliated graphene from 

graphite bulk was detailed in 4.2. The deposition of material layers for the production of 

graphene with sputtered materials was carried out with normal sputtering technique, as 

detailed in 4.1. Samples were then subjected to an RTP either in-situ or ex-situ. Details 

of the heating and cooling curves of these two systems are given 4.1.2. The metal layer 

of as-prepared samples was etched in HCl solution to obtain transferable or transfer-free 

graphene, as detailed in 4.1.3. 

The quality and the number of graphene layers were evaluated by a combination of 

optical microscopy and Raman spectroscopy, as detailed in 4.7.1 and 4.7.3. Surface 

morphologies and roughness were characterised by an optical microscope and AFM, as 

detailed in 4.7.2. Electronic characteristics of graphene FETs were measured with a 

Keithley 2602A multichannel source/measurement meter under ambient environment 

conditions. 
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5.3 Results and Discussion 

5.3.1 Characterisation of conventionally exfoliated graphene with different 

Layers 

 

Figure 5-1. Characterisation of exfoliated graphene with a different number of 

layers on SiO2 substrate. (a) Optical image of exfoliated graphene with a different 

number of layers. (b) Raman mapping of G/2D intensity ratio of the same area and 

(c) individual Raman spectrum from corresponding colour coded points in (a). 

Fig. 5-1 presents an optical image of exfoliated graphene with different layers on SiO2 

substrate together with its corresponding Raman mapping (G/2D intensity ratio) and 

individual Raman spectrum. In Fig. 5-1 (a), the contrast difference between graphene 

a b 

c 

Intensity 



96 

 

with different layers can be identified with the naked eye, where the darker area implies 

more graphene layers; however, the lightest pink colour, which relates to the monolayer 

graphene, varies from one lab to another and it, therefore, needs to be confirmed by 

Raman spectroscopy as a reference for the further optical determination of graphene 

with more layers. For the cyan area in Fig. 5-1 (b), where the black curve in Fig. 5-1 (c) 

is taken from, the typical G band and 2D band can be seen at 1573 cm-1 and 2664 cm-1, 

respectively. The G/2D intensity ratio of 0.41 and the 2D FWHM value of 24.5 cm-1 are 

shown together with an invisible D band, suggesting the monolayer nature and well-

crystallised lattice. For the red area in Fig. 5-1 (b), where the red curve in Fig. 5-1 (c) is 

taken from, both the G band and the 2D band are upshifted (1585 cm-1 and 2678 cm-1) 

compared with those of monolayer graphene. The increased G/2D intensity ratio of 0.91 

can be observed together with a weak D band around 1350 cm-1, indicating this bilayer 

graphene has been slightly damaged by the exfoliation process. Also, its 2D band 

consists of two individual components instead of a single band in the monolayer, if it is 

fitted with a Lorentzian curve. The spectrum of the pink area in Fig. 5-1 (b), which is 

the blue curve in Fig. 5-1 (c), show a further increased G/2D intensity ratio of 1.3 and a 

upshifted 2D band at 2702 cm-1 which consists of more complicated sub-peaks, 

indicating the nature of few layers of graphene or graphite. From the G/2D intensity 

ratio mapping, it can also be seen that the monolayer is relatively uniform in the central 

area, whilst the edges have a higher D band which is related to the polarisation, relative 

position of the laser spot and the amount of disorder [253]. 

5.3.2 Novel Growth Process and Typical Results of Sputtered Graphene 

Fig. 5-2 shows the growth procedure of graphene from sputtered materials. A SiO2 

wafer is coated by the carbon source layer and the metal film in the sequence of either 

substrate/SiC/Ni (Fig. 5-2 (a)) or substrate/Ni/SiC (Fig. 5-2 (b)). All targets were 6 or 8 

inch in diameter and had a typical purity of 99.99%. After the deposition of all the 
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materials, the sample stack undergoes an RTP at a temperature varying from 650 °C to 

1000 °C. Whichever the deposition sequence of these two layers is, graphene has 

always been found on top of the stack, as shown in Fig. 5-2 (c). The Ni (containing Ni-

silicide or Ni-carbide) layer is etched away by an HCl aqueous solution, as shown in Fig. 

5-2 (d). For the sample with a Ni thickness of 100-500 nm on top, shown as Fig. 5-2 (e), 

the graphene film comes off the SiO2 wafer and floats on the surface of etchant solution 

after HCl etching, which can be scooped up with any arbitrary substrate [120, 135, 254]. 

In contrast, as shown in Fig. 5-2 (f), graphene is maintained on the original dielectric 

substrate when the Ni layer is thinner than 100 nm. 

 

Figure 5-2. Schematic illustration of graphene growth from sputtered material. (a) 

and (b) show the sputtering deposition of different materials in the different 

sequence. (c) Graphene obtained on top of the stack after annealing. (e) and (f) 

show the samples with different Ni thickness result in transferable and transfer-

free graphene after etching (d), respectively [142]. 

Fig. 5-3 (a) presents a comparison of Raman spectra of exfoliated monolayer graphene 

(blue) and that of graphene obtained from S1 (red), which is prepared in the structure of 

the substrate/50nm SiC/500 nm Ni and annealed at 1000 °C for 2 min in the ex-situ 

system. It can be seen that both exfoliated graphene and graphene grown from sputtered 

material show a FWHM value of the 2D band < 35 cm-1 and G/2D ratio < 0.5, indicating 

Figure 5-2 has been removed due to Copyright restrictions. 
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the monolayer nature of graphene [61, 67, 252]. Also, no observable D band can be seen 

around 1350 cm-1 in the red spectrum, suggesting that graphene grown from sputtered 

materials has a comparable defect level with that of exfoliated graphene [61]. A Raman 

mapping of the FWHM across an area of 750 x 500 µm from S1 is shown in Fig. 5-3 (b). 

In the light of the FWHM value, a 40% surface coverage of monolayer graphene has 

been achieved within this area. 

 

Figure 5-3. Raman analysis of sputtered and exfoliated graphene. (a) Raman 

spectra of graphene grown from sputtered materials (red) and that of monolayer 

exfoliated graphene on SiO2 substrate. (b) FWHM mapping of the 2D band across 

an area of 750 x 500 µm on S1. 

5.3.3 Dependence on Growth Parameters 

To optimise the growth parameters and obtain graphene with better quality and higher 

surface coverage, the effects of RTP conditions, layer thicknesses and deposition 

sequences to the resultant graphene are discussed in this section. 

Fig. 5-4 (a) shows the Raman spectra of S1 and S2, which have the same SiC and C 

thicknesses, but a reversed deposition sequence to each other (sub/500 nm Ni/50 nm 

SiC for S2). Both of these two samples have been annealed at two RTP temperatures of 

1000 °C and 700 °C. For the spectrum of S1 annealed at 1000 °C, it shows the typical 

Figure 5-3 has been removed due to Copyright restrictions. 
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characteristics of monolayer graphene with a low defect density. However, the spectrum 

of S2 annealed at the same temperature shows an increased FWHM value of the 2D 

band, the G/2D intensity ratio and D band, indicating more defects and layers have been 

introduced in the resultant graphene. The other two Raman spectra shown in Fig. 5-4 (a) 

are obtained from S1 and S2 annealed at a lower temperature of 700 °C. The FWHM 

values of the 2D bands are found to be 45.8 cm-1 and 55.2 cm-1, suggesting a bilayer or 

tri-layer nature respectively. Again, S1 exhibits slightly better Raman characteristics 

with a smaller FWHM value and negligible D band intensity at this temperature. On the 

other hand, the darker are as which are covered by graphene can be optically 

distinguished from the lighter area which are covered by amorphous carbon in the 

camera shots shown in Fig. 5-4 (b) and (c). As a comparison, the sample S2 (Fig. 5-4 (c)) 

has a much higher graphene surface coverage of 90% than that of SiC underneath the Ni 

(40% surface coverage in Fig. 5-4 (b)). This is attributed to a relative high carbon 

concentration at the Ni surface and a slow dispersion of carbon in Ni during the heating 

up process, in turn leading to more sufficient carbon source for the formation of 

graphene during the cooling down process. Fig. 5-4 (d) and (e) shows morphological 

AFM images of S1 and S2 annealed at 1000 °C, respectively, indicating that the carbon-

containing Ni films of the both samples have re-crystallised with different grain size 

during the RTP procedures. These results suggest that:  S1 structure tends to produce 

graphene with the higher quality but with lower surface coverage; S2 has a negative 

effect to the size of Ni grain after annealing; and the samples annealed at higher 

temperature prefer to produce graphene with better quality. 
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Figure 5-4. Dependence of deposition sequence and annealing temperature. (a) 

Raman spectra of S1 and S2 annealed at 1000 °C (blue and light green curves) and 

700 °C (dark green and red curves) respectively. (b) and (c) camera shots show 

distinctions with and without graphene on S1 and S2 respectively. (d) and (e) AFM 

images (amplitude contrast) of S1 and S2. 

Fig. 5-5 (a) shows two typical Raman spectra of S3 (sub/50 nm SiC/200 nm Ni), which 

are annealed at 680 °C (red) and 1000 °C (blue), respectively. Fig. 5-5 (a. 1) and (a. 2) 

show the surface morphology of S3 after annealing at 680 °C. The large number of 

triangular nano-grains with a typical size of 20–30 nm indicates an incomplete re-

crystallisation process. Its corresponding Raman spectrum took atop shows the FWHM 

Figure 5-4 has been removed due to Copyright restrictions. 
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of the 2D band ~74.1 cm-1 and a G/2D ratio of 1.77, demonstrating graphene grown on 

this type of grain has a multilayer nature [252]. The D/G intensity ratio of 0.17 also 

suggests that the graphene film contains considerable nano-grains and defects [255]. As 

a comparison, S3 prepared with the same deposition parameters but annealed at 1000 °C, 

produces a bilayer graphene film with the typical FWHM of 2D ~ 47 cm-1 and a G/2D 

intensity ratio of 0.96. The corresponding AFM image in Fig. 5-5 (a. 3) shows a better 

re-crystallisation of the carbon-containing layer with bigger grain sizes of 0.5–1.5 µm. 

Compared with S1, a conclusion can be drawn that the samples prepared at the same 

RTP temperature with thicker Ni films (500 nm) favour the growth of higher quality 

monolayer graphene if Ni is on top of SiC. Also, the results here confirm a conclusion 

that the higher annealing temperature is preferred for the re-crystallisation of a carbon-

containing Ni film and the formation of graphene, leading to a better graphene quality. 

The characteristics of S4 (sub/2.5 nm C/40 nm Ni), which is prepared with a thinner 

carbon/Ni layer and annealed at 1000 °C, are shown in Fig. 5-5 (b). The amorphous 

carbon is used as the carbon source here because no significant difference in resultant 

graphene has been observed between the samples employing either SiC or C. In this 

case, the G/2D ratio of 1.15, D/G ratio of 0.26 and a FWHM value of 57 cm-1 have been 

observed, indicating the bi- or tri-layer layers graphene with low-level defects and nano-

crystalline. The AFM image of S4 shows a grain size smaller than 1 µm and the mean 

grain size of the sample is approximately 500 nm (detailed analysis shown in Fig. 5-6). 

Fig. 5-5 (c) shows Raman spectra of S1 annealed at the same temperature of 1000 °C 

for 2 min but processed with reduced cooling rates (intensity decrease) of 2 %/s (red) 

and 1 %/s (blue), respectively. Compared with the samples annealed at 15 %/s in Fig. 5-

4 (a), much wider 2D bands and higher D bands can be identified, indicating graphene 

formed in this case has more layers and defects. According to the analysis of a large 

number of samples, it has been proven that the heating rate is not as crucial as a faster 
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cooling rate to the formation of monolayer graphene on Ni, which agrees with the 

results by Yu et al. [75]. 

 

Figure 5-5. Raman spectra of as-grown graphene from samples with different RTP 

systems/conditions and Ni layer thicknesses. (a) Raman spectra of S3 with RTP 

temperatures of 680 °C and 1000 °C, AFM images of S3 annealed at 680 °C are 

given in (a. 1) and (a. 2), at 1000 °C shown in (a. 3). (b) Raman spectrum of S4 

annealed at 1000 °C. AFM of S4 is given in (b. 1). (c) Raman spectra of S1 

processed with different cooling rates. 

5.3.4 Distribution of Grain Size and Analysis of Surface Roughness 

The atomically flat graphene film with a low defect density is essential for the 

fabrication of graphene-based applications, such as electronic devices and sensors [256]. 

However, graphene produced by the current mass-production techniques is far from 

Figure 5-5 has been removed due to Copyright restrictions. 
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perfect due to the high density of defects, edges, chemical impurities and grain 

boundaries [257]. Although improvements have been made to obtain graphene with 

these ideal qualities, it remains a major challenge [258]. In the method of graphene 

grown from sputtered materials, the quality of resultant graphene strongly depends on 

the grain size and the surface morphology of re-crystallised Ni film after thermal 

annealing. The distribution of grain size (in diameter) of S1, S2 and S4 are determined 

by the AFM topographic images over a surface area of 10 x 10 μm and shown in Fig. 5-

6. The average grain sizes of S1 and S2 are found to be 939 nm and 564 nm, as shown 

in Fig. 5-6 (a) and (b) respectively. It can be attributed to the C layer on top of Ni that 

has a negative effect on the grain size enlarging during the re-crystallisation [259]. S4, 

which consists of a much thinner Ni (40 nm) and C layer (2.5 nm), shows a half average 

grain size compared with S1, indicating that a thinner Ni layer prefers to re-crystallise 

into smaller grains, as shown in Fig. 5-6 (c). In addition, Fig. 5-6 (d) is the distribution 

of grain size measured on the CVD graphene on Cu over a surface area of 10 x 10 μm. 

No difference of grain size can be found between the commercial CVD graphene on Cu 

from Graphene Supermarket and the graphene grown in conjunction with sputtered Ni. 
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Figure 5-6. Grain size distribution of graphene grown on top of (a) S1, (b) S2, (c) 

S4 and (d) CVD graphene grown on Cu sheet. Scan range cross over a surface area 

of 10 x 10 μm. The corresponding AFM images are shown in Fig. 5-7. 

The distribution of grain size of S3 has been observed at the similar order of magnitude 

to S4 (transfer-free graphene). It is worth noting that the grain sizes measured by AFM 

here actually refers to the grain size of the metal film on where the graphene was grown, 

instead of the grain size of graphene crystals, which can only be identified with atomic 

resolution. According to Raman mapping which shows the inhomogenous signal around 

the grain boundaries of the metal film, it is inferred that the grain size of graphene 

crystals are restricted by the grain boundaries of the Ni film as the graphene crystals are 

unlikely to grow across the grain boundaries of the Ni film, or bridging the adjacent Ni 

grains without introducing any defects. This is consistent with Huang et al’s work [260] 

that the grain size of the graphene crystals of CVD graphene on Cu are much smaller 

than those on a Cu film as dislocation always occurred in graphene crystals grown on 

large Cu grains. 

Figure 5-6 has been removed due to Copyright restrictions. 
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The morphology images of samples in Fig. 5-6 are shown in Fig. 5-7 together with the 

analysis of surface roughness. It can be seen that all the graphene samples have uneven 

surface morphologies with typical mean roughness values ranging from 10~30 nm and 

10 points heights up to 200 nm. This phenomenon is attributed to the re-crystallisation 

of a carbon containing metal layer at the elevated temperature (up to 1000 °C) and the 

graphene morphology is a rubbing of the metal morphology where it grows. For S1 

shown in Fig. 5-7 (a), which has the same layer thickness with S2 (shown in Fig. 5-7 (b)) 

but reversed deposition sequence, shows a higher roughness, confirming that a C layer 

on top of Ni has a negative effect on the formation of bigger grains. Compared with S4 

shown in Fig. 5-7 (c), it can be seen that samples with the thicker Ni layer on top show 

higher roughness, which is also a confirmation of the conclusion drawn from grain size 

analysis. Both the grain size and roughness of Fig. 5-7 (c) and Fig. 5-7 (d) are 

remarkably similar, implying that our result has competitive flatness with graphene 

prepared by CVD methods. 

 

Figure 5-7. AFM analysis of surface morphology and roughness of graphene 

grown on (a) S1, (b) S2, (c) S4 and (d) CVD graphene grown on Cu sheet. Scan 

range cross over a surface area of 10 x 10 μm. 

Figure 5-7 has been removed due to Copyright restrictions. 
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5.3.5 Transferrable and transfer-free graphene 

As the Ni film cannot be fully evaporated during or after the graphene growth, the 

samples need to be immersed into an HCl aqueous solution to remove the Ni, Ni-silicide 

or Ni-carbide layers, as introduced in 4.1.3. For the sample with a thicker Ni layer (> 

100 nm), the graphene film could come off the original SiO2 substrate and floats on the 

surface of the HCl solution. Due to the ultrahigh breaking strength of the graphene film, 

it can be picked up by another arbitrary substrate without introducing any visible cracks. 

For the sample with a thinner Ni layer (< 100 nm), the graphene film can be maintained 

on the original SiO2 substrate and, therefore, no post-transfer process is required for the 

fabrication of devices on SiO2. According to the observation, the etching of the Ni film 

occurred at all of the sample edges, grain boundaries and dislocations of graphene on 

the sample plane, as bubbles can be observed from all of these places. However, due to 

the good crystallisation of the graphene film, the side-way etching is dominated instead 

of top etching, in turn leading to a much longer etching period for those samples with a 

thinner Ni. 

A comparison of transferrable and transfer-free graphene is provided in Fig. 5-8. A 

typical Raman spectrum of graphene transferred onto the SiO2 substrate (S2, can be S1) 

is shown in Fig. 5-8 (a). Compared with the spectrum of S2 before etching, only the 

intensity of the D band is slightly increased, which may be attributed to the nano-sized 

damage introduced during the transfer process. Its corresponding optical image is 

shown in Fig. 5-8 (a. 1). There is no crack that can be seen with the naked eye, 

indicating that the graphene film is of good quality on a macroscale. 2D and 3D AFM 

images (amplitude contrast) of the same sample are presented in Fig. 5-8 (a. 2) and (a. 3) 

respectively, showing the grain sizes ranging from 0.5–1.5 µm together with its uneven 

morphology. It also can be seen that graphene is formed or wrapped around Ni grains, 

which means that the morphology of graphene is actually a rubbing of the Ni surface 
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underneath. This rigid sheet, which contains a flat area on each grain top and the curved 

or vertical surface around the overlap of grain boundaries, can float off the original 

substrate once the Ni layer underneath is etched away. According to the analysis of 

surface roughness in Fig. 5-7, there is no significant difference in the surface 

morphology or roughness between the as-grown graphene, transferred graphene and 

CVD graphene on Cu [258] or on Ni [102], which is mainly due to a similar re-

crystallisation process of the metal grains at similar temperatures of graphene growth. 

As mentioned earlier, the actual graphene grains are much smaller than those of the 

metal grains [260] for CVD graphene on Cu film. Malola et al. [257] also have reported 

that graphene grain boundaries are topological defects with a disordered character, 

which can be characterised by trends in energy, structure, chemical reactivity, 

corrugation heights and dynamic properties as a function of lattice orientation mismatch. 

Therefore, graphene grown from sputtered Ni shows similar characteristics like CVD 

graphene, implying two types of grain boundaries formed during the graphene growth 

on metal surfaces. The grain boundaries of graphene on the large metal crystal surface is 

caused by the dislocation of carbon atoms during the graphene growth [260], and the 

grain boundaries caused by the multiple nucleation sites across the metal film [102] and 

the physical separation of the metal grains. The latter one results in the uneven graphene 

morphology as shown by AFM images. As both of the film roughness and grain 

boundaries can potentially degrade the electronic properties of device applications, a 

major challenge is the growth of defect-free and atomically flat single crystal graphene 

films [256, 258]. 

Fig. 5-8 (b) shows a typical Raman spectrum and an optical image of transfer-free 

graphene from S4 after the removal of the Ni layer in HCl. Its corresponding 2D and 3D 

AFM images are shown in Fig. 5-8 (b. 2) and Fig. 5-8 (b. 3), respectively. For the 

transfer-free graphene, the Raman spectrum shows comparable quality with that of as-
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grown S4 shown in Fig. 5-5 (b), except an increased D band, which indicates nano-sized 

damage occurred during in the etching process. From Fig. 5-8 (b. 2) and (b. 3), it can be 

seen that the surface morphology of the graphene is also a rubbing of the morphology of 

the Ni layer underneath. However, compared with transferred S2 onto SiO2 substrate, 

the etched S4 shows smaller grains and lower roughness, which corresponds to the 

conclusion from Fig. 5-5. For this sample, the most important achievement is that the 

graphene remained on the original substrate, after the Ni film is etched away in HCl, 

demonstrating that the adhesion between graphene and the substrate is much stronger 

than the buoyant force caused by graphene hydrophobicity. 

To understand the reason how graphene can either come off or remain on the original 

substrate with the different Ni thickness, more detailed studies have been carried out. 

The Raman spectra and AFM images of S1-S4 taken before the chemical etching are 

compared with their corresponding results obtained after the chemical etching. For the 

specific sample S4, the top graphene layer is removed by sputtering before immersing 

the samples in HCl. As the four samples show similar results, only one typical result is 

given in Fig. 5-8 (c). The Raman spectrum (upper blue curve) before chemical etching 

is shown together with its corresponding AFM image (Fig. 5-8 (c. 1)), which present a 

typical graphene signature with the re-crystallisation grains. The bottom spectrum (red 

curve) is taken from the S4 substrate surface after the removal of the graphene and the 

Ni layer, showing relative weak but wide D and G bands around 1350 cm-1 and 1600 

cm-1, respectively, a typical signature of nanocrystalline graphite [261, 262]. It can be 

seen that the structure of nc-G on the substrate reflects the morphology of the bottom 

surface of the Ni layer (shown as nc-G in Fig. 5-8 (c. 2)). These results demonstrate that 

graphene always grows on the top surface and leaves a nc-G layer on the substrate 

whatever the deposition sequence of materials and the thickness of the layers. In the 

consideration of a diffusion-segregation (or precipitation) mechanism [100, 263], it is 
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believed that the precipitation of carbon atoms from Ni during the RTP cooling down 

phase is isotropic, which means that carbon atoms precipitate on both the top and 

bottom surfaces. However, graphene forms only on the top surface and wraps around Ni 

grains while a layer of carbon does precipitates at the interface between Ni and SiO2, 

which is attributed to the loss of the catalytic function of the Ni layer caused by the 

unfavourable chemistry at the Ni/SiO2 interface. Therefore, for samples with the thicker 

Ni layer, there is no physical connection between the graphene on top of the Ni and nc-

G layer on the substrate once the Ni layer is etched away, and consequently, graphene 

floats off the substrate because of its hydrophobic nature. However, for samples with 

thinner Ni (in the range of < 100 nm), graphene around Ni grain boundaries can come 

down to the substrate and join the nc-G layer during the re-crystallisation and weak de-

wetting process, which performs as anchors between the graphene film and the original 

substrate. The rest of the graphene grown on top of the flat grains falls onto the 

substrate and keeps this morphology as its physical structure. 
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Figure 5-8. Characterisations of the transferred graphene and transfer-free 

graphene. (a) Raman spectrum of graphene of S2 transferred to the SiO2. a.1, a.2 

and a.3 are the optical micrograph, AFM amplitude contrast and AFM 3D images 

of the sample, respectively. (b) Raman spectrum of transfer-free graphene from S4, 

retains on the original substrate after the removal of Ni in HCl. b.1, b.2 and b.3 are 

its relative optical micrograph, AFM amplitude contrast and AFM 3D images, 

respectively. (c) AFM image and Raman spectra of the top graphene layer and the 

substrate surface after the removal of graphene by sputter-etching and the 

removal of Ni layer by etching in acid. 

5.3.6 AFM comparison of grain morphology of conventionally transferred CVD 

graphene and graphene grown from novel sputtered films 

Fig. 5-9 shows the AFM amplitude contrast and 3D grain topography of CVD graphene 

grown on Cu foil (Fig. 5-9 (a)) and graphene grown from a sputtered Ni/C stack (S1, 

Fig. 5-8b), after transferring onto the SiO2 substrates respectively. Although the two 

Figure 5-8 has been removed due to Copyright restrictions. 
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samples are grown on different metal layers, the morphologies of them are remarkably 

similar; indicating the transferred graphene from sputtered materials has very 

comparable quality on flatness. 

 

Figure 5-9. AFM amplitude contrast and 3D topography of transferred (a) CVD 

graphene and (b) graphene grown from sputtered Ni/C stack on the SiO2 wafer. 

5.3.7 Novel Growth Model of Sputtered Graphene 

In light of these above observations, a growth model of graphene grown from different 

Ni thicknesses is proposed, as shown in Fig. 5-10. Fig. 5-10 (a) shows that when the Ni 

layer is thick enough (> 100 nm), graphene can grow on relatively large and smooth Ni 

grains, which form during the RTP. For each individual Ni grain, monolayer graphene 

grows uniformly on top of the surface and around the grain (a.1). In this case, the 

Raman characteristics of monolayer graphene can be detected as shown in Fig. 5-3 (a). 

However, in practice the size of the Ni grain is affected by many factors and the growth 

of uniform graphene is difficult to achieve around grain boundaries as explained in Fig. 

5-8. There is only 40% coverage of monolayer graphene that can be achieved 

discontinuously. A layer of nc-G is also formed at the interface of the Ni and SiO2 

substrate due to the isotropic precipitation of carbons atoms, as the Raman results 

Figure 5-9 has been removed due to Copyright restrictions. 
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shown in Fig. 5-8 (c). The adhesion between nc-G and the substrate is strong enough to 

withstand the ultrasonic bath; however, graphene floats off the substrate after the 

etching of Ni, as there is no physical connection between them (a.2). Fig. 5-10 (b) 

presents the case of the growth of transfer-free graphene when smaller Ni grains are re-

crystallised during RTP. In this case, graphene cannot only grow around the Ni grain 

boundaries but also come down to the substrate due to the re-crystallisation and de-

wetting, linking up graphene with the nc-G layer on the substrate (b.1). Because of the 

existing physical connections here, graphene can overcome the buoyant force caused by 

its hydrophobic nature and remain on the original substrate after chemical etching (b.2), 

as supported by AFM images and Raman spectrum shown in Fig. 5-8 (b) for S4. If the 

thickness of the Ni film decreases further to < 30 nm, as shown in Fig. 5-10 (c), a layer 

of discontinuous graphene can be found on the substrate, which is due to the same 

reasons explained in Fig. 5-10 (b). The abundance of nucleation sites and an insufficient 

Ni layer result in smaller Ni grains overlapping with each other, which in turn result in 

graphene grains overlapping with each other, as shown in Fig. 5-8 (b) and (c). Around 

these overlaps, although graphene on each Ni grain is likely to be monolayer, it may 

produce a Raman spectrum of a bilayer or few layers of graphene. The higher 

percentage of overlapped graphene, the more spectra looks like multilayer graphene, 

makes the interpretations of these Raman results more complicated than that of evenly 

exfoliated graphene on a SiO2 substrate. Therefore, under the optimised conditions, it is 

a matter of debate that graphene growth can be self-limiting on individual Ni grains. 

The multilayer Raman spectra could be due to the contribution of overlapped graphene 

grains. However, more detailed studies need to be carried out to clarify this hypothesis. 
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Figure 5-10. Schematic illustration of the graphene growth model. (a) Sample with 

Ni thickness >100 nm: (a. 1) graphene grows on top of Ni and replicates the 

morphology of Ni grains while a nc-G layer is formed at the Ni-SiO2 interface. (a. 2) 

a transferable monolayer graphene sheet is obtained after the etching of Ni. (b) 

Sample with Ni thickness from 30–100 nm: (b. 1) graphene on top of the Ni can 

grow through the grain boundaries and join the nc-G layer on the substrate. (b. 2) 

Graphene remains on the original substrate after the etching of Ni. (c) Smaller Ni 

grains in grain boundaries: (c. 1) monolayer graphene also grows around these 

small Ni grains. (c. 2) The resultant graphene shows overlapped grains across the 

grain boundaries, which is caused by the overlapped structure of the Ni layer after 

re-crystallisation [142]. 

5.4 Conclusions 

The production of graphene with mechanical exfoliation on a SiO2 substrate has been 

successfully repeated. The unique optical properties and good quality of the resultant 

exfoliated graphene have been confirmed by the optical contrast comparison and Raman 

spectroscopy, respectively. Compared with graphene produced by other methods, e.g. 

CVD or epitaxial graphene from SiC, exfoliated graphene possesses the best lattice 

quality and uniformity. 

Figure 5-10 has been removed due to Copyright restrictions. 
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A novel technique for either large area transferable or transfer-free graphene grown 

from sputtered materials on a SiO2 substrate has been developed. Graphene is always 

obtained on top of the Ni layer while a layer of nc-G is obtained on the surface of a SiO2 

substrate, which is believed to be as a result of isotropic precipitation of carbon atoms 

from the Ni layer and the unfavourable chemistry at the Ni-SiO2 interface for the 

graphene growth. The results are comparable with CVD samples at the surface 

morphology and roughness, which are caused by the re-crystallisation of the Ni film and 

the robust nature of graphene. Transfer-free graphene can be produced on the SiO2 

substrate with the chemical etching of the Ni layer, if the thickness of Ni ranges from 

30-100 nm, paving the way to a novel production technique of large area graphene on 

the dielectric substrates. A growth model has been proposed to demonstrate the 

relationship between graphene states and the Ni layer thickness. Graphene grown on 

individual Ni grains may be self-limiting with a catalytic mechanism, as no connection 

between the graphene formation and the Ni crystal orientation has been observed. The 

overlapped graphene boundaries, which are caused by the Ni grain boundaries, bring 

complications in the interpretation of the Raman data. To meet the requirement of the 

industrial application, a profound challenge, is the solution to the uneven morphology of 

the graphene film caused by metal layer re-crystallisation and the optimisation of 

graphene growth conditions. 
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Chapter 6 Fabrication and Characterisation of Graphene 

FET Devices 

6.1 Introduction 

Due to its unique physical and chemical properties, graphene has attracted a huge 

amount of research interest since 2004 [2]. To fully understand its unique properties and 

apply them to the industrial scale production for biological, electrical and thermal 

applications [34, 42, 264, 265], a non-destructive method for the fabrication of 

electronic contacts on a graphene film is required. Many methods have so far been 

proposed and achieved in laboratories, such as electron beam evaporation (e-beam 

evaporation) [93], CVD [266] and thermal evaporation [38]. However, among them, 

thermal evaporation is believed to be the only non-destructive method to achieve this 

purpose. Sputtering deposition, as the most favorable deposition technique in the current 

semiconductor industry, it has a number of advantages such as high throughput, diverse 

material choices. However, defects and disorders are always introduced into the 

graphene by the energetic sputtering flux, resulting in performance degradation of 

graphene-based devices [267-270]. Moreover, the fabrication of Au contacts on 

graphene has been found unlikely to be achieved by the conventional lift-off technique 

without post-cleaning in ultra-sonication due to the difficulties in removing the 

unwanted sputtered Au films. However, to minimise the potential damage to the 

graphene film, ultra-sonication should be avoided in the fabrication procedures of 

graphene devices [271]. 

To reduce graphene damage caused by the deposition of sputtered Au films during 

device fabrication, some improved sputtering configurations have been proposed [272, 

273]. It has been confirmed that either the flipping substrate or the deposition with low 
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incidence could effectively reduce the damage to graphene. However, both the flipping 

substrate configuration and the low deposition angle makes the lift-off process unlikely 

to be achievable, therefore, no electronic devices and measurements can be fabricated or 

provided in those reports [264]. Although chemisorbed metal, such as Ni, has also been 

used as a contact material to achieve lower resistance after performing a post-annealing 

process [274, 275], the mechanism here is to promote the chemical/physical interaction 

between the graphene and metal contact instead of reducing the damage to the graphene. 

In addition, for the fabrication of biosensor with CVD graphene, the graphene has to be 

geometrically designed and patterned to meet the size requirement. Prior to this work, 

the scalable patterning of graphene was normally achieved by oxygen plasma etching, 

which made it the most commonly used technique in the industry of graphene 

microfabrication [276, 277]. Some other techniques, such as focused ion beam etching 

[278, 279] and photocatalytic patterning [280], have also been reported. In contrast, ion-

milling and sputtering, as the main preferred high throughput dry etching tools in the 

semiconductor industry, have not been reported. Due to the thermal effect of a 

sacrificial polymer layer, the removal of polymer afterward has become a difficulty. 

In this chapter, a novel shielding technique for the deposition of Au contacts on 

graphene by sputtering was developed. As far as is known, this is the first method for 

fabricating electronic Au contacts on graphene film without introducing difficulties in 

the lift-off process. To minimise the damage, both Ar pressure and discharge power for 

the deposition of Au have been systematically studied and optimised. In contrast to 

those devices fabricated with conventional sputtering configuration, the devices 

fabricated using the shielding technique and optimised deposition parameters show an 

increased success rate of device fabrication from 17% to 90%. Also, their corresponding 

two-probe contact resistivity (Rcontact) and total device resistivity (Rtotal) have been found 

significantly decreased down to 1.04 and 2.4 kΩ µm, respectively. In addition, 
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absorption effects to the electronic performance, which are mainly from organic 

residues generated during fabrication and gaseous molecules during the electronic 

measurement, have been systematically presented and analysed, providing the 

optimisation of the performance of graphene FETs. 

A novel scalable manufacturing technique to precisely pattern CVD graphene on a SiO2 

substrate using improved ion-milling and lift-off process was reported for the 

fabrication of graphene-based electronic devices. The transferred CVD graphene was 

successively spin-coated by lift-off resist (LoR) and photoresist. Then the sample was 

subjected to a thermal baking process under deep ultraviolet light (DUV) to decrease the 

thermal effect caused by ion-milling afterward. The quality of the resulting patterned 

graphene was characterised by Raman spectroscopy and optical microscope. The 

mechanism of this technique was explained by cross-section analysis using SEM. 

6.2 Experiment 

6.2.1 Materials and Fabrication Instruments 

Microposit remover 1165 (Rohm and has electrical materials Europe, UK)  

Microposit developer 351 (Rohm and has electrical materials Europe, UK) 

Lift-off Resist 3B (Rohm and has electrical materials Europe, UK) 

Mask aligner J500/VIS (OAI optical associates Inc) 

4-inch Au target, 99.99% purity (Kurt J. Lesker, US) 

Hotplate SH8 (STUART SCIENTIFIC) 

Vacuum spinner 14E (DAGE PRECIMA INTERNATIONAL) 

Thermal evaporator (Edwards 306, UK) 
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Ion Miller (Edwards, UK) 

DUV light (UVP, UK) 

Three targets sputtering machine 6-inch (Nordiko Limited, UK) 

Fan Oven (WTB binder, Germany) 

4-inch Si (500 µm) wafer with 300nm SiO2 atop (Siltronix, US) 

6.2.2 Procedures and Characterisation 

Graphene samples were prepared with mechanical exfoliation from HOPG, as 

introduced in 4.2. LoR and photoresist were spin-coated with the modified 

photolithography and lift-off process in 4.4.1. The sputtering deposition of Au contacts 

was carried out using a shielding tube as introduced in 4.4.2. The transfer of CVD 

graphene was achieved following the process introduced in 4.3.1 and the patterning of 

CVD graphene was achieved through the steps in 4.3.2. 

The quality and the layer number of graphene were evaluated by a combination of 

optical microscopy, AFM and Raman spectroscopy, as introduced in 4.7.1, 4.7.2 and 

4.7.3, respectively. Surface morphologies of the FET devices were characterised by the 

optical microscope, AFM and SEM, as introduced in 4.7.1, 4.7.2 and 4.7.5. The quality 

of graphene films underneath the Au contacts and in the channel area was evaluated by 

Raman Spectroscopy equipped with a 532 nm laser. Electronic characteristics of 

graphene FETs were measured with the Keithley 2602A multichannel 

source/measurement meter under ambient environmental conditions, as introduced in 

4.7.4. 
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6.3 Results and discussion 

6.3.1 Fabrication of Au Contacts on Exfoliated Graphene  

The normal sputtering configuration and the modified sputtering configuration with a 

shielding tube are shown in Fig. 6-1 (a) and (b) respectively. In the normal 

configuration, Au is deposited not only onto the sample plane but also onto the side 

walls of photoresist and bridge over the LoR undercuts right through to the surface of 

the graphene. These bridges act as anchors linking up Au contacts onto graphene and 

unwanted Au films on the photoresist, resulting in difficulties in removing the unwanted 

Au films in the lift-off process. An optical image of a device fabricated with normal 

sputtering configuration is shown in Fig. 6-1 (c). It can be seen that the top left and 

bottom left contacts are linked up with each other by the Au film, leading to a short 

circuit in electronic measurements. Also, the Au ribbon with a typical size down to few 

micrometers can be seen suspended at the edges of contacts, which may have a physical 

contact with the graphene channel, leading to a fluctuation in Rcontact in electronic 

measurements. This poorly defined contact edge became worse when the pattern came 

down to the few micrometer or nanometer scale. 

To address this phenomenon, a shielding tube has been proposed and added into the 

normal sputtering configuration, as shown in Fig. 6-1 (b). This aluminum tube acts as a 

shield and is mounted on top of the photoresist patterns. The size of the inner bore is 

designed to be only slightly larger than that of the photoresist patterns, which can 

prevent excessive Au atoms depositing onto the side walls of the photoresist. In this 

case, only the portion of Au atoms ejected via the relatively perpendicular trajectories 

could reach the surface of the patterned substrate, leading to the finely defined patterns 

without introducing difficulties in the lift-off process, as shown in Fig. 6-1 (d). As a 

result of using this shielding technique, the success rate of the lift-off step (with no Au 
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bridges and ribbons between contacts or at the edges of contacts) increased from 17% to 

nearly 90%. 

The typical Raman spectra of as-exfoliated graphene (black) and the graphene 

underneath the Au contacts sputtered with optimised parameters (red) are shown in Fig. 

6-1 (e). It can be observed that the intensity ratio of the D to G band has slightly 

increased from 0.01 to 0.04 after the deposition sputtered Au on top, indicating that very 

limited defects or disorders can be introduced into the graphene lattice during this 

process. It corresponding Id-Vg (black) and R-Vg (red) characteristics have been 

presented in Fig. 6-1 (f). From its Id-Vg curve, a modulation of the channel conductivity 

around 4 and a Rtotal of 15.6 kΩ µm can be observed when the Vsd = 500 mV, presenting 

a good electrical characteristic of the exfoliated graphene device, which is in accordance 

with previous reports [15, 76]. The Dirac point, where the minimum conductivity 

presents, can be seen positively shifted to 19 V. This p-type doped phenomenon is 

caused by both polymer residues generated in the transfer process and gaseous 

adsorbents from air trapped on or underneath the graphene channel. The contact 

resistivity can be calculated from its corresponding R-Vg curve. Because at high 

negative Vg region, where two Rcontact dominate the Rtotal [191], the channel resistance is 

negligible and only less than a 5% discrepancy of Rcontact can be found compared with 

those values extracted with more complicated methods such as the TLM and curve 

fitting methods, the Rcontact of 5.4 kΩ µm therefore can be treated as the resistivity 

reading at high negative region of R-Vg curve. In this work, the minimum Rcontact has 

been found to be 1.04 kΩ µm, which is much lower than the Rcontact measured from 

those devices fabricated with normal sputtering configuration and even competitive 

with those prepared with e-beam evaporation [281], confirming the superiority of the 

modified sputtering in improving the electronic performance. 
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Figure 6-1. A comparison of device fabricated by normal and modified sputtering. 

(a) Normal and (b) modified sputtering configurations. (c) and (d) optical images 

of the devices fabricated with normal and modified sputtering configurations, 

respectively. (e) Raman spectra of as-exfoliated graphene (black) and graphene 

underneath the sputtered Au contact (red). (f) Id-Vg (black) and R-Vg (red) 

characteristics of a graphene FET, Vsd = 500 mV. Au contacts in (e) and (f) are 

sputtered with the modified configuration at a discharge power of 20 W and Ar 

pressure of 20 mTorr. 

6.3.2 Comparison of effect on graphene by Au with different deposition 

conditions 

In this section, the damage to graphene caused by Au sputtered under different 

conditions has been systematically studied by Raman spectroscopy and its effects to the 

corresponding electronic characteristics have also been investigated by Id-Vg 

measurements. Fig. 6-2 (a) shows a comparison of damage to graphene introduced by 

an Au film sputtered at different Ar pressures of 4, 8 and 20 mTorr with a constant 

discharge power of 50 W. It can be seen that the D/G band intensity ratio has increased 

Figure 6-1 has been removed due to Copyright restrictions. 
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to 1.08 and the 2D band became negligible when Au was sputtered at an Ar pressure of 

4 mTorr, as the black spectrum shows in Fig. 6-2 (a). By increasing the Ar pressure to 8 

mTorr, the all characteristic bands of graphene, which are located at 1350 cm-1, 1580 

cm-1 and 2680 cm-1, can be observed together with a D/G intensity ratio of 2.1 and a 

G/2D intensity ratio of 1.2, as the red spectrum shows in Fig. 6-2 (a). After the Ar 

pressure was further increased to 20 mTorr, the relative height of the G and the 2D 

bands maintained whilst the D band significantly decreased, in turn leading the D/G 

intensity ratio to decrease from 2.1 to 0.62, as the blue spectrum shows in Fig. 6-2 (a). 

From these results, it can be concluded that the higher Ar pressure during Au deposition 

is preferable and results in the less damage to the graphene, which is in accordance with 

Chen’s conclusion [272]. The bombardment of high-speed energetic Au atoms occurred 

when they arrive at the graphene, which causes the amorphisation of the sp2-hybrided 

graphene lattice [261],this is believed to be the major reason for the damage to graphene. 

The increased Ar pressure is preferred as it leads to more interparticle collisions, which 

result in more disordered trajectories and reduced energy of the sputtered species and in 

turn leads to the moderated damage to the graphene. After the deposition of Au at this 

increased Ar pressure, the graphene lattice has been changed into nanocrystalline 

graphite (nc-G phase) [282]. However, as a sacrifice for less damage to graphene, the 

deposition rate of Au was decreased from 11 to 0.6-0.7 nm/min when the Ar pressure 

was increased from 4 to 20 mTorr with the same discharge power of 50 W. Therefore, 

there is a limit of Ar pressure for using this method to moderate the damage, above 

which the deposition of Au is not commercial and practical. 

Fig. 6-2 (b) shows a comparison of damage to graphene introduced by an Au film 

sputtered at the same Ar pressures but with a constant discharge power of 20 W. When 

the pressure of Ar increased from 4 to 8 and 20 mTorr, the intensity ratio of the D and G 

bands gradually decreased from 3.36 to 1.22 and 0.08 respectively. Compared with 
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those samples fabricated at the same Ar pressures as in Fig. 6-2 (a), it can be seen the 

D/G intensity ratio in all the three cases are correspondingly lower, indicating that the 

decreased discharge power is also helpful to reduce the damage caused by sputtered Au. 

This is attributed to the less energetic bombardment of Au atoms ejected with less 

energy, which is not enough to break the C-C bonds in the graphene lattice. Using both 

an optimised Ar pressure and the discharge power, a very limited number of defects and 

disorders were introduced into graphene film underneath the sputtered Au contacts with 

an indicator of a negligible D band, as shown in the blue spectrum in Fig. 6-2 (b). 

Fig. 6-2 (c) provides a comparison of R-Vg characteristics of devices fabricated with 

and without optimised sputtering parameters. When the Au contacts are deposited onto 

a graphene channel with a 50 W discharge power of and a 4 mTorr Ar pressure, as 

shown in the black spectrum in Fig. 6-2 (c), a Rtotal of 26 kΩ µm and a calculated Rcontact 

of 10 kΩ µm can be seen together with a positively shifted Dirac point around 35 V on 

its corresponding R-Vg curve. When the Au contacts are fabricated with an optimised 

discharge power of 20 W, as shown in the red spectrum in Fig. 6-2 (b), the Rtotal and 

Rcontact decreased to 16 and 5.6 kΩ µm respectively whilst showing a positively shifted 

Dirac point at 20 V. In contrast, using both an optimised discharge power of 20 W and 

Ar pressure of 20 mTorr at the same time, as shown in the blue spectrum in Fig. 6-2 (c), 

a further decreased Rtotal of 3.4 kΩ µm and Rcontact of 1.04 kΩ µm can be observed with 

a positively shifted Dirac point at 10 V. From these results it can be confirmed that the 

Au sputtered on top of graphene as contact material could introduce serious damage to 

the graphene lattice, which in turn result in the higher Rcontact and Rtotal and higher 

doping level. As a method to address this issue, the relatively higher Ar pressure and 

lower discharge power are favorable, resulting in less damage to the graphene during 

the deposition of the Au contact, which could avoid the degradation of graphene’s 

unique electronic properties. 
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Figure 6-2. Raman spectra of graphene underneath the sputtered Au film and the 

electronic characterisation of corresponding devices. Raman Spectra of graphene 

underneath the Au deposited at a discharge power of (a) 50W and (b) 20W with 

three different Ar pressures respectively. (c) R-Vg characteristics of devices 

prepared with different sputtering conditions. 

Figure 6-2 has been removed due to Copyright restrictions. 
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6.3.3 Fabrication success rate and total device resistance 

After the characterisation of 75 graphene FETs fabricated with different configurations 

and sputtering conditions, the success rate of device fabrication, which refers to the ratio 

of devices with no Au bridges and ribbons between contacts or at the edges of contacts / 

total devices fabricated, together with their Rtotal and Rcontact have been presented in Fig. 

6-3. When the Au contacts are fabricated with the normal sputtering, a low fabrication 

success rate of 17%, a Rtotal range of 540 kΩ µm - 2 MΩ µm and a Rcontact range of 260 - 

940 kΩ µm can be seen due to difficulties in the lift-off process. As an improvement of 

using a shielding tube, the fabrication success rate was significantly increased to 90% 

with the Rtotal and Rcontact decreased to 26 - 400 kΩ µm and 10 -180 kΩ µm, respectively. 

Using both an optimised sputtering configuration and deposition parameters, not only a 

high fabrication success rate of 90% was achieved, but also a further reduced Rcontact 

down to 1.04 kΩ µm was obtained, which is much lower than that of devices fabricated 

with the normal sputtering technique and competitive with that of devices fabricated 

with the e-beam technique [38, 267]. An overview of the success rate, Rtotal and Rcontact 

of devices fabricated with different sputtering configurations and parameters have been 

summarised in Table 6-1. It is noted that the conclusion might be contradictory to that 

of other works [274, 275], which is due to the different metal materials used in the 

fabrication of the electronic contacts. Metals used for the formation of electronic contact 

can be categorised into physisorbed, such as Au as in this chapter, and chemisorbed, 

such as Ti [283], Pd, Ni or Cu in those references, which could chemically interact with 

those defects and disorders distributed within the graphene plane during annealing, 

leading to a much lower contact resistance [284]. The Au contact is inert with graphene 

even at the elevated temperature [284], therefore the decreased total resistivity and 

contact resistivity in this work can only be attributed to the reduced damage to graphene 

underneath the metal. Also, according to these measurements, no particular dependence 
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has been found between conductivity modulation/carrier mobility and the Au deposition 

conditions within the range of the discharge power of 20-50 W and the Ar pressure of 4-

20 mTorr. This is because the conductivity modulation depends on many factors, such 

as the quality and state of the graphene channel, the interaction between the substrate 

and the graphene and the amount of residues on the graphene, the contribution from 

graphene underneath the Au contacts is only one of these many factors. 

 

Figure 6-3. Statistics of total resistance and contact resistance of devices fabricated 

with normal configuration (group 1), using shielding tube (group 2) and with both 

a shielding tube and optimised sputtering parameters (group 3). 

  

Figure 6-3 has been removed due to Copyright restrictions. 
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Table 6-1. Summary of success rate, total resistivity and contact resistivity of 

devices fabricated with different configurations and sputtering parameters. 

 

 

 

 

 

Because the Keithley 2602A is setup in the ambient environment, most of the as-

fabricated devices show positively shifted Dirac points, locating from 5 to 20 V, which 

can be attributed to the doping effect caused by polymer residuals generated during the 

fabrication process, water and O2 absorbed on the graphene channel [2, 3, 49, 285]. 

6.3.4 Effects of annealing in vacuum to graphene transistors 

Fig. 6-4 (a) shows Raman spectra obtained before and after the thermal annealing in a 

vacuum of 10-7 mTorr (all the devices were measured under ambient conditions without 

specific illustration throughout this report). As previously reported [252], the spectrum 

of graphene mainly comprises three peaks. The 2D peak around 2680 cm-1 corresponds 

to the second order of boundary phonons. The G peak around 1580 cm-1 is due to C-C 

sp2 bond stretching, and the D peak which is invisible for perfect graphene, can be 

induced by defects or disorders. Here, no significant difference can be found between 

the G bands, 2D bands and G/2D intensity ratios of two curves shown in Fig. 6-4 (a), 

indicating no structural changes occur during the annealing process. However, 

compared with the one obtained before annealing in a vacuum, the intensity of the D 

band and its corresponding integral area decreased after annealing, implying that defects 

Table 6-1 has been removed due to Copyright restrictions. 
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or disorders caused by the fabrication process have been repaired or removed to some 

extent. Fig. 6-4 (b), (c) and (d) show comparisons of Id-Vg curves measured before and 

after annealing in a vacuum with source-drain voltages of 0.2, 0.5 and 1 V, respectively. 

This presents a trend that both mobility and gating efficiency increased. For example, 

mobility increases from 1600 cm2/V·s to 3700 cm2/V·s and gating efficiency increases 

from 1.8 to 2.3 as shown in Fig. 6-4 (b). Besides, the Dirac points shift from 40 V+ to 

around 18 V after annealing under vacuum, implying a decreased doping level, which is 

due to the partly evaporated absorbents, e.g. O2, water, LoR and photoresist residues 

here [286] and improved metal/graphene or a substrate/graphene interface [274, 287]. 

The reason for non-zero Dirac points obtained before annealing are attributed to the 

same residues and absorbents on graphene channel as devices are measured under 

ambient conditions. 
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Figure 6-4. Effect of thermal annealing on the characteristics of graphene FET. (a) 

Raman spectra of a graphene channel before and after annealing in vacuum at 

300 °C. (b), (c) and (d) Id-Vg curves of FET measured before and after annealing in 

vacuum with a source-drain voltage of 0.2 V, 0.5 V and 1 V, respectively. (e) 

Raman mapping of 2D band on the device channel, unit µm. 

Fig. 6-4 (e) present a Raman mapping of the 2D band of a device measured shown in 

Fig. 6-4, showing regular and uniform graphene channel, which indirectly proves the 

effectiveness of the fabrication process. To investigate the difference before and after 

a 

Sputtered Au contact 

Graphene Channel 

SiO2 substrate 

e 

µm 
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annealing in vacuum, the morphology of the graphene channel has been characterised 

by AFM, as shown in Fig. 6-5 (a) and (b). It can be seen that the thickness of exfoliated 

graphene on a SiO2 substrate was about 1.4 nm before annealing and reduced to 0.8 nm 

after annealing, indicating the vacuum annealing compressed the dead space between 

the graphene and the substrate [286] and may enhance the interactions between the 

graphene and SiO2 layer. 

 

Figure 6-5. AFM image and thickness measurements of graphene channel (a) 

before and (b) after annealing in vacuum. 

6.3.5 Effects of annealing in an Ar environment on a graphene transistor 

To demonstrate the effects of annealing at atmospheric pressure, the high purity Ar gas 

was inlet to prevent the graphene getting oxidised and keeping the temperature at 

300 °C for 3 h. As shown in Fig. 6-6 (a), the results of the Raman spectra are similar to 

those of annealing in a vacuum. The D/G band intensity ratio decreased from 0.07 to 

0.03 and no significant change can be found with the G/2D band intensity ratio, 

confirming that thermal annealing in Ar can also repair the graphene crystals to some 

extent. However, in Fig. 6-6 (b), (c) and (d), it can be seen that the total resistance 

decreases nearly 50% compared with those of before annealing and the Dirac point 

shifts positively to 40 V+, implying the higher doping level caused by the accumulation 

of excess holes. These results coincide with previous reports [179]. The mechanism for 

a b 
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decreasing resistance is the same as those for annealing in vacuum, which is attributed 

to the partly evaporated absorbents but the different behavior of Dirac point have not 

been explained before. This will be discussed in relation to the data shown in Fig. 6-7. 

 

Figure 6-6. Raman Spectra of graphene before and after annealing in an Ar 

atmospheric pressure and the dependence of FET electrical property changes with 

annealing in Ar. (a) Raman Spectra of a graphene channel before and after 

annealing in Ar at 300°C for 3h. (b), (c) and (d) Id-Vg curves of graphene 

transistors measured before and after annealing in Ar with a back gate voltage of 

0.5V, 1V, 2V, respectively. 

6.3.6 Post Cleaning 

The sensitivity and activity of graphene channels have been considered as the most 

important characteristic for graphene-based sensors. Freshly prepared devices have been 

used to demonstrate the effects of chemical cleaning, exposure to air and vacuum 
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cleaning. Fig. 6-7 (a) shows Raman spectra obtained from an as-prepared graphene 

transistor (black) and those obtained after the chemical cleaning process (blue) and 

exposure to air (red), respectively. For as-prepared graphene, a low G/2D ratio (around 

0.5) with a negligible D band indicates the high quality of this device. After the 

chemical cleaning processes or 4 h exposure in air, there is neither a visible D band nor 

changes of the G/2D band intensity ratio observed, indicating that no structural or 

electronic defect has been induced by adsorption and the cleaning processes. This is 

attributed to O2 (or other gaseous molecules from air), water and photoresist molecules 

that are trapped or absorbed by a graphene channel t hrough Van der Waals' force 

(physically attached to a graphene channel), without breaking or affecting sp2-

hybridised C-C bonds. It can be seen in Fig. 6-7 (b) that the Dirac point shifts gradually 

towards a negative voltage with longer chemical treatment, indicating the reduced LoR 

and photoresist residues on graphene channels. Also, the Dirac point stops around 18 V 

after 2 hours of the chemical treatment, which is coincident with the previous report that 

the complete removal of polymer residues is impossible to achieve [286]. Fig. 6-7 (c) 

presents the effects of exposing air to graphene transistors. As a result of adsorption on 

a graphene channel, the Dirac point shift towards a positive voltage gradually and 

finally stop around 40 V. Compared with the positive shift caused by water and 

photoresist molecules, it can be restored by vacuum pumping as shown in Fig. 6-7 (d), 

confirming adsorption from air that are physically attach onto the graphene channel. 

This phenomenon, in a sense, explains how the transport characteristics measured after 

annealing in vacuum are different with those measured after annealing in Ar. (1) During 

the few hours of the pumping stage before the thermal annealing in a vacuum, absorbed 

gaseous molecules desorbed from the graphene channel. Water and organic molecules 

are partly evaporated by the following annealing stage. (2) In contrast, annealing at 

atmospheric pressure will not lead to desorption of gaseous molecules before thermal 
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annealing, which may react with organic residues or trap more gaseous molecules at 

high temperature, in turn results in a higher doping level. 

 

Figure 6-7. Dependence of electrical property changes with chemical cleaning and 

exposure in air. (a) Changes of Raman spectra caused by chemical cleaning and 

exposure in air, respectively. (b) Effect of the chemical cleaning process to Id-Vg 

curves of graphene transistor, source-drain voltage is 500 mV. (c) Effect of 

exposure in air to Id-Vg curves of graphene transistor, source-drain voltage is 500 

mV. (d) Effect of vacuum cleaning to Id-Vg curves of graphene transistor, source-

drain voltage is 500 mV. 

The SEM image from a graphene channel before and after a proper post-cleaning 

process is shown in Fig. 6-8. From Fig. 6-8 (a), it can be seen that the as-prepared 

graphene device is contaminated by a lot of nanometer scale particles, such as the 

residues of photoresist and fragments of graphite, which in turn affected the electronic 
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performance of one graphene FET. In contrast, after chemical vacuum cleaning, it can 

be seen that there are no observable particles adsorbed on the graphene channel, even as 

the magnification increases (as shown in Fig. 6-8 (b)). A protuberance, which forms at 

the edge of the Au contacts with nanometer scale cracks, can be identified and this is 

normally the reason leading to a lift-off problem in conventional sputtering 

configuration. The protuberance then spreads downhill to the graphene sheet showing a 

narrow gold ribbon, implying that Au atoms are deposited onto graphene via disordered 

trajectories. 

 

Figure 6-8. SEM image from the channel of a graphene FET (a) before and (b) 

after the post cleaning process. The scale bar is 2.5 μm in image (a) and 1 μm in 

image (b). 

There are a few points that need to be clarified: (1) the estimation of mobility could 

introduce an uncertainty when the Vg is above 40 V, which is limited by our instrument. 

(2) Most of our as-prepared devices show positively shifted Dirac points, from 5 to 20 

V, which is in line with effect caused by organic residuals, water and O2 from the 

fabrication process [2, 3, 10, 285]. Devices showing higher doping level above are used 

to demonstrate the variation tendency of different treatment in this chapter. (3) As the 

Keithley 2602A measurement system is set up in ambient environment, the cleaned 

devices in this chapter still show slightly p-doped behavior which is caused by gaseous 

a b 



135 

 

absorption on graphene. (4) Compared with thermally evaporated contacts, the Cr layer, 

which have commonly been used to improve adhesion between Au and SiO2 [283], has 

been found unnecessary in our configuration. This is attributed to room temperature 

sputtering which could minimise thermal expansion difference between the Au film and 

the Si substrate. The absence of Cr will be a novel way to enhance the performance of 

graphene transistors. 

6.3.7 CVD Graphene patterned with Ion-milling Etching 

The qualities of graphene patterned by the normal and the modified ion-milling etching 

have first been characterised by the optical microscope. Fig. 6-9 (a) shows the graphene 

channel patterned by the normal ion-milling and the lithography process. It can be seen 

that the unwanted graphene has been completely etched away; however, the photoresist 

and LoR used for masking purposes remained after the standard chemical cleaning 

process (shown as cyan colour in Fig. 6-9 (a)), which acts as an insulating layer on top 

of the graphene, leading to the failure of the device. To help in removing this resist layer, 

a magnetic stirring step has been applied during the lift-off process in the Photoresist 

Remover. Although it has helped in the removal of the resist layer to some extent (60% 

resist lifted off, as shown in Fig. 6-9 (b)), the quality of the resulting graphene channel 

is still far from acceptable for the fabrication of graphene electronic devices. In contrast, 

after the graphene was etched by the modified ion-milling process, the resist layer on 

the graphene channel can be completely removed by the standard lift-off process, as 

shown in Fig. 6-9 (c). In this case, neither the polymer residue nor visible cracks on the 

film can be optically seen throughout the whole channel area of the resulting electronic 

device after a thorough cleaning process, as shown in Fig. 6-9 (d). 

The qualities of graphene patterned by the normal and the modified ion-milling etching 

have also been characterised by Raman spectroscopy. Compared with that taken from 
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graphene patterned by the modified ion-milling etching, a strong band around 1540 cm-1 

can be seen in the Raman spectrum taken from graphene patterned by the normal 

method, as shown in Fig. 6-9 (e), indicating the existence of polymer residues. A high-

resolution Raman mapping of the D band across a graphene channel area of 35 x 35 µm 

shown in Fig. 6-9 (d) has also been provided in Fig. 6-9 (f). The higher intensity dots 

showing red and yellow in colour are standing for the atomic damage within the 

graphene lattice, which has a similar defect density with that of graphene before 

patterning, indicating the non-destructive nature of this modified ion-milling etching 

technique. 

 

Figure 6-9. Optical and Raman characterisation of ion-milling patterned graphene. 

CVD graphene patterned by (a) normal, (b) stirring remover and (c) DUV baking 

ion-milling methods. (d) FET fabricated using graphene from (c). (f) Raman 

mapping of D band across 35 x 35 µm area, scale bar is 2 µm. 

a b 

c d f 
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6.3.8 Cross-section Analysis of the UV Baking Effect 

A comparison of the cross-section profiles of the photoresist-LoR bilayer with and 

without pre-DUV baking before ion-milling etching is provided in Fig. 6-10 to explain 

the mechanism of this successful lithography process. Fig. 6-10 (a) shows the cross-

section image of ion-milled resist layer without pre DUV baking. Both of the 

photoresist and the LoR layer were rectangular with sharp edges after the developing 

process. However, it can be seen that after the ion-milling process, the edge of the 

photoresist has become rounded and the boundary between the photoresist and LoR is 

distinguishable, implying a melting and soften process of the photoresist during the ion-

milling etching. In addition, there is an outer layer that can be seen on the surface of the 

photoresist, which comes down to the surface of the substrate along the side walls of the 

photoresist-LoR layer, as indicated by the arrows. As a contrast, the cross-sectional 

image of the ion-milled resist layer with pre DUV baking is presented in Fig. 6-10 (b). 

However, neither the hardened outer layer on the surface of the photoresist-LoR layer 

nor the visible photoresist-LoR boundary can be seen in this case, although the edge of 

photoresist was also softened and rounded. 

The mechanism here is: the flow temperature of our photoresist 1805 G2 here is about 

130 - 135°C. When the Ar ion is bombarding the surface of the photoresist without pre-

DUV baking, the local temperature could reach a few hundred even thousand degree 

Celsius, which heats up the photoresist and leads to a thermal flow within the outer 

layer of photoresist. In this case, the outer layer of the photoresist, particularly at the 

edges, melts and then forms a hardened shell (thermally cross-linked photoresist), which 

goes right through to the SiO2 substrate and links up the substrate, preventing the 

photoresist-LoR from lifting off in the later steps. In contrast, when the sample was 

exposed to DUV at 180 °C before the ion-milling etching, the whole photoresist layer 

becomes thermally cross-linked and hardened very quickly before it flows onto the SiO2 
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substrate. This prevents the formation of a hard shell at the high local temperature 

during the ion-milling process and in turn maintains the integrity and strippability of the 

photoresist features. It is also notable that this pre-treatment can be transferred and 

applied to the plasma etching of graphene, such as sputtering etching. 

 

Figure 6-10. Cross-section analysis of photoresist-LoR layer (a) without and (b) 

with DUV baking before ion-milling process. 

6.4 Conclusions 

The superiority of using a shielding tube in the normal sputtering configuration to 

overcome the difficulties in the lift-off process during the practical fabrication has been 

demonstrated. The damage to the graphene caused by the sputtered Au at different Ar 

pressures and discharge powers has also been systematically investigated. By taking 

advantage of both an optimised sputtering configuration and deposition parameters, the 

success rate of device fabrication has been significantly improved; the graphene/Au 

junction at the electronic contacts has been better defined and also better electronic 

performance of resultant devices, such as lower Rtotal and Rcontact, have been achieved. 

Although further work toward fully understanding the Au-graphene interaction and 

adhesive metal-graphene interaction is required, this technique has increased the choice 

Photoresist & LoR 

boundary 
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of deposition tools for the fabrication of the Au contacts on the graphene film. In 

addition, the mechanisms of removing of different residues with different methods have 

also been studied and the annealing in vacuum presents less negative effects to the 

properties of pristine graphene. 

Also, the feasibility of using this novel ion-milling and lift-off process for the patterning 

of CVD graphene on a SiO2 substrate has been illustrated. The mechanism of this 

technique has been attributed to avoiding the formation of the hardened outer layer, 

which linked up the photoresist layer and the substrate during the ion-milling process. 

The damage to graphene caused by this technique is minor, which is competitive with 

other patterning methods. This technique can also be applied to sputtering etching, 

which enlarged the tool choices for graphene patterning which made the fabrication of 

graphene devices more integrated with current semiconductor industries. 
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Chapter 7 Functionalisation of Graphene Surface 

7.1 Introduction 

Graphene-based nanocomposites have gained great research interest due to their large 

surface to volume ratio, high electrical conductivity, chemical inertness and 

biocompatibility [288-290]. For electrochemical applications, the electrocatalytic 

activities of the surficial materials on the working electrode are crucial. So far, 

electrodes modified with graphene [166], rGO [226], GO [157] and rGO/PAA 

nanocomposite [292] have been reported towards various applications, such as the 

detection of antigen, glucose, oxygen, DNA bases. However, the surface of pristine 

graphene is chemical and biologically inert in most cases, which is due to the absence of 

hydrophilic groups. Furthermore, the heterogeneous electron transfer between graphene 

and electrolytes in solution is at present regarded mostly to occur at the edges or 

defective sites on the graphene plane [293], which limits its application in the 

electrocatalytic analysis. Therefore, one of the key processes in the fabrication of 

electrochemical biosensor is to improve the functionalisation of the graphene surface 

[163]. The purpose of graphene functionalisation is to achieve a hydroxyl, carboxyl or 

amino terminated medium, which is highly hydrophilic and a compatible surface with 

most biomolecules so that probe molecules can be immobilised onto it by solvent-

assisted techniques. The requirements of functionalisation are to obtain maximum 

chemically modified area and to retain the maximum outstanding electronic properties 

of graphene film. 

In this chapter, the chemical hydroxylation of the graphene surface with two different 

methods have been developed and presented, respectively. The Fenton reaction, which 

used H2O2 and iron sulphate, has been successfully repeated, showing a high oxidation 

effect. However, the Fenton reaction is too harsh to be used for the functionalisation of 
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graphene electronic devices as the thin metal film can be seriously damaged by oxygen 

free radicals. A milder hydroxylation method using KMnO4 has also been carried out, 

see 4.5.1.2. In this case, no observable damage has been found to the metal film, whilst 

the percentage of oxygen in the resultant hydroxylated graphene is lower. After 

hydroxylation, APTES and PAA have been used to achieve an amino functionalities 

terminated graphene surface, to where the antibody can bond. The graphene/rGO/PAA 

modified electrode shows an improved electrochemical activity for the reduction of 

H2O2. The resultant amino-terminated electrode can be used as a platform for oriented 

bonding to the –COOH functionalities in the Fc region of the antigen molecule, which 

provides a platform for the fabrication of the immunosensors. 

7.2 Experiment 

7.2.1 Materials and Instruments 

Iron (II) sulphate (FeSO4, catalytic agent), analysis grade (Sigma Aldrich) 

H2O2 (30%), analysis grade (Sigma Aldrich) 

KMnO4, analysis grade (Sigma Aldrich) 

APTES, 99% purity (Sigma Aldrich) 

H2O2, 30% aqueous solution (Sigma Aldrich) 

PAA, 20 wt% aqueous solution with molecular weight of 15,000 (Sigma Aldrich) 

100 ml Beaker (Fisher Scientific) 

Electronic balance with 0.0000 g sensitivity (Sartorius BP1215, UK) 

Ethanol, 99.99% molecular biology grade (Sigma Aldrich) 

DI water 
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Centrifuge with 3000 rpm speed (Sigma 3-16KL, Germany) 

Vortex Shaker (IKA VORTEX GENIUS 3, UK) 

7.2.2 Procedures and Characterisation 

The production method of exfoliated graphene is detailed in 4.2. LoR and photoresist 

were spin-coated with the modified photolithography and lift-off process detailed in 

4.4.1. The sputtering deposition of Au contacts was carried out using a shielding tube as 

detailed in 4.4.2. 

For the hydroxylation, graphene flakes/powder was prepared from HOPG. One piece of 

HOPG (about 1 g) was firstly chopped by a scalpel to achieve small flakes. The 

resultant graphite flakes were added into 20 g/L sodium dodecyl sulphate (SDS) 

solution and kept exfoliating in the ultrasonic bath at 60 °C for 3 h. The graphene 

flakes/powder was then obtained through 3 times centrifugation/resuspension in DI 

water and dried in a vacuum oven (100°C). Both the Fenton reaction and hydroxylation 

with KMnO4 were carried out following the mechanism and experimental details 

introduced in 3.1.1 and 4.5.1, respectively. The graphene/rGO modified electrode was 

introduced in 4.5.2. APTES and PAA were used for the Amination of hydroxylated 

graphene following the procedures introduced in 4.5.3 and 4.5.4. 

For the reduction of H2O2, an H2O2 aqueous solution with a concentration of 30% (w/w) 

was diluted to 0.05 M by adding PBS buffer with a pH of 7.1. Blank PBS buffer of 20 

µl was added onto the surface of electrodes modified with graphene, rGO, PAA and 

graphene/rGO/PAA respectively as references. Then, the surface of the electrodes were 

rinsed with DI water three times and dried in air at room temperature. 0.05 M H2O2 of 

20 µl in PBS buffer was then dripped onto the electrodes accordingly. The scan 

potential in CV cycles ranged from 0.2 V to -0.6 V and the scan rate was 100 mV/s 

[292]. 
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The quality of resultant graphene was evaluated by Raman spectroscopy, as detailed in 

4.7.3. Surface morphologies of the FET devices were characterised by SEM, as detailed 

in 4.7.5. The chemical composition of the hydroxylated graphene was characterised by 

EDX, which is embedded in SEM, as detailed in 4.7.5. Chemical functionalities on top 

of graphene surface were characterised by FTIR, as introduced in 4.7.8. XPS was 

carried out following the details in 4.7.6. CV characterisation of the electrode was 

introduced in 4.7.4.  

7.3 Hydroxylation with Hydrogen Peroxide 

7.3.1 Raman Spectroscopy 

Raman spectra obtained from pristine and hydroxylated monolayer graphene are shown 

in Fig. 7-1 (a), respectively. Compared with the one obtained from the pristine graphene, 

no observable difference in the relative intensities and positions of the G and 2D bands 

have been found from the spectrum obtained from the hydroxylated graphene. However, 

an increase of the D/G band intensity ratio from 0 to 0.13 can be observed, which 

indicates the defects or disorders have been introduced onto the graphene sheet. This is 

due to the electrophilic attacks of free HO· radicals, resulting in the opening of C=C 

bonds and partly losing of sp2-hybridised structure [167]. Fig. 7-1 (b) presents the 

Raman mapping of the D/G band intensity ratio across the graphene channel (shown as 

dark blue color). It can be seen that the damage level is inhomogeneous across the 

mapped area, implying the concentration of –OH groups is inhomogeneously distributed. 

This may attribute to a different tension in the graphene sheet and the higher tension it 

has, the easier C=C bond breaks. 
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Figure 7-1. H2O2 Hydroxylated graphene. (a) Raman Spectra obtained before 

(black) and after (red) hydroxylation of graphene channel with H2O2. (b) Raman 

mapping of D/G band intensity ratio of FET graphene channel after the 

hydroxylation with H2O2. 

7.3.2 SEM and EDX Characterisation 

Energy Dispersive Analysis by EDX was used to investigate the hydroxylation of 

graphene with H2O2 from a view of the elemental composition. The acceleration voltage 

is set up at 5 kV to weaken the signals from the substrate and increase the proportion of 

element signals from surficially functionalities. A typical SEM image and EDX 

spectrum were taken from graphene channel (or SiO2 substrate) which was subjected to 

the post cleaning process to avoid the signals from residues (shown in Fig. 7-2). As 

shown in Table 7-1, the points 1 and 2 were from pristine graphene and point 3 is from 

graphite flake (few layer graphene). The points 4 and 5 were from SiO2 substrate as the 

references. The points 6, 7 and 8 came from graphene treated with Fenton Reaction for 

30 mins. The relative atom number is calculated by equation: 

relative atom number = percentage of certain element/relative atomic mass 

It can be seen that data from the untreated graphene or the treated SiO2 substrate show a 

similar O: Si atomic ratio of 1.84-1.86, which can be explained as a result of the 

b a 
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elemental ratio of SiO2 substrate (the theoretical value of O: Si atomic ratio is 2). In 

contrast, an increase of O: Si atomic ratio from 1.85 to 1.96 can be observed from 

graphene channel treated by the Fenton Reaction, indicating the existence of hydroxyl 

groups on graphene surface (the increase of oxygen-containing groups here also include 

a very small percentage of carboxyl groups and carbonyl groups, however, hydroxyl 

group is dominant) [168]. The reasons of using O: Si atomic ratio instead of C: O 

atomic ratio is: the thickness of graphene, the dead space between graphene and SiO2 

substrate and the depth of electron beam went down are different for individual 

scanning, which result in the percentage of carbon element varies from one scanning to 

another. However, the O: Si atomic ratio of SiO2 substrate should be constant as the 

molecular structure is homogeneous. In this case, no matter how the parameters 

mentioned above change, the “background” signal is kept as constant. 
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Figure 7-2. SEM analysis of hydroxylated graphene. (a) A typical SEM image of 

hydroxylated graphene channel and (b) corresponding elemental composition data. 

Scale bar in (a) is 1μm and error range is ±0.2% in (b). Referred as point 2 in 

Table 7-1. 

  

a 

b 
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Table 7-1. Elemental Analysis by EDX 

Untreated graphene Elements Percentage (wt%) Relative atom number O: Si 

Point 1 

O 45.1 2.82 

1.84 
Si 42.9 1.53 

C 12 
 

Point 2 

O 45.2 2.82 

1.84 
Si 43 1.54 

C 11.9 
 

Point 3 (flake) 

O 36.6 2.29 

1.86 
Si 34.4 1.23 

C 29 
 

Treated SiO2 wafer     

Point 4 

O 49.8 3.11 

1.85 
Si 47.1 1.68 

C 3.1  

Point 5 

O 48.2 3.01 

1.77 
Si 47.9 1.71 

C 3.9  

Treated graphene     

Point 6 

O 41.3 2.58 

1.96 
Si 36.9 1.32 

C 21.8  

Point 7 

O 44.5 2.78 

1.93 
Si 40.5 1.45 

C 15  

Point 8 

O 40.8 2.55 

1.96 
Si 36.4 1.30 

C 22.8  
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7.3.3 Fourier Transform Infrared Spectroscopy 

FTIR is one of the most powerful techniques used to study the surface functionalities on 

graphene. Fig. 7-3 presents a comparison of FTIR spectra obtained before and after the 

Fenton Reaction. Compared to the spectrum obtained from pristine graphene, the 

increased peaks at 3428cm-1, 1630cm-1, 1380cm-1, 1150cm-1 and 1040cm-1 are attributed 

to –OH stretching vibration, -C=O stretching vibration in quinone groups, -OH rocking 

vibration in carboxyl groups, -C-O stretching vibration in epoxy groups and C-O 

stretching vibration in alkoxy groups connected with carbon (initial peaks at 3428cm-1 

and 1630cm-1 are attributed to water physically adsorbed on the sample surface and the 

C-C bond in graphene structure, respectively). From these results, it can be confirmed 

that a number of oxygen containing functionalities have been introduced onto the 

surface of graphene, which provide a possibility of the further attachment of bio-

molecules.  

The disadvantage of this technique is that the reaction is violent and strongly 

exothermic, peeling off the Au electrodes from the surface of the substrate and leading 

to damage to the devices. Therefore, an extra protective layer to an Au electrode is 

required using this technique. 
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Figure 7-3. Comparison of FTIR spectra before (black) and after (red and blue) 

Fenton Reaction. 

7.4 Hydroxylation with Potassium Permanganate 

7.4.1 Raman Spectroscopy 

Raman spectra obtained before and after the graphene hydroxylation with KMnO4 are 

shown in Fig. 7-4. Similar with the results of the Fenton reaction, an increased ID/IG 

band intensity ratio can be seen together with the negligible changes in G and 2D bands, 

indicating that defects or disorders have been introduced onto graphene sheet. 

ab
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Figure 7-4. Raman spectra obtained before (black) and after (red) the 

hydroxylation with KMnO4. 

7.4.2 EDX Characterisation 

EDX was carried out to analyse the hydroxylation of a graphene surface with KMnO4. 

An acceleration voltage of 5 kV was used to decrease the depth the electron beam goes 

into the sample. Six points and nine points were randomly chosen on the pristine 

graphene powder and the hydroxylated graphene powder with KMnO4, respectively. It 

is worthwhile to note that the percentage of an individual element is shown as “atomic 

composition (at %)” in Table 7-2. 

As shown in Table 7-2, the average O: Si atomic ratio slightly increased from 1.75 to 

1.80 after the treatment of KMnO4, indicating that the surface of graphene has been 

hydroxylated by the oxygen-containing functionalities. Again, there is a small portion of 

carboxyl groups and carbonyl groups existing except hydroxyl groups. The increase of 

oxygen is less than that in graphene hydroxylated by the Fenton Reaction, which can be 

explained by the lower effectiveness of KMnO4 for the hydroxylation of graphene. 
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Table 7-2. Elemental Analysis of Hydroxylation Graphene with KMnO4 

Untreated graphene Elements Percentage (at%) O : Si 

Point 1 

O 60.5 

1.74 
Si 34.7 

C 4.8 

Point 2 

O 60.8 

1.76 
Si 34.6 

C 4.6 

Point 3 

O 61 

1.77 
Si 34.4 

C 4.6 

Point 4 

O 60.5 

1.73 
Si 34.9 

C 4.6 

Point 5 

O 60.7 

1.74 
Si 34.8 

C 4.5 

Point 6 

O 61 

1.77 
Si 34.4 

C 4.6 

Treated graphene       

Point 1 

O 61 

1.79 
Si 34 

C 5 

Point 2 

O 60.6 

1.77 
Si 34.2 

C 5.2 

Point 3 

O 60.8 

1.8 
Si 33.8 

C 5.4 

Point 4 O 60.3 1.79 
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Si 33.7 

C 6 

Point 5 

O 61.5 

1.85 
Si 33.3 

C 5.2 

Point 6 

O 59.8 

1.75 
Si 34.2 

C 5.9 

Point 7 

O 61.6 

1.88 
Si 32.7 

C 5.6 

Point 8 

O 60.7 

1.81 
Si 33.5 

C 5.8 

Point 9 

O 60.4 

1.77 
Si 34.1 

C 5.5 

7.4.3 Fourier Transform Infrared Spectroscopy 

Fig. 7-5 shows a comparison of FTIR spectra obtained before and after graphene 

hydroxylation with KMnO4. Compared to the spectrum obtained from pristine graphene, 

the peaks located at 3428 cm-1, 1630 cm-1, 1380 cm-1, 1150 cm-1 and 1040 cm-1 have 

slightly increased, which are attributed the successful functionalisation of oxygen-

containing groups (as detailed in 7.3.3). However, the effectiveness of hydroxylation 

with KMnO4 is very limited, which is indicated by the small intensity difference of 

characteristic peaks before and after hydroxylation. 
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Figure 7-5. Comparison of FTIR spectra before (black) and after (red and blue) 

hydroxylation with KMnO4. 

7.5 Amination with APTES 

7.5.1 XPS Characterisation 

After the hydroxylation, the hydroxyl groups on the surface of graphene need to be 

converted into amino groups via an amination reaction, which provide the active sites 

for antibody to bond to. In this section, APTES has been used as the amination agents. 

The mechanism of amination and the experimental details have been introduced in 3.1.1 

and 4.5.3.  

XPS has been carried out for the semi-quantitative analysis of APTES amination, as 

spectra shown in Fig. 7-6. The black spectrum, which is obtained before the APTES 

treatment, shows the O (22.34%) and C (77.66%) in its elemental composition with 

undetected N and Si. In contrast, the red spectrum shows the O (27.38%) and C 

(67.53%) together with N (2.33%) and Si (2.76%), indicating the surface of 

hydroxylated graphene has been functionalised by the APTES molecules. 
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Figure 7-6. XPS analysis of graphene amination with APTES. 

7.5.2 CV Characterisation 

CV characterisation was carried out by using the working electrodes modified with 

hydroxylated graphene and APTES modified graphene respectively, as shown in Fig. 7-

7. As a comparison before APTES amination, the Ipc decreased from 6.67 x 10-5 A to 

5.16 x 10-5 A and the Ipa increased from -6.12 x 10-5 A to -5.32 x 10-5 A respectively, 

confirming that APTES has been immobilised onto the surface of hydroxylated 

graphene.  

 

O 

N 
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Figure 7-7. CV characteristics of hydroxylated and APTES modified graphene 

electrodes. 

7.6 Amination with PAA and Electrochemical Performance for H2O2 

Reduction 

7.6.1 Fabrication of Graphene/rGO/PAA Tri-layer Electrode 

A schematic illustration of the graphene/rGO/PAA tri-layer electrode assembly is 

shown in Fig. 7-8. The first stage of fabrication was to modify the graphene electrode 

with a thin layer of GO, thus yielding a large number of electroactive sites and –COOH 

functionalities on the surface of the electrode [294]. Then, PAA layer was assembled 

onto the top of GO via –CONH2- bond and electrostatic adhesion, which not only 

provided a potential for immunosensor fabrication, but also acted as threads to crosslink 

GO films, preventing the graphene/GO layer coming off from the surface of the 

electrode during the electrochemical reduction. The graphene/GO/PAA electrode was 

subsequently subjected to the electrochemical reduction process to partially reduce the 

free oxygen-containing functionalities, which has not bonded with PAA but degrade the 

conductivity of the electrode. 
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Figure 7-8. Schematic illustration of graphene/rGO/PAA tri-layer electrode 

assembly. 

7.6.2 Characterisation of GO and PAA Modified Electrode 

Raman Spectroscopy has been used to characterise the modification of GO and PAA 

layer on top of graphene. Fig. 7-9 (a) shows a comparison of Raman spectra obtained 

before and after the deposition of a GO layer on top of the surface of the graphene 

electrode. After the deposition of the GO layer, the increased intensity ratio of the D 

band to G band from 0.03 (red) to 0.98 (black) can be seen together with a significantly 

decreased 2D band, indicating that the number of defective sites on the surface of 

graphene/GO electrode has significantly increased [295]. However, compared with the 

spectrum obtained on graphene/GO electrode, no significant difference can be seen 

from that taken on graphene/GO/PAA electrode (shown as black in Fig. 7-9 (b)), which 

is due to the overlapped C-N/N-H characteristics at 1222 cm-1 and wide D band of GO 

centred at 1350 cm-1. Fig. 7-9 (b) red shows the spectrum taken from a 

graphene/rGO/PAA tri-layer electrode. An increase of ID/IG from 0.94 to 1.35 can be 
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seen, which indicate that the GO has been effectively reduced during the 

electrochemical process [296]. 

 

Figure 7-9. Raman characteristics of (a) graphene, graphene/GO (b) 

graphene/GO/PAA and graphene/rGO/PAA electrode, respectively. 

XPS has been used to semi-quantitatively characterise the modification of GO and PAA 

layer. Fig. 7-10 (a) shows the wide survey spectra obtained from graphene and 

graphene/GO electrodes, respectively. A significantly increased O1s peak containing O-

C=O at 531.5 eV, C-O at 532.9 eV and O-H at 534.5 eV (shown in inset Fig. 7-10 (a)) 

can be observed after the deposition of GO, indicating that the GO layer has been 

immobilised onto the surface of graphene electrode. Fig. 7-10 (b) shows the XPS 

characteristics of a graphene/GO/PAA tri-layer electrode before and after the 

electrochemical reduction. Both top and bottom spectra contain three main peaks, which 

are C1s located at 285.06 eV, N1s located at 401.08 eV and O1s located at 532.08 eV 

(K, Cl from electrolyte residues are not marked out on the spectra). The top spectrum 

shows N1s peak with an atomic ratio of 9.45%, indicating that PAA has been 

immobilised onto the surface of GO via amino bonding (-HN-CO-) and electrostatic 

forces. In comparison with the spectrum of a graphene/GO/PAA electrode, N1s from 

that of after electrochemical reduction process increased to 18.16 (at%), whilst O1s 

peak decreased from 14.92 (at%) to 7.06 (at%). The N1s regional high-resolution 

 



158 

 

spectrum of a graphene/GO/PAA modified electrode is shown in the inset of Fig. 7-10 

(b). It consists of three major peaks centred at 401 eV, 399 eV and 397 eV, 

corresponding to N-H bond in PAA molecules, C-N bond in PAA-GO interface and 

PAA molecules, and Fe-CN from K3Fe(CN)6. From these results, it can be confirmed 

that GO has been effectively reduced whilst the PAA remained on the electrode surface. 

In addition, immobilisation of PAA caused some reduction effect to GO, which is in 

accordance with previous reports [297]. 

 

Figure 7-10. XPS analysis on differently modified electrodes. XPS characteristics 

of (a) graphene and graphene/GO (b) graphene/GO/PAA and graphene/rGO/PAA 

tri-layer electrode, respectively. Inset in (a): O1s spectrum of graphene/GO 

electrode, inset in (b): N1s spectrum of graphene/rGO/PAA tri-layer electrode. 

7.6.3 Electrochemical Performance of Graphene/rGO/PAA Tri-layer Electrode 

in Ferricyanide 

Fig. 7-11 (a) shows comparisons of the CV characteristics of four types of electrodes 

modified with graphene, graphene/GO, graphene/GO/PAA and graphene/rGO/PAA 

respectively. Compared with other electrodes, the superiority of using 

graphene/rGO/PAA tri-layer for electrode modification can be easily seen from this set 

of results. The CV curve of the graphene electrode (black curve) showed a cathodic 
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peak current (Ipc) value of 2.207 x 10-4 A and an anodic peak current (Ipa) value of -

2.245 x 10-4 A. After the deposition of the GO layer, the redox currents intensities 

sharply decreased to 4.838 x 10-5 A and -4.844 x 10-5 A. And after PAA 

chemically/physically bonded onto the surface of GO, Ipc and Ipa were 2.116 x 10-4 A 

and -1.928 x 10-4 A. In contrast to all these, the graphene/rGO/PAA tri-layer electrode 

showed much higher values of Ipc and Ipa of 4.205 x 10-4 A and -4.485 x 10-4 A, 

respectively. 

The decrease of current intensity after the deposition of GO is due to the stacking and 

bonding of GO onto the graphene surface, which is achieved via the interaction of π 

electrons provided by sp2 hybridised carbon in the lattice of GO and graphene. The 

oxidised regions on the GO plane disturb the long-range conjugated carbon network and 

π-electron cloud, resulting in a degradation of electronic conductivity [216]. The 

increase of redox currents after the deposition of PAA layer was attributed to the 

electrostatic attraction between positively charged PAA molecules and negatively 

charged ferricyanide in the electrolyte solution. This leads to an enhanced redox process 

due to an accumulation of the electrolytes on the surface of the electrode; after the 

electrochemical reduction of GO, the redox currents again sharply increased due to the 

removal of oxygen-containing functionalities. The huge amounts of defects in a rGO 

layer inherited from GO acted as the electroactive sites to exchange electrons at the 

electrode interface and electrolytes. Therefore, compared with those electrodes modified 

with pristine graphene, graphene/GO and graphene/GO/PAA, the graphene/rGO/PAA 

tri-layer electrode had both a higher electron transport rate on the surface of the 

electrode and a higher electron exchange rate at the interface of electrode and 

ferricyanide system [298]. Quantitatively, the intensity of the redox current obtained on 

the graphene/rGO/PAA tri-layer electrode showed the increases of 99.8%, 826% and 
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132%, respectively, compared to that obtained on graphene, graphene/GO and 

graphene/GO/PAA modified electrodes. 

The electroactive area of the differently modified electrodes was calculated using the 

Randles-Sevcik Equation [299]: 

𝐼 = (2.69 ∗ 105)𝐴𝐷1/2𝑛3/2𝑣1/2𝐶 

where I is the redox current intensity with a unit of A, A stands for the electroactive area 

with a unit of cm2, D stands for the diffusion coefficient of electroactive electrolyte in 

cm2s-1, n (which is 1 for K3Fe(CN)6) is the number of electrons transferred in the redox 

reaction, v and C are the scan rate in Vs-1 and the concentration of K3Fe(CN)6 in molL-1, 

respectively. In this case, it can be found that the electroactive areas of corresponding 

electrodes above increased from 9.6 mm2, 2.06 mm2 and 8.22 mm2 to 19.13 mm2. 

Hence, the synergistic effect of using graphene/rGO/PAA in enhancing the electroactive 

area is significant. 

Fig. 7-11 (b) shows the dependence of the redox peak currents on scan rates on a 

graphene/rGO/PAA tri-layer electrode. It can be seen all the CV characteristics presents 

highly symmetric redox peaks. The intensities of redox peak currents show a linear 

relationship with the square root of the scan rate (shown in the inset of Fig. 7-11 (b)), 

indicating this electron transport process was diffusion controlled and no adsorption 

phenomena for ferricyanide on the surface of the corresponding electrode, which was 

important for electrochemical applications. 
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Figure 7-11. CV characteristics of (a) electrodes modified with graphene, 

graphene/GO, graphene/GO/PAA and graphene/rGO/PAA in 10 mM K3Fe(CN)6, 

respectively. Scan rate: 100 mV/s. (b) graphene/rGO/PAA electrode under the scan 

rates of 30, 50, 100, 150, and 200 mV/s. Inset: anodic and cathodic current peaks vs 

square root of corresponding scan rate. 

7.6.4 Electrocatalytic Activity toward Reduction of H2O2 

The electrocatalytic activities toward the reduction of H2O2 on different types of 

electrodes are monitored by the changes in reduction currents. Fig. 7-12 shows the CV 

characteristics of electrodes modified with graphene (black), rGO (blue), PAA (pink) 

and graphene/rGO/PAA (green) referenced to that of a plain glassy carbon electrode 

(red). The plain electrode showed the small reduction current with a value of 1.77 x 10-5 

A at -0.6 V. When the electrode was modified with rGO or PAA, the reduction current 

at -0.6 V were recorded to be 6.48 x 10-5 A and 8.75 x 10-5 A, respectively. After 

graphene was deposited onto the surface of the carbon electrode, the reduction current 

increased to 2.59 x 10-4 A. In comparison with all these, the reduction current obtained 

on the electrode modified with graphene/rGO/PAA tri-layer increased to 3.32 x 10-4 A. 

This phenomenon was attributed to the structural changes of electrode surfaces. The 

rGO and PAA layer, which provided more electroactive sites on the surface of 
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electrodes, promoted the electrons transport, leading to higher reduction currents. 

However, due to their blocking nature the increased reduction currents were limited 

(3.66 and 4.94 times higher compared with the reduction current obtained on a glassy 

carbon electrode). As a result of the high conductivity, high surface to volume ratio and 

the electroactive sites at the edges of graphene, the reduction current increased 14.6 fold 

compared to that of bare glassy carbon. In contrast to these sole material modified 

electrodes, graphene/rGO/PAA tri-layer electrode exhibited a 411%, 279% and 28% 

increase in reduction current, indicating that graphene/rGO/PAA tri-layer electrode had 

much better electrocatalytic activity towards the reduction of H2O2. 

 

Figure 7-12. Cyclic voltammograms of electrodes modified with graphene, rGO, 

PAA and graphene/rGO/PAA tri-layer reference to a plain glassy carbon electrode 

(the concentration of H2O2 here is 0.05 M and the scan rate is 100 mV/s). 

7.7 Conclusions 

Two methods for the hydroxylation of graphene have been demonstrated using H2O2 

and KMnO4 respectively. The results are confirmed using Raman, EDX (SEM) and 
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FTIR. Hydroxylation with H2O2 presents a higher effectiveness than the method using 

KMnO4; however, it causes more damage to the devices, leading to a failure of the 

devices. Hydroxylation with KMnO4 has been proved to be a milder procedure; 

however, the effectiveness is low, in turn limiting the active sites where the antibody 

can bond to. 

For the immobilisation of the antibody, hydroxyl needs to be converted into amino 

groups. Two methods for the amination of hydroxylated graphene using APTES and 

PAA have been demonstrated. From their XPS analysis, amination with PAA shows a 

higher effectiveness. In addition, an advance in using a graphene/rGO/PAA triple-layer 

structure to modify the electrode towards the electrochemical reduction of H2O2 in PBS 

buffer was presented. The rGO and PAA layers are immobilised onto the surface of 

graphene via –HN-CO- bonds and π-π bonds sp2 hybridised carbon in the graphene 

lattice, respectively, which avoids using hazardous chemicals, complicated 

immobilisation process or instruments. The electroactive area of a rGO/PAA modified 

graphene electrode was significantly enhanced due to the synergistic effect between 

rGO, PAA and pristine graphene. The improved electron transfer performance is 

attributed to a combination of the huge amount of electroactive sites in rGO and the 

high conductivity of graphene. A much higher current towards the reduction of H2O2 in 

PBS buffer was observed from the graphene/rGO/PAA tri-layer electrode. The amino 

functionalities terminated electrode surface provides a potential for the fabrication of 

highly sensitive immunosensors. 
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Chapter 8 Assembly and Characterisation of Biosensors 

8.1 Introduction 

In this chapter, a novel rGO/graphene double-layer electrode-based label-free DNA 

biosensor has been proposed and fabricated. The GO layer, which aims to provide more 

electroactive sites, was directly immobilised onto the surface of a graphene electrode 

and electrochemically reduced to rGO through CV cycles. Due to its high conductivity 

and electroactivity provided by the graphene and rGO respectively, the rGO/graphene 

double-layer electrode presents substantially improved redox currents compared with 

the other electrodes. The probe ssDNA was afterwards immobilised onto the surface of 

rGO to detect its target cDNA. To the best of my knowledge, the unique interaction 

between dsDNA and rGO on a rGO/graphene double-layer electrode has not been 

reported before. In addition, a wide linear dynamic range together with a low detection 

limit for the label-free detection of the human immunodeficiency virus 1 (HIV1) gene 

has been achieved using this biosensor. Due to the waiver of deleterious target labelling, 

signal enhancing and complicated probe immobilisation process, this is a label-free 

DNA biosensor with low cost, high sensitivity and wide linear dynamic range, which 

will be very promising in genetic diagnosis and pathology [300, 301]. 

In addition, two types of hCG immunosensors based on the rGO modified working 

electrode and graphene FET have been demonstrated using PANSE as the linker agent 

between graphene and anti-hCG molecules. The PANSE layer was directly immobilised 

onto the surface of graphene by the π-π interaction between sp2 hybridised carbon in the 

graphene lattice and benzene rings in the PANSE molecules. Using this PANSE linker, 

the antibody can be directly immobilised onto the surface of the electrode as probes 

without chemical activation for the detection of the complementary antigen, providing a 

novel and facile method for the fabrication of an hCG immunosensors. The qualitative 
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label-free detections of hCG in PBS at a very low concentration have been achieved 

using these two types of biosensors. 

8.2 Experimental 

8.2.1 Reagents 

GO solution, 0.5 mg/ml >80% monolayer [27] (Graphene Supermarket).  

Graphene working electrodes, 3 mm diameter (Dropsens, Spain) 

HIV1 gene 5’-AGTCAGTGTGGAAAATCTCTAGC-FAM-3’ (FAM is a 

carboxyfluorescein-based dye), lyophilised oligonucleotides (Eurofins, UK) 

cDNA with sequence of 5’-GCTAGAGATTTTCCACACTGACT-3’, lyophilised 

oligonucleotides (Eurofins, UK) 

Non-complementary ssDNA with sequence of 5’-CGCCCTCTTCTTGTGGATG-3’, 

lyophilised oligonucleotides (Eurofins, UK) 

KCl, analyse grade (Sigma Aldrich) 

K3[Fe(CN)6], analyse grade (Sigma Aldrich) 

PANSE, analyse grade (Sigma Aldrich)  

Active human hCG full-length protein, 100 µg lyophilised powder (Abcam, UK) 

Anti-hCG antibody, 0.02 mg/ml (Abcam, UK) 

8.2.2 Procedures and Characterisation 

The modification of a graphene electrode with electrochemically reduced GO has been 

introduced in 4.5.2. The fabrication of a graphene FET was achieved following the 

techniques and procedures introduced in 4.3. The modification of graphene (or rGO) 
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with a PANSE solution was carried out following the details in 4.5.5. The 

immobilisation of anti-hCG and the label-free detection of hCG were achieved 

following the details in 4.6.3. 

The electrochemical analysis was carried out at room temperature with a Keithley 

2602A multichannel source meter interfaced with a Cascade Microtech probe station 

MPS 150, as introduced in 4.7.4. The experimental details were introduced in 4.6.2. 

Fluorescence images were obtained from a Nikon 80i Epi-fluorescence microscope with 

a 489 nm excitation laser, as introduced in 4.7.7. The experimental details were 

introduced in 4.6.1. Raman spectra were obtained from an XPLORA HORIBA system 

equipped with a 532 nm laser and integrated with an OLYMPUS BX41 microscope, as 

introduced in 4.7.3. XPS analysis was carried out following the details in 4.7.6. 

8.3 Fabrication of Label-Free DNA Biosensor 

8.3.1 Schematic illustration of DNA biosensor fabrication 

The procedure of the fabrication of a label-free DNA sequence biosensor is illustrated in 

Fig. 8-1. The graphene modified working electrode was firstly drop-coated by a layer of 

GO, which is afterwards chemically reduced to rGO through the CV scans. Then, the 

specific ssDNA probe is dripped and immobilised onto the surface of a rGO modified 

working electrode via π-π interaction to form a biosensing platform. This ssDNA 

immobilised biosensor, therefore, can be used for the label-free detection of its cDNA 

sequence and a difference in the electrochemical signal, in turn, will be as a result of the 

different amount of cDNA bonded onto the surface of working electrode. 
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Figure 8-1. Schematic illustration of label-free DNA biosensor fabrication. 

8.3.2 Optimisation of GO concentration 

An essential requirement in fabricating rGO/graphene double-layer electrodes is to 

ensure a layer of relatively uniform GO showing good electrochemical reversibility on 

the surface of the graphene electrode, which can be monitored and estimated by the 

ratio of the anodic and cathodic peak currents (Ipa/Ipc) [302, 303]. GO is deposited and 

immobilised onto the surface of the graphene electrode by the interaction between π-

electrons distributed both above and below the sheet plane of the GO and graphene.  

The CV characteristics of graphene electrodes modified with GO at different 

concentrations are presented in Fig. 8-2 (a). By increasing the concentration of GO from 

0 to 0.3 mg/ml, the intensities of anodic currents show a 67.3% decrease from 2.27 x 10-

4 A to 7.42 x 10-5 A, indicating that the GO, as an electrochemically insulating layer, 

has been successfully immobilised onto the graphene electrodes. Although more GO 

means more electroactive sites on the surface of the electrode, Ipa/Ipc decreases from 
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0.99 to 0.9 when the concentration of GO is 0.15 mg/ml, indicating that the uniformity 

and electrochemical reversibility of the corresponding electrode degraded significantly, 

as shown by the average of three measurements in Fig. 8-2 (b). Also, the increasing 

separation of redox peaks with the increase of the GO concentration can be observed as 

the other indicator of the degradation of electrochemical reversibility. From these results, 

it can be seen that 0.15 mg/ml of GO is preferable to form a relatively homogeneous 

GO layer on the surface of the graphene electrode with the balance of adequate 

electroactive sites. 

The electroactive area of a GO modified graphene electrode can be calculated with the 

Randles-Sevcik equation [299]: 

      5 1 2 3 2 1 22.69 10I AD n v C   

where I is the intensity of the redox current measured from CV characteristic in A. D is 

the diffusion coefficient of ferricyanide in cm2s-1. n is the number of electrons 

exchanged in the redox reaction, which is 1 here. v is the scan rate of CV measurement 

in Vs-1, C is the concentration of electroactive substance in molL-1 and A is electroactive 

area in cm2. By using this equation, when the electrode is modified with 0.15 mg/ml of 

GO, the electroactive area decreased 54% compared with that of a bare graphene 

electrode, confirming the increased thickness of GO on the electrode surface, as the red 

curve shown in Fig. 8-2 (b). The drop of the electroactive area here is attributed to the 

unique structure of GO, which consists of the sp2 hybridised graphene crystals and the 

randomly distributed defects, such as broken lattice and oxygen containing groups [304], 

which can block the transport of electron pathways between sp2-hybridised area [216]. 
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Figure 8-2. Optimisation of GO concentration. (a) CV characteristics of graphene 

electrodes modified with GO at different concentrations; (b) Ipc/Ipa intensity ratio 

(to the left Y axis) and electroactive area (to the right Y axis) versus GO 

concentrations. 

8.3.3 Characterisation of rGO/graphene double-layer electrode 

Fig. 8-3 (a) shows a comparison of Raman spectra taken from graphene, GO/graphene 

and rGO/graphene electrodes. When the graphene electrode is modified with GO, an 

increase of the ID/IG intensity ratio from 0.02 (blue) to 0.8 (black) can be seen together 

with a significantly decreased 2D band, indicating the introduction of a large number of 

defects and disorders onto the surface of electrode [295]. After the GO layer was 

electrochemically reduced to rGO, a further increase of the ID/IG intensity ratio to 1.28 

(red) has been observed, indicating the effectiveness of this reduction process. The 

dependence between GO, rGO and their corresponding Raman spectra was reported by 

Lucchese et al [296]. The ID/IG intensity ratio, which has been found to be a function of 

the average distance between defects or disorders (Df), increases with the increase of Df 

from 0 to 4 nm, peaks at 4 nm, and afterwards decreases with the further increase of Df. 

The distance between sp2 hybridised area on GO increased within the range of 0 - 4 nm 

Figure 8-2 has been removed due to Copyright restrictions. 
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after the reduction process, which is due to the partially removed oxygen-containing 

functionalities, leading to the increase of the ID/IG intensity ratio. 

The electrochemical reduction of GO has also been semi-quantitatively characterised by 

XPS. A comparison of wide region XPS spectra taken from GO/graphene (black) and 

rGO/graphene electrodes (red) is presented in Fig. 8-3 (b). It can be seen that both 

spectra consist of strong C, O signals with the residue signals of K, Cl and N from the 

electrolyte. Compared with the spectrum taken from a GO modified graphene electrode, 

the intensity of the O peak has significantly decreased after the electrochemical 

reduction process. By extracting the different elemental sensitivities at 1486.6 eV, the 

atomic ratio of oxygen to carbon (O/C) decreased from 31% to 9%. The corresponding 

high-resolution C1s spectra are shown as insets in Fig. 8-3 (b). In the C1s spectrum 

taken from a GO/graphene electrode, as shown by the bottom inset, fitted by a dash-dot 

line, three major sub-peaks centred at 284.5 eV, 287 eV and 288.8 eV can be observed. 

They are attributed to sp2 and sp3 C-C bonds in graphene lattice, C=O bond in alkoxy 

and epoxy and HO-C=O bond in carboxyl respectively. In contrast, as shown by the top 

inset, fitted by a dash line, the intensities of all oxygen-containing group related peaks 

have decreased after the electrochemical reduction, particularly the one attributed to 

alkoxy and epoxy centred at 287 eV. These results suggest the GO layer has been 

effectively reduced and the graphene lattice has been restored to some extent. Compared 

to other violent or deleterious modification, it is notable that no extra damage has been 

introduced onto the graphene layer underneath the GO, which is helpful to maintain the 

unique electronic properties of graphene [166]. Therefore, the intensity of the redox 

currents is anticipated to increase using this rGO/graphene double-layer electrode in 

electrochemical characterisation. 
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Figure 8-3. Raman spectroscopy and XPS analysis of GO reduction. (a) Raman 

spectra of a bare graphene electrode, a GO/graphene electrode and a 

rGO/graphene electrode. (b) Wide region XPS spectra and their corresponding 

C1s high-resolution spectra taken from a graphene electrode modified with GO 

and rGO respectively. 

Fig. 8-4 (a) shows the CV characteristics of four differently modified electrodes, namely 

graphene, rGO, GO/graphene and rGO/graphene electrodes. The superior performance 

in increasing the electroactive area using the rGO/graphene double-layer electrode can 

be clearly observed from this comparison. The CV characteristic obtained on a graphene 

electrode presents an Ipa of 2.204 x 10-4 A and an Ipc of -2.247 x 10-4 A, as shown by the 

black curve. When the electrode is modified with GO/graphene, the Ipa and Ipc have 

significantly decreased to 4.808 x 10-5 A and -4.809 x 10-5 A respectively, as shown by 

the green curve. When the carbon electrode is only modified with an rGO layer, an Ipa 

of 2.297 x 10-4 A and an Ipc of -2.303 x 10-4 A can be seen from its corresponding CV 

curve, as shown by the blue curve. By contrast, the much higher Ipa and Ipc values of 

3.138 x 10-4 A and -2.966 x 10-4 A respectively were obtained on a rGO/graphene 

double-layer electrode, as shown by the red curve. 

Figure 8-3 has been removed due to Copyright restrictions. 
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The increase of the redox currents can be attributed to a large number of defects and 

disorders inherited from the GO, which are randomly distributed within the rGO layer 

and acting as the electroactive sites for donating or receiving electrons between the 

electrode surface and the electrolyte [305]. Compared with those electrodes modified 

with rGO, pristine graphene or GO/graphene, the rGO/graphene double-layer electrode 

can provide not only a faster electron exchange rate at the interface of the 

graphene/glassy carbon but also a faster electron exchange rate at the interface of an 

electrode/electrolyte in ferricyanide system. Because of this reason above, the intensity 

of the redox currents measured on a rGO/graphene double-layer electrode shows an 

increase of 42%, 36% and 552% respectively, compared to those of devices modified 

with rGO, graphene and GO/graphene, as shown in Fig. 8-4 (a). The electroactive areas 

for rGO, graphene, GO-graphene, and rGO-graphene electrodes have been calculated to 

be 9.8 mm2, 9.7 mm2, 2.0 mm2 and 12.8 mm2 with the Randles-Sevcik Equation, 

respectively. Therefore, a significant synergistic effect in enhancing the electroactivity 

of the electrode can be achieved by using rGO/graphene for the modification of 

conventional electrodes. 

The effects of different scan rates on CV characteristics of a rGO/graphene double-layer 

electrode are shown in Fig. 8-4 (b). It can be seen that all CVs present the highly 

symmetric anodic and cathodic currents, which can be linearly correlated with the 

square root of corresponding scan rates. These results suggest that a fast diffusion 

dominated the process rather than adsorption of an electroactive substance on the 

surface of the electrode, which are essential for electrochemical applications. 
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Figure 8-4. CV analysis of differently modified electrodes. CV characteristics of (a) 

graphene, GO, rGO and rGO/graphene electrodes with a scan rate of 100 mV/s, (b) 

rGO/graphene double-layer electrode measured at different scan rates of 30, 50, 

100, 150, 200 mV/s. Inset: correlations between Ipa (red), Ipc (black) and the square 

root of corresponding scan rates. 

8.3.4 Fluorescent analysis of DNA-GO interaction 

The different interactions between the ssDNA/GO and dsDNA/GO are demonstrated by 

the fluorescent analysis below. A set of the fluorescent images taken from the dried 

sample of an FAM-labelled probe ssDNA (as a reference), the mixture of an FAM-

labelled probe ssDNA and GO, and the mixture of hybridised dsDNA and GO is 

presented in Fig. 8-5. The strong fluorescent emission can be seen from the sample of a 

dried FAM-labelled ssDNA (30 µl of 50 nM) on a glass slide in the absence of GO 

under an excitation laser at 480 nm, as shown in Fig. 8-5 (a). In contrast, nearly 100% 

of the fluorescent emission was quenched in the presence of 10 µl of 0.15 mg/ml GO, 

indicating a strong bonding between ssDNA and GO [208], as shown in Fig. 8-5 (b). 

The fluorescent particle in Fig. 8-5 (b) is used as an indicator of the sample surface. In 

Fig. 8-5 (c), the fluorescence emission started to be visible again after 30 mins 

hybridisation between the target cDNA (10 µl of 300 nM) and the probe ssDNA, 

Figure 8-4 has been removed due to Copyright restrictions. 
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indicating that the bonding between ssDNA and cDNA is stronger than that between 

ssDNA and GO. 

The mechanism of fluorescence quenching is attributed to the strong π-π interaction 

between sp2 hybridised carbon in graphene and DNA nucleobases, which could bring 

ssDNA closely attached to the surface of GO. Due to the unique long-range nanoscale 

energy transfer property of GO, when FAM-labelled ssDNA exposed under excitation 

laser, the released energy was transferred through the GO lattice instead of given out as 

fluorescent emission. After the hybridisation occurred between the probe ssDNA and its 

cDNA, DNA nucleobases are released from the GO surface and shielded in the duplex 

structure by the negatively charged phosphate backbone [198, 206, 208]. As a result, the 

distance between DNA nucleobases and the GO has increased, leading to the weakened 

interaction between DNA nucleobases and GO and, in turn, resulting in the restoration 

of the fluorescent emission. Therefore, if this happened on the GO-based electrode, 

there will be a difference in electrochemical response before and after hybridisation due 

to the different negativity on the electrode surface. 

 

Figure 8-5. Fluorescent analysis of interactions between ssDNA/GO and 

dsDNA/GO. Fluorescent images taken on the dried samples of (a) probe ssDNA, (b) 

the mixture of probe ssDNA and GO, (c) the mixture of probe ssDNA, GO and 

Figure 8-5 has been removed due to Copyright restrictions. 
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target cDNA. The wavelengths of excitation laser and emission signal are 480 nm 

and 520 nm respectively. 

8.3.5 Label-free detection of HIV1 gene 

CV measurement was used to qualitatively characterise the probe immobilisation and 

the label-free detection of an HIV1 gene on a rGO/graphene double-layer electrode. Fig. 

8-6 shows the CV characteristics measured on a bare rGO/graphene double-layer 

electrode (black), ssDNA/rGO-graphene (red) electrode and dsDNA/rGO-graphene 

(blue) electrode respectively. The bare rGO/graphene electrode presents an Ipa of 2.55 x 

10-4 A and an Ipc of -2.69 x 10-4 A in its CV characteristic. When the probe ssDNA was 

immobilised onto the surface of the rGO, the corresponding Ipa and Ipc decreased to 1.77 

x 10-4 A and 1.97 x 10-4 A respectively. When the probe ssDNA hybridised with its 

cDNA, the Ipa and Ipc show further decreases down to 1.31 x 10-4 A and -1.55 x 10-4 A, 

respectively. In addition to the redox current change caused by DNA hybridisation, Fig. 

8-6 the blue line also shows the other pair of redox peaks which can be attributed to the 

partially released dsDNA from the electrode surface and becomes negligible with a 

target concentration ≤10-8 M. These CV results are attributed to the changes in the bio-

functional electrode surface: the probe ssDNA was immobilised onto the surface of the 

rGO/graphene electrode through π-π interaction between the purine/pyrimidine rings in 

the DNA nucleobases and the graphene lattice. In this case, the phosphate backbone of 

the DNA molecule, which is negatively charged, is forced to face away from the 

electrode surface [306], resulting in an electrostatic repulsion effect between the surface 

of the electrode and the negatively charged ferricyanide, in turn leading to a decreased 

redox currents. When the probe ssDNA hybridised with its cDNA on the surface of the 

electrode, they formed a duplex structure and shield the nucleobases inside of it, as 

explained in Fig. 8-5. It is worth noting, in this case, that the dsDNA is still weakly 
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interacting with the rGO instead of coming off and being “free standing” in the 

electrolyte [198, 307]. Most of the dsDNA molecules are maintained close enough to 

the surface of the electrode to result in a more negatively charged electrode surface, in 

turn leading to a further decreased redox currents. To minimise the interaction between 

the target cDNA and the rGO, the ssDNA is at least 10 times more concentrated than 

the cDNA, which could lead to a saturated status of the ssDNA on the surface of the 

rGO, and thus, the target cDNA mainly bonded to the probe ssDNA instead of bonding 

to the rGO via π-π bonds. 

 

Figure 8-6. CV characteristics of a rGO/graphene double-layer electrode (black), 

ssDNA/ rGO/graphene electrode (red) and dsDNA/rGO/graphene electrode (blue). 

The concentration of the target cDNA is 100 nM and the scan rate is 100 mV/s. 

DPV measurement was used to quantitatively estimate the sensitivity of this label-free 

DNA biosensor. Fig. 8-7 shows the dependence of DPV peak currents on the target 

concentration ranging from 10-7 M to 10-12 M. The linear relationship can be fitted by 

the following equation: 

     6 53.22413 10 log 9.87262 10pI C       

Figure 8-6 has been removed due to Copyright restrictions. 
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where C is the concentration of the target cDNA in M and Ip is the intensity of DPV 

peaks. Based on the value of 3 times the standard deviation of the blank reference 

samples (n = 7), the highest LoD is calculated to be 1.58 x 10-13 M. By adding the non-

complementary target DNA onto the surface of this DNA sensor, the change in redox 

current has been found to be only 7.7% of that caused by the target cDNA at the same 

concentration, indicating a reasonably good selectivity. The stability of this DNA sensor 

was evaluated by adding blank PBS buffer onto the surface of a working electrode and 

an increased redox current started to be seen after 3 hours’ immersion. The 

reproducibility for the detection of the target cDNA at different concentrations was 

evaluated by measuring a limited number of parallel devices. The right inset in Fig. 8-7 

shows the relative standard deviation (RSD) values of all the devices fabricated. By 

taking advantage of the large electroactive area inherited from GO and high electron 

transport rate from graphene, this rGO/graphene double-layer electrode-based DNA 

sensor presents a wider linear detection range and a lower LoD in contrast to polymer 

[308], carbon nanotube [185] or bare graphene quantum dot [309] modified DNA 

sensor. However, due to the limits of the fabrication procedure, further improvements 

towards sensor sensitivity [310], fabrication reproducibility [305] and stability [311] 

need to be carried out. 
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Figure 8-7. Dependence of DPV peak currents on the log(C/molL-1) (logarithmic 

concentration of target cDNA). Insets: DPV characteristics of sensors hybridised 

with target cDNA ranging from 10-7 to 10-12 M with the corrected baselines and 

RSD (%) value of all devices fabricated. 

8.4 Fabrication of Label-Free hCG Biosensor 

8.4.1 Fabrication of Electrochemical hCG Biosensors with Graphene Electrode 

A schematic illustration of the fabrication of a label-free electrochemical hCG biosensor 

is shown in Fig. 8-8. The first stage of fabrication is to immobilise PANSE, which 

consists of a hydrophobic pyrenyl moiety base and a bio-active ester head and is used as 

a linker molecule between the chemically inert graphene and anti-hCG, onto the surface 

of a graphene channel via π-π interaction. The immobilisation of anti-hCG molecules 

onto the graphene channel is achieved through a nucleophilic substitution reaction 

between the primary and secondary amino functionalities existing on the protein surface 

and the succinimidyl ester from PANSE. This nucleophilic substitution is self-activated, 

and therefore, no pre-treatment of the antigen with 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDAC)/ N-hydroxysuccinimide (NHS) chemistry is required. Based on 

Figure 8-7 has been removed due to Copyright restrictions. 
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the different amount of hCG bonded onto the surface of a working electrode, a 

difference in the electrochemical signal will be produced in the label-free detection. 

 

Figure 8-8. Schematic illustration of label-free electrochemical hCG biosensor 

fabrication.  

XPS has been used for the confirmation of PANSE immobilisation, as shown in Fig. 8-9. 

Before the immobilisation of PANSE (Fig. 8-9 black), 98.49 (at %) C and 1.51 (at %) O 

can be seen with undetected N, implying the high purity of the graphene with oxygen 

trapped within it. After the immobilisation of PANSE, as shown in Fig. 8-9 red, a 1.4 

(at %) increase of O has been observed together with 0.27 (at %) N. This is in 

accordance with the atomic ratio of C/O in the PANSE molecules, as shown in the inset 

of Fig. 8-9, confirming the immobilisation of PANSE on the surface of the electrode. 
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Figure 8-9. XPS spectra obtained before (black) and after (red) the immobilisation 

of PANSE. 

The immobilisation of the probe antibody, free amino blocking and the detection of its 

complementary antigen on the rGO modified electrodes are monitored by the changes in 

CV redox currents. Fig. 8-10 shows the CV characteristics of a rGO/PANSE electrode 

(red), rGO/PANSE/antibody electrode (blue), rGO/PANSE/antibody/BSA electrode 

(pink) and a rGO/PANSE/antibody/BSA/antigen electrode (olive) with a reference to 

that of a plain rGO electrode (black). The plain rGO electrode shows the large redox 

currents with an Ipa value of 2.15 x 10-4 A and an Ipc value of -2.23 x 10-4 A. After the 

PANSE linker was immobilised onto the surface of the rGO, the redox peaks sharply 

decrease and separate. And after the immobilisation of the antibody and BSA, the redox 

peaks further decrease and separate. The CV characteristic of the 

rGO/PANSE/antibody/BSA/antigen electrode shows a pair of increased redox currents 

with a Ipa value of 3.76 x 10-5 A and a Ipc value of -1.32 x 10-4 A. These phenomena are 

attributed to the structural changes of the electroactive surface: as discussed in 8.3.2, 

due to the large number of electroactive sites in the rGO lattice, the rGO modified 

electrode presents the highest electroactivity compared with other electrodes in Fig. 8-
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10. With the addition of the PANSE layer, the four-carbon chain, which acts as an 

insulating layer, has been introduced onto the surface of the electrode, leading to the 

sharp decrease of its electroactivity. After the immobilisation of the antibody and BSA, 

the redox currents further decreased due to their blocking nature. It also can be seen that 

the PANSE, antibody and BSA were unevenly distributed as shown by the increased 

separation of redox peaks. After the binding occurring between the antibody and antigen, 

an increase in the redox currents can be observed, which may be due to the positively 

charged hCG molecules. 

 

Figure 8-10. CV characteristics of the biosensor fabrication procedure and the 

label-free hCG detection. 

8.4.2 Fabrication of Electronic hCG Biosensor with CVD graphene 

A schematic illustration of the fabrication of a hCG biosensor is shown in Fig. 8-11. 

The first stage of fabrication is to transfer CVD graphene grown on top of a Cu foil onto 

the surface of a SiO2 substrate following the wet transfer procedure. The patterning of a 

CVD graphene channel is achieved via the modified lithography and ion-milling 

process rather than conventional oxygen plasma etching, as introduced in 4.3.2. Then 
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from this step, PANSE and anti-hCG were successively immobilised onto the surface of 

a graphene channel following the same process for the fabrication of electrochemical 

hCG biosensors. Based on the different amount of hCG bonded with its anti-hCG on the 

surface of a graphene channel, a difference in the output of the electronic signal will be 

produced due to the changed resistance. 

 

Figure 8-11. Schematic illustration of hCG biosensor fabrication. 

Electronic characterisation has been carried out to monitor each step of electronic 

biosensor fabrication showing a label-free qualitative detection of hCG protein in PBS 

buffer. Fig. 10 (a) shows the Id - Vd characteristics of the plain graphene FET, PANSE 

modified graphene FET, anti-hCG immobilised graphene FET and hCG bonded 

graphene FET. The lowest resistance with a value of 10.5 kΩ can be seen from the plain 

graphene FET (black). After the graphene was modified with a PANSE linker, the 

resistance almost doubled to 22 kΩ (red).  After the anti-hCG was immobilised onto the 

surface of graphene, the resistance increased to 33.6 kΩ. With the specific binding of an 

hCG protein onto its antibody, the resistance further increased to 72 kΩ. This 
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phenomenon is attributed to the structural change of the graphene channel in electronic 

devices. Each carbon atom in the honeycomb-structured graphene lattice poesses a free 

electron, which forms the electron cloud on both sides of graphene with electrons from 

other carbon atoms, leading to a low resistivity in the electronic measurement [24]. 

After the immobilisation of the PANSE linkers via π-π stacking, the electron cloud is 

disturbed by this insulating material, which is in accordance with the conclusions drawn 

from Fig. 8-8 (b), leading to an increased resistance. With the addition of hCG onto the 

anti-hCG modified graphene channel, the hCG is chemically bonded with its antibody, 

which results in a further increased resistance due to the insulating nature of the hCG 

protein. The corresponding Id - Vg characteristics of steps in Fig. 5 (a) have also been 

provided and shown in Fig. 10 (b1) - (b4). The Dirac point of plain graphene FET has 

been found around -2 V at the beginning and  positively shifted to 30 V after adding 

PANSE, confirming the successful modification and p-type performance of PANSE. 

With the addition of anti-hCG and hCG, the Dirac point shifted to -20 V and then to 

+40 V (beyond the instrument limit), which not only presents a qualitative detection for 

hCG in PBS buffer but also illustrates the infeasibility of using the Dirac point as an 

indicator for the quanlitative detection of higher hCG concentrations (as the 

reproducibility of graphene FET devices is poor, when the device size comes down to 

micrometre scale). Therefore, the Id-Vd characterisation is chosen for the later work 

quantitative detection of hCG in PBS. 
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Figure 8-12. Qualitative label-free detection of hCG protein in PBS buffer. (a) Id-

Vd and (b) Id-Vg characteristics of the plain graphene FET, PANSE modified FET, 

anti-hCG modified FET and FET after hCG bonded onto it (the concentration of 

hCG in PBS is 0.625 ng/ml). 

8.5 Conclusions 

The fabrication of a rGO/graphene double-layer electrode-based biosensor has been 

proposed and achieved for the label-free detection of DNA sequence. In contrast to bare 

graphene, rGO or GO/graphene modified electrodes, the rGO/graphene double-layer 

electrode shows a significantly increased peak current, which can be attributed to the 

large number of electroactive sites randomly distributed in the rGO layer and the high 

conductivity of the graphene underneath. Both the surface modification of the graphene 

electrode and the immobilisation of probes have been achieved via non-damage, non-

deleterious and mild procedures, providing a convenient and commercial technique for 

the assembly of DNA biosensors. A wide linear range and a good sensitivity for the 

label-free detection of the HIV1 gene have been recorded on the resulting devices; 

however, the reproducibility, sensitivity and stability of this DNA sensor still need to be 

further improved. In parallel with a DNA sensor, the fabrication of two types of label-

free hCG immunosensor has been achieved without requiring the pre-activation of the 
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antibody before its immobilisation, namely electrochemical hCG biosensor and FET-

based electronic hCG biosensor. Although both of these two type of biosensors have 

exhibited a qualitative ability for the label-free detection of hCG at very low 

concentration (0.625 ng/ml), the modification of the electrode surface with PANSE and 

the reproducibility of biosensor need to be further improved. The quantitative detection 

of hCG is planned as future work. 
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Chapter 9 Conclusions and Further Work 

9.1 Summary of Key Results 

This project has investigated the use of different graphene-based materials for the 

fabrication of biosensors. The graphene was produced with both micro-exfoliation and 

from sputtered materials. Optical microscopy and Raman spectroscopy have been used 

to evaluate the number and the quality of the graphene layers. AFM and SEM have been 

used to evaluate the morphology and the thickness of resultant graphene layers. By 

tuning and optimizing the growth parameters, it has been found that the thicker Ni layer 

on top of the carbon source using a higher annealing temperature and a faster cooling 

rate were preferable to form graphene with fewer layers. In parallel, by systematically 

analysing the morphological structure and properties of resultant graphene grown on 

different Ni thickness, a growth model for transferable and transfer free graphene has 

been proposed and confirmed. 

The fabrication of graphene FETs was investigated using photolithography, sputtering 

and thermal evaporation. Mechanical exfoliated graphene was selected as the channel 

material due to its best quality. Raman spectroscopy and Id-Vg characterisation were 

used to estimate the damage to graphene from sputtered materials and the electronic 

properties of graphene. A novel shielding technique was developed for the sputtering 

deposition of Au contacts to overcome the difficulties in the lift-off process. This led to 

the increased success rate of fabrication from 17% to 90%, which is comparable with 

those fabricated by thermal evaporation. It has also been found that a higher Ar pressure 

and a lower discharge power were preferred to reduce the damage caused by sputtered 

Au. By using optimised fabrication parameters, Rcontact and Rtotal down to 1.04 and 2.4 

kΩ µm, respectively, have been recorded. The effects of different absorbents/residues to 
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the electronic performance of graphene FET have been studied together with the 

corresponding removing methods. 

Two methods of functionalising graphene to provide hydroxyl functionalities have been 

investigated using H2O2 and KMnO4 respectively. EDX and FTIR were used to monitor 

and estimate the oxidation level of graphene. It has been found that oxidation with H2O2 

shows the higher efficiency and more damage to graphene and metal contact, whilst 

oxidation with potassium permanganate presents a lower oxidation efficiency but less 

damage to the devices. APTES and PAA were used for the amination of hydroxyl 

groups functionalised graphene and the corresponding results were analysed with XPS, 

Raman and CV. In addition, improved electrocatalytic activity toward the reduction of 

H2O2 has been demonstrated with a graphene/rGO/PAA modified electrode. 

The assembly of a label-free HIV1 gene sensor was demonstrated using the 

graphene/rGO double-layer electrode. The immobilisation of both GO and probe 

ssDNA was achieved by direct π-π stacking, which was confirmed with CV, Raman and 

XPS analysis. The unique interactions between ssDNA/rGO and dsDNA/rGO have been 

demonstrated by fluorescent and electrochemical analyses. It has been found that the 

enhancement of the electroactivity of a graphene electrode can be achieved by the 

synergistic effect between graphene and rGO. The interaction between a probe of 

ssDNA and rGO can be significantly weakened instead of released after adding its 

cDNA due to a stronger bonding between ssDNA/cDNA. Using this electrode, the 

label-free detection of an HIV1 gene has been achieved with showing an LoD of 1.58 x 

10-13 M. In parallel, a label-free qualitative detection of hCG has also been achieved 

using a rGO/PANSE/anti-hCG modified electrode and FET-based sensing platform, 

respectively. 
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9.2 Further Work 

Biosensors fabricated in this work were mainly using exfoliated graphene, screen-

printed graphene and graphene electrochemically reduced from GO. To meet the 

requirements of industrial production, biosensor would need to be fabricated in high 

volumes. Therefore, the fabrication of biosensor using large area graphene needs to be 

systematically investigated (this work has been started and the initial qualitative results 

towards the detection of hCG protein have been presented in Chapter 8). The production 

method of transfer-free graphene on SiO2, as discussed in Chapter 5, needs to be further 

developed to obtain wafer scale atomically flat and low defective single crystal 

graphene directly on SiO2 or other insulating substrate, which could have a significant 

effect on the future graphene industry. 

Most of the processing methods for the fabrication of graphene electronic devices in this 

work, such as sputtering and ion-milling, are based on the widely used techniques in the 

semiconductor industry, which may not be optimal for the fabrication of graphene 

devices. Therefore, the optimisation of these processing techniques and their 

corresponding parameters need to be carried out to enhance the performance of the 

resulting devices. The fabrication of a graphene hCG biosensor using ion-milling 

patterning has been started and the initial results have been shown in Chapter 8. 

The label-free qualitative detection of hCG has been achieved in this project using CVD 

graphene-based FET sensing platform. To achieve the quantitative detection, this 

sensing platform needs to be further improved in following aspects. CVD graphene used 

in the FET fabrication needs to be further optimised and standardised to obtain graphene 

with more reproducible thickness and defects density. The single-channel sensing area 

in each device can be replaced by a channel-matrix, in which case the signal difference 

between individual devices would be averaged. 
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In this work, biosensors for the label-free detection of an HIV1 gene and hCG protein 

have been successfully developed. However, there are a large number of other diseases 

and health conditions for which can only be analysed using complicated lab-based 

methods. In addition, the current biosensor has very limited sensitivity and selectivity 

for the detection of biomarkers existing in the body fluid, such as plasma and saliva. 

Therefore, a CVD graphene-based biosensor for the label-free detection of a dementia 

biomarker in blood plasma is being investigated. The challenge will be the capability of 

specific detection of multiple dementia biomarkers in clinical blood plasma samples 

while maintaining a high sensitivity, selectivity and low commercial cost. 
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Appendix 

1. Supporting Publications & Presentations 

1.1 Journal Publications 

• Bing Li*, Genhua Pan, Neil D. Avent, Kamrul Islam, Shakil Awan. A Simple 

Approach to Preparation of Graphene/Reduced Graphene Oxide/Polyallylamine 

Electrode and Their Electrocatalysis for Hydrogen Peroxide Reduction (accepted by 

Journal of Nanoscience & Nanotechnology). 

• Bing Li*, Genhua Pan, Neil D Avent, Roy B Lowry, Tracey E Madgett, Paul L 

Waines. Graphene electrode modified with electrochemically reduced graphene oxide 

for label-free DNA detection, Biosensors & Bioelectronics, vol. 72, p. 313, 2015. 

• Bing Li*, Genhua Pan, Nawfal Y Jamil, Laith Al Taan, Shakil Awan, Neil 

Avent. A Shielding Technique for Deposition of Au Electrical Contacts on Graphene by 

Sputtering, Journal of Vacuum Science & Technology A, vol. 33, p. 030601, 2015. 

• Shakil Awan*, Genhua Pan, Laith M Al Taan, Bing Li, Nawfal Jamil. Radio-

frequency transport Electromagnetic Properties of chemical vapour deposition graphene 

from direct current to 110 MHz, IET Circuits, Devices & Systems, vol. 9, p. 46, 2015.  

• Bing Li*, Genhua Pan, Shakil Awan, Neil Avent. Techniques for Production of 

Large Area Graphene for Electronic and Sensor Device Applications, Graphene and 2D 

Materials, vol. 1, p. 2299, 2014. 

• Genhua Pan*, Bing Li, Mark Heath, David Horsell, M Lesley Wears, Laith Al 

Taan, Shakil Awan. Transfer-free growth of graphene on SiO2 insulator substrate from 

sputtered carbon and nickel films, Carbon, vol. 65, p. 349, 2013. 

* Corresponding author 
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1.2 Conference Presentations 

• Bing Li*, Genhua Pan, Neil D. Avent, Roy B. Lowry, Tracey E. Madgett, Paul 

L. Waines. Graphene electrode modified with electrochemically reduced graphene 

oxide for label-free DNA detection, Nano Korea 2015, Seoul, South Korea, 1st-3rd July, 

2015. 

• Genhua Pan*, Bing Li, Mark Heath, David Horsell, M Lesley Wears, Laith Al 

Taan, Shakil Awan. Transfer-free growth of graphene on SiO2 insulator substrate from 

sputtered carbon and nickel films, ImagineNano, Bilbao, Spain, 23th-26th April, 2013. 

2. Lithography Designs 

A number of different patterns have been designed and used for the shaping and 

fabrication of graphene devices. The patterns for the standard lithography and lift-off 

process were designed using L-Edit software and the photomasks were fabricated by 

Compugraphics International Ltd (UK) on soda-lime glass. 

2.1 Designs for Exfoliated Graphene Device 

The overview of the photomask designed for exfoliated graphene devices is shown in 

Fig. A-1. The quarters marked “5”, “10” and “15” stand for the channel length between 

the inner two probes and the right bottom quarter is designed for the substrate mapping 

before transferring graphene onto it. 
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Figure A- 1. Overview of the photomask for the fabrication of exfoliated graphene 

devices. 

The details of each quarter have been provided in Fig. A-2. Fig. A-2 (a), (b) and (c) 

show the corresponding zoomed in structures of those in Fig. A-1. The channel length 

varies from 5 µm to 15 µm, whilst the distance between the electrodes on the same side 

remains 2 µm. Fig. A-2 (d) shows an overview of the number matrix designed for the 

substrate mapping, which consists of 40 x 40 unique numbers across a 1 x 1 cm area. 

The further zoomed in structure has been shown in Fig. 4-5 (a2) in Chapter 4. 
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Figure A- 2. Details of the photomask for the fabrication of exfoliated graphene 

devices. (a), (b) and (c) show the designs for graphene FET with channel lengths of 

5, 10 and 15 µm respectively, (d) shows the number matrix across an area of 1 x 1 

cm. 

2.2 Designs for CVD Graphene Devices 

The overview of the photomask designed for the fabrication of a CVD graphene device 

has been presented and explained in Fig. 4-5 (b). The detailed patterns for the 

fabrication of the 2-electrode device with a channel length of 300 µm are shown in Fig. 

A-3. Fig. A-3 (a) shows the design for the shaping of a graphene channel with a length 

of 400 µm and a width of 80 µm. Fig. A-3 (b) shows the design for the deposition of a 

Cr/Au contact on a graphene channel and Fig. A-3 (c) presents the design for the 

formation of a polymer window on the surface of a graphene channel. The window 

length and width are designed to be 260 and 50 µm respectively. 

a b 

c d 
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Figure A- 3. Designs for the fabrication of the 2-electrode device. (a), (b) and (c) 

are the designs for graphene shaping, electrode deposition and polymer window 

formation. 

The detailed patterns for the fabrication of the 7-electrode device with the adjacent 

channel length of 95 µm are shown in Fig. A-4. Fig. A-4 (a) shows the design for the 

shaping of a graphene channel with a length of 720 µm and a width of 80 µm. Fig. A-4 

(b) shows the design for the deposition of a Cr/Au contact on a graphene channel and 

Fig. A-4 (c) presents the design for the formation of a polymer window on the surface 

of a graphene channel. Each window has a length of 75 µm and a width of 50 µm. 

a 

b 

c 
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Figure A- 4. Designs for the fabrication of the 7-electrode device. (a), (b) and (c) 

are the designs for graphene shaping, electrode deposition and polymer window 

formation. 

The detailed designs for the fabrication of an 8-electrode device and adjacent channel 

length of 95 µm are shown in Fig. A-5. Fig. A-5 (a) shows the design for the shaping of 

a graphene channel with a length of 400 µm and a width of 80 µm. Fig. A-5 (b) shows 

the design for the deposition of a Cr/Au contact on a graphene channel and Fig. A-5 (c) 

presents the design for the formation of a polymer window on the surface of a graphene 

channel. Each window has a length of 260 µm and a width of 50 µm. 

a 

b 

c 
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Figure A- 5. Designs for the fabrication of the 8-electrode device. (a), (b) and (c) 

are the designs for graphene shaping, electrode deposition and polymer window 

formation. 

The corner designs for aligning the mask are shown in Fig. A-6. Fig. A-6 (a), (b), (c) 

and (d) are designed for aligning the quarter for substrate mapping, graphene channel 

shaping, electrode deposition and polymer window opening respectively. 

a 

b 

c 
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Figure A- 6. Markers for aligning the quarter for substrate mapping, graphene 

channel shaping, electrode deposition and polymer window opening respectively. 

  

c 

a b 

d 
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