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NANOSCALE RAMAN SPECTROSCOPY OF GRAPHENE NANODEVICE 

STRUCTURES 

Taharh Zelai  

Graphene is an atomically-thin 2-dimentional layer of carbon atoms. Since 2004, it has been 

attracting significant attention for various type of device applications due to its unique 

properties. In particular, applications of graphene for micro- and nanoscale devices is one of 

the most demanded and promising research fields. For further advancement of technological 

flexibility in designing graphene nanodevices, introducing defects to graphene could be a 

useful method to modify its material properties. Therefore, how to control defects in 

graphene and how to observe the effects of defects are one of the most important issues. For 

instance, the defect formed on graphene has been observed to make influence on the charge 

carrier concentration. Moreover, the defect introduction to graphene will change the phase 

of the graphene from crystalline to amorphous.  

Tip-enhanced Raman Spectroscopy (TERS) is a combination of Scanning Probe Microscopy 

(SPM) and micro-Raman spectroscopy. While micro Raman has played a crucial role to 

characterise graphene material properties at a microscale level, TERS is considered to be a 

powerful tool to investigate and characterise nanostructure devices, defect density, and doping 

with high spatial resolution down to sub 100 nm. 

In this work my aim is to establish TERS measurement techniques for various types of graphene. 

Then the TERS is applied for evaluating defect density, edge properties and strain induced in the 

graphene nanoelectronic and nanoelectromechanical devices to investigate the physics of 

graphene nanodevices. I have started to optimise the TERS tools on graphene to achieve high 

spatial resolution. Then I have applied TERS for studying the stress and strain and defect 

formation on suspended graphene on SiNWs. The result shows that the peak position is shifted 

in the TERS spectra and additionally the local defects at the edge of SiNW have been observed 

 



 

with a spatial resolution of ~ 100 nm. Then I have introduced defects using helium ion irradiation 

on graphene nanoribbon (GNR). TERS is used to study the graphene edges and irradiation 

boundary of in the graphene channels. I have succeeded in taking TERS spectra across the edge 

of the He-ion-irradiated region on graphene for the first time and confirmed that higher spatial 

resolution is achievable with TERS. 
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Chapter 1 

Chapter 1: Introduction 

1.1 Graphene 

The concepts of nanotechnology and nanoscience have rapidly grown thanks to contribution 

of considerable numbers of researchers from various scientific fields. Consequently, 

nanotechnology is increasingly drawing the attentions of industries, academia, and 

engineering communities. Several applications have been developed at the nanometer scale, 

and one of these applications is nanoelectronics. In this field, the materials and technologies 

that are used in the semiconductor industry have been continuously improving and shrinking 

in size throughout the past decade. 

Since the discovery of carbon nanofibers in 1972, a various allotrope of carbon have been 

studied, such as diamond, graphite, graphene, and nanotube. Graphene as a single 

atomically-thin planar layer of the two-dimensional form of carbon atoms[1, 2]was 

discovered in 2004 by Novoselov et al. in Manchester[1, 3].Since 2004, this material has 

attracted the interests and attention of scientists and engineers because of its extraordinary 

properties which make it ideal materials to solve many challenges in electronics devices. 

Graphene has a high mobility that can be reached to ~ 200,000 cm2V-1 s-1 at room 

temperature, so it can be used for high-speed electronics devices[4]. From the mechanical 

properties point of view, graphene is mechanically strong materials with Young’s modulus 

of ~1 TPa[5], and this can be used for flexible electronics devices. Moreover, the single 

atomic layer graphene has a high thermal conductivity of ~ 4.84x103 to 5.30x103 W/mK at 

room temperature [6]. 

Thanks to its excellent electronic properties and high mobility, graphene can be replaced 

from silicon (Si) electronic devices.  Graphene is a great material providing a natural 

platform for the field-effect transistor (FET) [7].To use graphene as a switching device, 

however, zero band gap of graphene being hard to switch off in FETs. Therefore, as a 

solution engineering aspects can be used as inducing doping or strain [7, 8], downscale 

patterned graphene devices to one-dimensional (1D) graphene nanoribbons with smooth 

edges and the width of sub- 10nm has been reported in [9], it is lead to generate the effective 

quantum confinement which is open a tunable bandgap. At room temperature, this GNR 

transistor has been produced on-off ratios of ~107.The roadmap for graphene and other two-

dimensional materials has been drawn by the researchers and industrialists as shown in 
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Fig.1.1 [10]. This roadmap starts from 2013 and extends over 12 years. The roadmap 

provides a guidance to researchers and the industries throughout the development of 

products based on graphene as a promising 2D materials. This roadmap based on three main 

areas; first from the industrial and academic point of view to find this 2D material, study the 

positional of these materials, and find the safe fabrication procedures to create these 

materials in industrial scale. Develop a new device based on graphene and their technology 

component. The last area is to combine the graphene structure and the components in devices 

to provide a new function and application to be used. Moreover, these roadmap is presented 

many application can be excited using graphene with timelines, such as the electronic 

devices sensors,  flexible electronics, energy conversion and storage, biomedical devices 

science, health and environment, etc.. 

 

Figure 1.1: Illustration roadmap of graphene application from 2013 to 2024[10]. 

Generally, the solids materials have imperfections in their lattice and graphene is also similar 

to these materials has imperfections in its lattice[11].There are several imperfections that 

could appear in the lattice such as distortions, edge or boundaries defects, point defects, and 

line defects[12].These defects can be formed as a consequence of the processing or growth 

of materials, and this could be extended after lithography, etching, deposition. The properties 

of graphene are affected due to these imperfections, so they will affect the performance of 

the devices. The affected graphene devices have been experimentally studied and the results 

indicated degradation in electrical conductivity [13, 14]. However, defects in graphene can 

be useful for some applications for which there is a challenge to make devices by only using 

pure graphene. Defects on graphene can provide doping by controlling the carrier 
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concentration for both of n- and p-types. Depending on the grain boundary defect structures, 

charge transport properties can be affected as proposed in [15]. Gunlycke D reported[16] 

that one type of defect which is called line defect can provide the filtering of electrons and 

holes with specific valley polarisation. The materials properties can be also affected by 

modified phonon dynamics behaviours by isotopic defects. This kind of defect does not 

change the electronics properties [17].Therefore, understanding the influence of the defects 

on properties of graphene and other 2D materials is important to field focuses on in my study. 

1.2 Tip-enhanced Raman spectroscopy 

With the development of science and technology of the nanostructure and nanomaterials, 

new microscopic and spectroscopic characterisation techniques to observe and examine in 

nanoscale have been developed. One of those techniques is transmission electron 

microscopy (TEM). A popular characterisation method in nanoscience is scanning probe 

microscopy (SPM), which includes atomic force microscopy (AFM) and scanning tunnelling 

microscopy (STM) is one of the characterisation methods in nanoscience.SPM can be used 

to study topography in atomic level, chemical composition, and surface quality. On the other 

hand, Raman spectroscopy is the technology that is used to investigate the structure of 

materials – e.g. graphene – including its chemical, structure and the number of the layers 

with the spatial resolution of microscale. The spatial resolution of Raman characterisation is 

limited in microscale. In other words, one of the obstacles to characterising materials at the 

nanoscale is the diffraction limitation of light. To overcome this roadblock, tip-enhanced 

Raman spectroscopy (TERS) is emerging as a novel technology of SPM that can be 

successfully used to characterise materials at the nanoscale and to investigate their chemical 

composition with high spatial resolutions [18-20]. This technology combines Raman 

spectroscopy with SPM. TERS can detect phonons in materials with a spatial resolution 

down to less than 20 nm [21], which makes it a very promising tool for nanoscience and 

nanotechnology. Hung et al.[22]are reported the fabrication process of gold array template 

for coating AFM tips in order to achieve high quilt tips with spatial resolution down to 10nm. 

The SEM image with a low magnification of the gold array template is showing in Fig.1.2b, 

and this figure shows two spots bright and the dark, the gold pyramids are bright spots which 

show that the gold remains on the array, where the missing gold from pyramids are the dark 

spots. The high-quality zoom SEM image of gold array template is showing in Fig.1.2c.This 

project, TERS is used for characterising graphene nanostructures in order to use graphene in 

future nanoelectronic and nanoelectromechanical (NEM) devices such as transistors, 
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switches, and physical sensors. Recently, The TERS technology is becoming more attractive 

for the semiconductor industry. 

 

Figure 1.2: Gold pyramids array (a) high-resolution image of gold pyramid using SEM; 
(b) SEM image with a low magnification of template. Unbroken gold pyramids are 
present in bright dots in the repeated array, and the dark spots are slots where the gold 
coating was delaminated and removed during the etching process and (c) SEM image 
with a high magnification of a finished template reveals the high quality of gold 
pyramids’ array[22]. 

1.3 Helium ion microscopy 

A new kind of surface imaging technique known as Helium-Ion Microscopy (HIM) was 

presented in 2007 by Carl Zeiss SMT [23-25]. A beam of helium ions is focused on the 

surface and scanned across with producing the high-resolution image from secondary 

electron (SE) emission. Thanks to the atomically sharp ion source and bright source 

combined with the larger momentum and very short de Broglie wavelength of helium ions. 

In compare with Scanning Electron Microscope (SEM), HIM is able to scan the sample 

surface to obtain the image of excellent spatial resolution in sub-nanometre scale. In the first 

~100 nm of entering the substrate, the He ions produce far fewer collision cascades and so 

low amount of beam divergence which resulting in very small interaction between the 

materials and beams and high-resolution images[26-28]. 

HIM was introduced as imaging technology to scan the surface to acquire ultra-high 

resolution images. By considering advantage of introducing an intense helium beam with in 

a focused probe size and that can be sub-nanometre, this technology has the ability for 

pattering (milling and lithography the surface).As a result, after the discovery of this 

technology, it becomes as a potential pattering technology for nano-devices fabrication[29-

31]. On the other hand, as the ion bombardment introduces defects to graphene, this could 

be used to introduce defects into graphene. A high level of defects induced to graphene leads 
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modification of the graphene lattice to amorphous phase [32]. The transition of structure 

from monocrystalline graphene to amorphous carbon by using gallium ion irradiation on 

graphene has been reported in [33].In a recent report [34], it was shown that with increasing 

the dose of helium ions, the transport properties of field effect graphene transistors are 

changed. The n-type branch started to show insulating behaviour, while the p-type branch 

shows melting behaviour. 

1.4 Thesis overview 

The thesis comprises 6 chapters. Chapter 1 presents the general introduction of this work. The 

relevant literature is critically reviewed in Chapter 2, which is divided into two parts. The 

first part is about graphene and its general properties. A brief history of graphene, electronic 

properties, nanodevice applications of graphene, defect engineering on graphene is included. 

In the second part, Raman spectroscopy for graphene is reviewed. The TERS application to 

several materials, as well as its application to graphene, are introduced. The general TERS setup 

and most important components of TERS are also introduced. The TERS experimental setup and 

optimization of TERS measurements are described in Chapter 3.In Chapter 4, results of micro 

Raman and TERS studies for suspended graphene structures are described. Detailed 

investigation of helium-ion-irradiated graphene channels via Raman and TERS is presented 

in Chapter 5. Chapter 6 is dedicated to Conclusions.  
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Chapter 2: Literature Review 

2.1 General Properties of graphene 

2.1.1 Graphene 

More than a decade in (2004), Geim and Novoselov at the University of Manchester 

conducted an investigation into ideal semiconductor materials, and were awarded a Nobel 

Prize for their experiments regarding two-dimensional graphene. Their study focused on 

isolating a two-dimensional (2D) monolayer of graphene on SiO2/Si substrate with a 300 nm 

SiO2 layer from graphite bulk using the simple Scotch-tape method. Since its discovery, 

graphene has been employed by many scientists and engineers because of its unique 

electronic, mechanical, thermal, and optical properties [35]. After this discovery, research 

into 2D materials increased rapidly, and is now extensively used in many intersecting fields, 

as evidenced by more than 60,000 publications on graphene that have since been 

released[10]. 

2.1.2 Electrical properties 

The electrical properties of graphene are important because of its potential role as a zero-gap 

semiconductor. The electronic structure of graphene can theoretically be calculated using a 

tight-binding method [36], which considers two atoms per unit cell. The K space in the BZ 

of graphene is shown in Fig. 2.1(a) and exhibits high symmetrical points Κ, K’, M, and Γ. 

Each carbon atom in graphene is connected to three other carbon atoms, with one electron 

in the three-dimensional (3D) plane free for electronic conduction. Figure 2.1 shows two 

connected conical points, which are known as Dirac points K and K’, with a zero-gap. The 

schematic structure of graphene device is shown in Figure2.2.The resistivity ρ of a few layers 

of graphene is showing small change in a temperature range between 100–300 K. The 

conductivity increases with increasing the temperature 35 to 85 K [37]. The resistance of a 

few layers of graphene is related to the temperature, and when the temperature increases, the 

resistance decreases significantly. Furthermore, the number of graphene layers affects the 

resistivity. When the number of layers increases, the resistivity decreases significantly. The 

resistivity of graphene was measured by Novoselov et al. [1] on field effect transistors (FETs) 

on micromechanically cleaved graphene. They found that the resistivity depends on the gate 

voltage Vg. Figure 2.3(a) shows that the resistivity of graphene has a sharp peak with a value 
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of several kΩ, and returns to 100 Ω at high values of Vg. Figure 2.2(b) illustrates Vg on both 

sides of the resistivity peaks along with the conductivity as σ = 1/ρ increases linearly. 

 

Figure 2.1:(a) Band structure of graphene; (b) low-energy dispersion at one of the K 
points shows the Dirac cone structure with conduction and valence bands 
symmetric[38]. 

 

Figure 2.2: Schematic structure of basics graphene device. The arrows are presenting 
the current path, and the connections between the contact Vxy and Vxx are indicated 
measuring scheme for the Hall resistance RH [39].  
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Figure 2.3: Graphene sample field effect: (a) The resistivity (ρ) of graphene sample for 
three different temperatures (T = 5, 70, and 300 K from the top to bottom curves) with 
dependence on Vg. (b)The conductivity changes versus Vg example for graphene 
sample achieved by inverting the curve of  70 K.(c) The RH hall coefficient versus Vg 
for the same sample at T=5K [1]. 

Graphene has a high Young’s modulus of E = 1.0 TPa, an intrinsic strength of 𝜎𝜎𝑖𝑖𝑛𝑛𝑡𝑡=130 𝐺𝐺𝑃𝑃𝑎𝑎, 

and a breaking strength of 42 N/m [5]. These characteristics indicate that graphene is a very 

strong 2D material. Various standard methods can be used to characterise the intrinsic 

breaking strength and stiffness of materials, including nanoindentation, microtensile testing, 

bulge testing, and biaxial strain measurements [40]. Indeed, some of these methods have 

been used to extract the mechanical properties of a layer of graphene. Figure 2.4(a) presents 

the results of an atomic force microscopy (AFM) nano-indentation experiment that has been 

used to measure the force-displacement of suspended exfoliated graphene over a membrane 

in order to study its mechanical properties (elastic properties and the breaking stress of 

graphene). 
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Figure 2.4: (a) Image of suspended graphene using SEM and AFM. (b)Elastic stiffness 
histogram [5]. 

The conductivity of graphene can be calculated using 𝜎𝜎 = 𝑒𝑒𝑛𝑛𝑒𝑒.Graphene as single carrier 

concentration of electron or hole is depend on the Fermi level position, and this is describe 

at high carrier concentrations 𝑛𝑛 = 1012𝑐𝑐𝑐𝑐−2   .The mobility of graphene has been studied at 

ambient temperature, and it was found that 𝑒𝑒 = 200,000 𝑐𝑐𝑐𝑐−2𝑣𝑣−1𝑠𝑠−1, which is seven times 

higher than that of Si. The mobility of graphene depends on temperature, which means that 

when the temperature changes, the mobility also changes. In 2013, Wang et al. 

[41]performed a theoretical study of the differences in mobility, and found that there were 

no differences in the mobilities of electrons versus holes, a finding that was confirmed in 

Ref. [42]. In addition, the conduction of holes in graphene is better than that of electrons, as 

shown by Lemme et al. in 2007 [43]. The strain effect as a property of graphene was studied 

(a) 

(b) 

10 



Chapter 2 

by Wang et al. [41], who found that the amount of strain in graphene affects the charge 

carriers.  

2.1.3 Band Structure 

As discussed above, graphene is a 2D honeycomb lattice of carbon atoms, as shown in Fig. 

2.5. In order to understand the physical properties of graphene, one must first understand the 

lattice structure. The lattice of graphene is formed from sp2 hybridized orbitals, as shown in 

Fig. 2.5a, in which carbon atoms have four valence electrons in the 2s and 2p orbitals. These 

orbitals are susceptible to overlapping due to the increased unit energy in the bonds. In single 

layer graphene, the carbon atoms come together using a mixture of s-orbital 2p-orbital 

electrons and generate three strong 𝛿𝛿 bonds between the carbon-carbon atoms using covalent 

bonds. 

 

 

 

Figure 2.5.: Illustration of the lattice structure of graphene: (a) sp2 hybridized carbon 
atoms in the graphene lattice; (b) the graphene lattice with sub-lattices A and B, where 
the distance between the C-C atoms is a ≈1.42°A; and (c) the Brillouin zone. 

As shown in Fig. 2.5b, every unit cell is triangular with two atoms forming the two sub-

lattices A and B of graphene. This can be described as: 

𝑎𝑎1 = 𝑎𝑎/2(3, √3),                                                             (2.1) 

𝑎𝑎2 = 𝑎𝑎/2(3, −√3),                                                           (2.2) 

a2

a1

A A A A

A A A A A

A A A A

A A A AA

AA

B B B B B

B B B B B

B B B B B

B B B B

(a) 
(b) 

(c) 
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Where the distance between the two C-C atoms is about a ≈ 1.42Å. Moreover, b1 and b2 are 

reciprocal lattice vectors that can be written as:  

𝑏𝑏1 = 2𝜋𝜋/3𝑎𝑎 (1, √3),                                                        (2.3) 

𝑏𝑏2 = 2𝜋𝜋/3𝑎𝑎 (1, −√3).                                                (2.4) 

Figure 2.5c illustrates the hexagonal honeycomb lattice of graphene, which is known as a 

Brillouin zone (BZ). Therefore, the two points at the corners of the graphene lattice K and 

K’ should be taken into consideration. These two points are known as the Dirac points, and 

their positions in the momentum space are given as: 

𝐾𝐾 = (2𝜋𝜋/3𝑎𝑎, 2𝜋𝜋/3√3𝑎𝑎),                                                (2.5) 

𝐾𝐾’ = (2𝜋𝜋/3𝑎𝑎, −2𝜋𝜋/3√3𝑎𝑎).                                             (2.6) 

According to Fig. 2.5b, the three nearest-neighbour vectors in real space are: 

𝛿𝛿1 = 𝑎𝑎/2(1,√3),                                                    (2.7) 

𝛿𝛿2 = 𝑎𝑎/2(1,−√3),                                                  (2.8) 

𝛿𝛿3 = −(1,0).                                                      (2.9) 

2.1.4 Graphene Phonon Dispersion 

To study graphene using Raman spectroscopy, the phonon dispersion of graphene should 

first be understood. The single-layer graphene phonon dispersion bands are shown in Fig. 

2.6a. Moreover, as discussed in Section 2.1.3, single-layer graphene has two carbon atoms 

A and B in the unit cell, and this has six phonon dispersion modes �Γ = 𝐴𝐴2𝑢𝑢 + 𝐵𝐵2𝑔𝑔 + 𝐸𝐸1𝑢𝑢 +

𝐸𝐸2𝑔𝑔�,three acoustic (A) branches, and three optical (o) branches in the Γ𝑀𝑀 and Γ𝐾𝐾 directions. 

The mode 𝐸𝐸2𝑔𝑔 is the degenerate in-plane optical mode, and 𝐵𝐵2𝑔𝑔 is the out-of-plane optical 

mode. The three acoustic branches are the transverse acoustic (TA), longitudinal acoustic 

(LA), and out-of-plane transverse acoustic (oTA) branches. The three optical branches are 

the longitudinal optic (LO), in-plan transverse (iTO), and out-of-plane transverse optic (oTO) 

branches. The vibration on sub-lattice A is against sub-lattice B, as shown in Fig. 2.6a.The 

G peak is correspond of in-plane optical modes iTO and LO degenerate of 𝐸𝐸2𝑔𝑔 phonon in 

the Γ points. The symmetries of iTO and LO along the Γ𝐾𝐾 line are T3 and T1, respectively, 

and 𝛴𝛴3 and 𝛴𝛴1, respectively, along Γ𝑀𝑀. The phonon around the K point is considered to be 

12 



Chapter 2 

the most important, especially for the D and 2D bands, which are related to this phonon. The 

phonon iTO is non-degenerate in the K point, and this is known as 𝐴𝐴1
′ with E` being doubly 

degenerate in the K point where E1u (LO and LA) meet each other. In order to understand 

the phonon LO and TO in the Γ and K points, the Kohn anomaly effect should be considered 

because it is responsible for the softening of the Γ and K points. 

 

Figure 2.6: a) Phonon dispersion of graphene. The black curves LO, iTO, oTO, LA, 
TA, and oTA are related to Raman scattering, whereas the red lines correspond to 
Kohn anomalies. b) The phonon dispersion around the 𝚪𝚪 points. The red arrows are 
atom displacements, and each phonon rise in the graphene is shown by the grey arrows, 
while those in the graphite phonons rise to two modes These are the Raman active (R), 
infrared active (IR), and inactive (un-labelled) modes [44]. 

2.1.5 Defects in graphene 

Graphene as a 2D material has attracted the attention of engineers and scientists because the 

properties of graphene make them ideal candidates for the realisation and advancement of 

many different technologies. However, the defect structures that appear on the graphene 

lattice during the fabrication process can significantly affect the performance of graphene 

devices. Therefore, in this subsection we summarize the important defect structural types 

that are present in graphene lattices. Graphene has the ability to restructure and arrange its 

lattice around defects [45].  

According to the arrangement convention of bulk materials, defects or external atoms are 

describe as intrinsic (e.g. dopants and impurities) and extrinsic. The types of defects in terms 

of their dimensions are: zero-dimension (0D), which refers to point defects (e.g. vacancies 
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or interstitial atoms); one-dimensional (1D), which refers to line defects; 2D refers to the 

grain boundaries; and3D defects, although these do not appear in graphene due to the 2D 

structure.    

Point Defects 

This defect is the first type of defects in graphene, and includes Stone-Wales defects, 

single/multiple vacancies, and adatoms. Theoretically, the defects stability quantity in 

graphene can be calculated using the following equation[46]:- 

𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐸𝐸𝑑𝑑 − (𝐸𝐸𝑏𝑏𝑢𝑢𝑏𝑏𝑏𝑏 + 𝑁𝑁𝑁𝑁𝑐𝑐)                                        (2.10) 

where 𝐸𝐸𝑑𝑑 is the total energy of the defects in graphene,𝐸𝐸𝑏𝑏𝑢𝑢𝑏𝑏𝑏𝑏 is the total energy of perfect 

graphite bulk, 𝑁𝑁𝑐𝑐  is the chemical potential of carbons atoms, and ±𝑁𝑁  is the number of 

carbon atoms [46]. From this equation, the stability of defects in graphene depends on 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, 

and lower values indicate greater stability.  

Stone-Wales defects  

As shown in Fig. 2.7 (b), the Stone-Wales (SW) defect is one C-C bond rotated at 90o, which 

results in four hexagons being transformed into two heptagons and two pentagons(SW(55-

77) ) [47, 48],and this type of defects does not include any added or removed atoms. In 

Figure 2.7(b), the energy barrier of the SW defects is ~5 eV, and a ~10 eV of kinetic energy 

barrier is required for this change, and with this a high kinetic energy barrier SW defects is 

produced in graphene at room temperature. At lower energies, ion irradiation is able to 

introduce this defect on graphene, and thereby displace C atoms.   

 

Figure 2.7: a) TEM image of defect carbon-carbon lattices. b) Atomic structure of a 
Stone−Wales defect. (c) Energy barrier for bond rotation C-C. 
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Single vacancy defects  

Vacancies are generated in graphene when the C atoms leave the lattice due to energy 

perturbations higher than the displacement threshold (Td). Approximately 7.5 eV energy is 

required to produce a single vacancy (SV). When C atoms are removed from the lattice, 

three dangling bonds are created [49]. 

Double vacancy defects  

Double vacancies (DVs) are more complex because this removes a defective region from a 

five-atom and nine-atom arrangement and connects it with two dangling bonds to create 

many shapes [45]. Replacing two C atoms is the simplest way to create a DV from two-

pentagon and two-heptagon structures (5-8-5), as presented in Fig. 2.8(b). Whereas, the 

effects of vacancies are able to move in the graphene lattice. The DVs cannot move a lot 

because is require high movement energy ~7.5 eV in compare with the SVs which is required 

~1.3 eV. These defect are generated by removing single atoms. To produce these vacancies, 

the lattice is bombarded by ions where the possibility of removing large number of atoms is 

high. In order to produce this non-hexagonal structures in graphene, the graphene sheet must 

be folded and use a high energy to formed the structures.  

 

Figure 2.8: a) Single vacancy defects (SV). b)Double vacancy (DV) [50]. 

Adatom defects  

These types of defects also can be occur in graphene[51]. Injected atoms can be used to form 

covalent bonds with graphene atoms to change from sp2 to become sp3 hybridization. This 

occurs when the C atoms come closer to the surface of the graphene. Figures 2.9 (a) and (d) 

show the adatom position on top of the bonded C-C atoms, and ~2 eV energy is required for 

binding. This adatom can easily travel with small energy ~0.4 eV around the graphene 

surface. Any atom removed from the graphene is considered to be an adatom, and it becomes 

an adatom on the graphene surface. Figures 2.10show examples of these defects, which are 

the Inverse Stone-Wales defect. The adatom defect not only happens using C atoms, it can 

(a) (b) 

15 



Chapter 2 

also be used for any external atoms depending on the bonding strength. The adsorption can 

be either physisorption (weak, van der Waals bond) or chemisorption (strong, covalent bond). 

With an activation energy of ~0.28 eV, the weak bonding was found between the graphene 

and the transition metal because it can easily move along the graphene surface. As shown in 

Fig. 2.10, the adsorption of the graphene surface increases because of the metal atoms are 

attracted to it due to the strain near the defect. This is a substitutional defect on the graphene 

with respect to the carbon atom.   

 

Figure 2.9: Carbon adatoms;(a, d) single adatom on top of C-C atoms; (b, e) the 
dumbbell configuration; (c, f) the Inverse SW defect [50]. 

 

Figure 2.10: metal adatom bonding in graphene[50]. 

Line Defects 

This type of defect is 1D, and is also known as extended lines defects. These types of defects 

can be created in CVD graphene grown in metal, and appear as grain boundaries with 

mismatched lattices. In grown graphene, the electronic properties can be dictated by the 

atomic structural boundaries and grain sizes. Figure 2.11 shows an example of a grain 

boundary of graphene grown on an Ni surface [52]. The boundary is formed by periodic 

alternations of pentagon pairs and octagons due to the mismatch between the two graphene 

areas.  
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Figure 2.11: Line defect formed between two graphene areas grown on Ni [52]. 

2.2 Device fabrication 

There are various approaches to the fabrication of graphene. The fabrication procedures 

include the mechanical exfoliation (ME) from bulk graphite, epitaxial growth graphene on 

an insulator (SiC) and chemical vapor deposition (CVD) over a metal surface (either Nickel 

(Ni) or Copper (Cu) [53]. In the section below, these fabrication methods are briefly 

described. More fabrication methods of graphene are described in Refs [54-56].  Although 

the ME fabrication method is simple, it cannot be used to produce a thin graphene layer. 

Instead, the chemical growth method is the most promising method for the production of 

thin graphene layers. 

2.2.1.1 Chemical Vapor Deposition (CVD) 

The CVD method [57-59] is used to deposit graphene on metal substrates such as Copper 

(Cu) [59, 60] and Nickel (Ni) [61-63] , among others. Cu is better suited to this technique in 

comparison to Ni because a single graphene layer can be grown on Cu with the help of CVD. 

However, multilayers are usually grown over Ni. Besides this factor, Cu is the most 

extensively used metal substrate owing to its low cost, zero carbon solubility, and its ability 

to generate graphene layers of high quality over a greater area [64]. In the CVD technique, 

Cu must be heated at a temperature up to 1000 ºC, which can be maintained in a furnace 

before the graphene is deposited on the top of Cu, as shown in Fig. 2.12. The domain size of 

the metal is enhanced as a result of the heating. In the furnace, Hydrogen (H2) and methane 

(CH4) are flushed over the substrate. CH4 sets down on the surface of the substrate via 

chemical adsorption when it is blown over. At this stage, CH4 reacts with the surface and is 

catalyzed by H2, as shown in Fig. 2.13. The temperature of the furnace is then quickly 

lowered so that the accumulated carbon layer aggregates into bulk graphite. Upon 

crystallisation, this aggregate turns into an adjoining layer of graphene over the metal surface. 

Since a number of different materials are used for the execution of the CVD technique, the 

formation of the graphene layer is subjected to the addition of impurities. However, in this 
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technique, one can reduce the concentration of impurities. This results in the formation of 

wrinkled graphene layers because of the difference in thermal expansion between Cu and 

graphene. Annealing can be used to manage this problem; however, further studies should 

be carried out in order to isolate more efficient solutions. Unlike the Scotch-tape method, 

which results in the formation of micron-sized flakes, the CVD technique yields a contiguous 

layer of graphene over the metal surface. For this reason, graphene layers can be employed 

in solar cells. 

 

Figure 2.12: Illustration of CVD of graphene setup by using a Cu or Ni catalyst. The 
setup has a tube furnace for high-temperature heating, a quartz vacuum chamber for 
adjusting the growth conditions using vacuum and pressure control, and carbon and 
gases, which are used to provide mass flow controllers (MFC). Adopted from [64]. 

 

Figure 2.13: Graphene growth on a Cu substrate using the CVD method: (a) native 
oxide on Cu foil; (b) after the surface annealing at high temperature in a hydrogen 
environment; (c) production of graphene after exposing the Cu foil to CH4/H2 at 1000 
ºC; and (d) the graphene layers. Adopted from [64]. 

Graphene can be deposited onto a number of different metal substrates, as mentioned earlier. 

Besides Cu, graphene can be grown on Ni as well. Yet, prior to deposition of the graphene 

layer, Ni must be layered onto silicon. Moreover, Ni can only be used in the form of thin 

(a) (b) 

(c) (d) 
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films. This is because different metals have varying potentials for absorbing carbon. Ni tends 

to generate graphite owing to its greater capacity to absorb carbon as compared to Cu. It is 

important that Cu substrates with deposited graphene must not be taken out of the reactor at 

room temperature because Cu is highly susceptible to oxidation as compared with Ni 

[65].Moreover, carbon is adsorbed only at the surface of the substrate instead of being 

absorbed into the bulk of the substrate as the weak bonds that bind carbon atoms with the 

Cu can only develop with open sites of bonding at the lattice surface. Hence, it can be stated 

that the utilisation of Cu foils for the deposition of graphene not only simplifies the technique 

but also makes it more efficient. 

 Transfer Method of CVD 

A beneficial aspect of utilizing CVD is that graphene layers grown over the surface of a metal 

can be transferred to several types of substrates. Measurement of optoelectronic characteristics 

requires transferring the graphene layer to the surface of the substrate once it has been grown 

over a metal [64]. After taking out the Cu foil with graphene over its surface from the furnace 

and allowing it to cool down, graphene is coated with polymethyl methacrylate (PMMA) or 

polymeric polydimethylsiloxane (PDMS) as a support. The next step involves the removal of Cu 

using the etchant ferric chloride (FeCl3). The graphene left behind on the surface of the polymer 

can then be transferred to any substrate, as shown in Fig. 2.14. A solvent is then employed for 

dissolving the polymer. Silicon dioxide serves as the most extensively used substrate, and allows 

for the examination of graphene through optical microscopy. The conductive characteristics, 

electrical efficiency, uniformity, and purity of graphene can be measured when silicon dioxide 

is used as a substrate. 
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Figure 2.14: Illustration of general transfer process of CVD-fabricated graphene from 
the top of copper foil to the substrate. (a) Graphene layers on the top of Cu foil. (b) A 
thin polymeric layer (polymethylmethacrylate PMMA) spin-coated on top of the 
graphene layers. (c) The etching of Cu using FeCl3. (d) The PMMA dissolved using 
acetone or chloroform. (e) Graphene layers on the top of substrate. Adopted from Ref 
[64]. 

2.2.2 Graphene nano-devices application 

Graphene is considered to be an ideal material for various electrical and mechanical 

applications because of its notable properties, such as a zero band gap, high mobility, 

breakdown current density, high saturation velocity, ultra-high stiffness, and low mass. In 

this section, we discuss some graphene nano-devices.  

2.2.2.1 Electronic devices application 

The high mobility, large critical current density, and high saturation velocity of graphene 

make it an interesting material for radio-frequency graphene transistor applications with the 

high-frequency operation. Liao et al. developed a self-aligned graphene transistor with 

nanowire gates and had a high cut-off frequency (up to 300 GHz) [66]. A physical dry 

transfer process was used to align the top gate of the CO2Si-Al2O3 core-shell nanowire on 

top of the graphene, as shown in Fig. 2.15. Improving the speed of transistors requires high-

quality graphene without defects, a dielectric integration strategy, and a self-aligned device 

layout. This is considered to be a promising for improving the transistor speed. In 2012, 

Cheng et al. reported a high-performance graphene transistor with a cut-off frequency up to 

427 GHz by using lithographically patterned gate stacks on top of graphene as the self-

aligned top gate, as shown in Fig. 2.16[67]. 

 

(a) 

(b) 

(c) 
(d) 

(e) 
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Figure 2.15: (a) Schematic of graphene transistors with a self-aligned nanowire gate 
device layout, source, and drain, gate, and Co2Si–Al2O3 core–shell nanowire top gate. 
(b) Cross section view of the self-aligned graphene transistor device [66]. 

 

Figure 2.16: (a) Schematic of graphene transistors with a self-aligned transferred gate 
stack device layout, external source, drain, and top gate. (b) Cross section view of a 
graphene transistor device [67]. 

2.2.2.2 Graphene for NEMS application 

The ultra-high stiffness and low mass of graphene makes it an ideal material for applications 

in nanoelectromechanical systems (NEMS). Chen et al. reported a single layer graphene 

NEMS resonator device, as shown in Fig.2.17, and achieved resonances in the megahertz 

range. The device design applied a gate voltage to a membrane model to determine the mass 

density and built-in strain of the graphene[68]. 

 

 

 

a 

(a) (b) 

(a) (b) 
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Figure 2.17: (a) Diagram of a suspended graphene nanoribbon, and (b) SEM image of 
suspended graphene [68]. 

Milaninia et al.[69] groups are reported the fabrication of graphene NEMS switch by 

depositing two layers of graphene with a 500 nm gap to separate the layers. A 3-μm wide 

strip of graphene was suspended over a 20 μm wide etched trench, and ~5 V was applied 

between the top and bottom layers to deflect and contact the bottom layer. Figure 2.18 shows 

a schematic of a graphene NEMS switch along with SEM images of a device fabricated by 

chemical vapor deposition (CVD). The fabricated switch failed after 4th cycles. 

 

 

 
 

 
 

Figure 2.18: Diagram of CVD graphene NEMS switches: (a) cross section of a CVD 
graphene switch, (b) top view, and (c) SEM images of a suspended CVD graphene 
switch [69]. 

 

 

(b) 

(a) (b) 

(c) 
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The suspended CVD graphene beam electro-mechanical switches fabricating method was 

developed by Kim et al. [70].Figure 2.19 shows a diagram and SEM image of the fabrication 

steps of a suspended CVD graphene Switch. The rectangular region of SiO2 is etched with 

height air-gap of 0.15μm over a smaller 20μm wide trench to generate suspended graphene 

beam, and the device operated with a supply voltage of 1.85 V. The on/off characteristics of 

the graphene switch device and its response have been reported.  

 

Figure 2.19: Diagram of the fabrication process of a suspended CVD graphene switch: 
(a) #1 shows thermal release tape used to transfer a single layer of graphene onto a 100-
nm-SiO2/Si substrate, #2 is the photolithography and O2 plasma step for defining the 
graphene layer, #3 shows the lift-off and Cr/Au deposition for the electrode, #4 etching 
the SiO2 using HF, and the Si using potassium hydroxide(KOH) for making suspended 
graphene, (b) Raman spectroscopy of CVD graphene, (c) and (d) SEM images of the 
device [70].  

2.2.3 Defect engineering on graphene 

The formation of defects in graphene has been extensively investigated using transmission 

electron microscopy (TEM). For example, the transformation of point defects in graphene 

was studied using TEM by Kotakoski et al. [71], where the TEM showed complex 

amorphous structures with a rotated hexagon domain surrounded by other polygons, which 

were grown and rearranged from vacancies. 

(a) (b) 
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Various acceleration voltages have been used in different studies. For example, a 300 keV 

acceleration voltage was used to irradiate the suspended graphene, which damaged the 

graphene atoms from the lattices. An 80 keV voltage was used to image the sample without 

causing additional damage to the graphene lattice, but to allow for some bond rotation. To 

observe defect structures in graphene, 100 keV with dose 1024cm-2 has been used for full re-

bonding. Although many polygons defects and a few holes are formed in the graphene after 

this irradiation the authors state that graphene remains a coherent membrane. A voltage of 

80 keV was used to displace the carbon atoms in the graphene lattice[72]. 

The single vacancies created on graphene using 300 keV occurred due to the knock-out 

uncoordinated of atoms from the lattice, as shown in Figures 2.20 (b-d). This irradiation 

energy was enough to form single and double vacancies [50]. Irradiation of 80 keV was not 

enough to sputtered any more atoms from the graphene lattice after 300 keV irradiation , but 

this level of irradiation did only change the arrangement of atom in lattice, i.e., 5-8-5, 555-

777, 5555-6-7777, etc. [50], due to the energy perturbation (barrier ~5 eV). The bonds 

changed from one rotation to another, as shown in Figures 2.20(c-f). Bond rotations and 

reorientations occurred at 80 keV, even though this is lower the than threshold Td, as shown 

in Figures 2.20(a, e, f).The defect in graphene lattice is positioned randomly along the zigzag 

line.  

 

Figure 2.20: TEM imaging of graphene defects: (a) At a low beam energy, bond 
rotations occur to form Stone-Wales (SW) vacancies, (b) pristine graphene form, (c) 
atoms are expelled in single vacancies at high beam energies, (d) double vacancy, and 
(e,f) For more stable configurations, bond rotation drives the initial double vacancy 
(scalebar = 1 nm)[71]. 

This study shows under energetic particle irradiation graphene defects develop, and revealed 

a generally stable configuration of multi-vacancies, that is, rotated polygons bounded by 

polygons. 

The nature of defects on graphene nanowires device induced by helium ion irradiation as 

shown in Figure 2.21, and the effects on the electrical transport properties and Fermi level 

was studied by Moktadir et al.[32] in 2015 using Raman Spectroscopy and X-ray 
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photoemission spectroscopy (XPS). The Id-Vd of the pristine and irradiated graphene 

channels exhibited linear characteristics with the absence of a transport gap, as shown in Fig. 

2.22(a). Figure 2.22(b) shows the dId/dVd conductance for the highest defect concentration. 

Point defects were introduced into graphene, and as the defect concentration increased, the 

resistivity increased and the conductivity decreased. Moreover, the results of Raman 

spectroscopy shows the increase of D peak at (~1350 cm-1), which is consistent with the 

increase in defect concentration; however, the D peak, which indicates disorders or defects 

in the unexposed graphene, is absent in Fig. 2.23. 

 

Figure 2.21: Illustration of graphene nanowires device channel, source, and drain 
contacts. Graphene channel irradiated with HIM. 

25 



Chapter 2 

 

Figure 2.22: (a) Id-Vd of the irradiated graphene channel with various values of defect 
concentration. (b) Id-Vd at Id= 0. (c) dId/dVd conductance for the highest defect 
concentration [32]. 

 

Figure 2.23: D and D’ peaks of the Raman spectrum for various defect concentrations, 
which increase with increasing concentration [32]. 

For further understanding and quantitate the nature of the defects, the intensities of the I (D) 

/I (D’) fitting data from several published reports are shown in Fig. 2.24. Therefore, the 

maximum intensities of the defects were observed for sp3 I (D) /I (D’) (~13), while for the 

vacancy defects decreased to ~7, and the minimum defects were the boundary at ~3.5 in 

graphite [73]. XPS can also be used to quantify the defects in graphene as shown in Fig.2.25. 
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This was used on an irradiated graphene sample to determine if any atomic defects are 

present near the carbon. XPS spectrum is only present the O2, and Si scattered from the SiO2 

substrate, and no other elements were observed in the graphene 

 

Figure 2.24: I (D) /I (G) versus ratio I (D’) /I (G) of different data collected from the 
literature [74]. 

 

Figure 2.25:XPS spectrum for C1s level for various defect concentrations [32].  
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2.3 Nano imaging for graphene 

To gain an understanding of the properties of graphene nanodevices along with an image of 

its structure, several nanoscale microscope imaging technologies  can be used, such as 

electron microscopy (EM), scanning probe microscopy (SPM), which includes AFM, 

scanning tunnelling microscopy (STM), as well as spectroscopy, which includes Raman 

spectroscopy ,XPS, and TEM.   

2.3.1 Raman Spectroscopy for graphene 

The use of Raman spectroscopy to investigate graphene defects [75], strain, and graphene 

edges [76-78] has been covered extensively in the literature. The positions of the 2D and G 

peaks shift up to −27.8 and −14.2 cm-1, respectively, per 1% of strain as determined by 

Raman measurements of graphene under strain [77]. The position of the G peak can be 

affected by both strain and doping. Figure 2.26 shows that the G peak can be split into two 

peaks under uniaxial strain, and split peaks correspond to two orthogonal modes (E2g
±) 

parallel or perpendicular to the strain, and that the 2D peak shifts when significant levels of 

strain are applied on top of the flexible substrate [77, 78]. 

 

Figure 2.26: Raman spectra of G and 2D peaks under uniaxial strain; (a) G peak splits 
into two peaks, G+and G−; (b) the 2D peak shifts position only[78]. 
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Hang et al. [79] reported defects on graphene with 30 keV helium ion beam (HIM) and 

proposed to reduce or remove the substrate swelling by a tilt of the beam. This study reported 

solutions involving backscattered ions and extricated substrate atoms that decreased the 

number of defects during the milling of graphene nanodevices. 

The Raman spectroscopy images show the main pristine graphene peaks G and 2D around 

~1580 cm-1 and ~2680 cm-1, respectively. The 2D peak is the breathing mode of the graphene 

hexagonal ring, and the G peak is high optical phonon mode E2g[80]. In terms of the defects 

in the graphene, other peaks appear around the D peak at ~1345 cm-1, while 1600 cm-1 is the 

D’ peak, where it reflects defects or disorder in the graphene. The Raman spectrum in 

Figure2.27 is clearly shown the G, D, and D’ peaks, which are important because they 

provide information on the defect density [75, 81, 82] and defect types [83].Therefore, the 

ID/IG intensity ratio is important for measuring the defect density/length, which can be 

explained using a local activation model [81].The ID/IG ratio varies depending on the LD 

between two defects, as described in the following equation: 
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Where rs is the radii of the structurally disordered region (S-region), and rA is the surrounding 

active region (A-region). These lengths are used to define the Raman active region [81]. 

An He+ ion source was used to create patterning in a single layer of graphene. A high ion 

energy at 30 keV was used with a patterning resolution of 1 pixel/nm2 and a dwell time of 3 

μs. The Raman spectra for various irradiation doses for single layer graphene are shown in 

Figure 2.27. Even though the imaging dose is lower than that used for milling, it is still 

enough to create defects in or damage the graphene. The sputtering of substrate atoms is a 

key source of indirect damage to graphene, so tests on SiO2 were carried out in order to 

control or reduce the substrate swelling during milling. From the AFM results, with dose 

varying from 0.4 x 1018 to 2.5 x1018they observed that swelling removed for tilt angles equal 

to or greater than 40o,but the swelling height was observed at 0o tilt and increase with 

increasing the irradiation does. Therefore, they use an angle of 43o with irradiation of 

6.24x1017 ions/cm2 and a 30-nm wide line in the graphene. Figure 2.28(a) shows the AFM, 

and the profile of the milled cross area is an asymmetric V-shape where the carved line is 

deep in the centre and shallower near the edge. Figure 2.28(b) shows the Raman spectra 

point near the milling area fitted with three Lorentzians. Raman mapping of I(G) was used 

to define the boundaries of the graphene because it does not depend on edges, as I(D) does, 
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as shown in Fig. 2.28(c) [76]. Figure 2.28(d) shows the I(G) position where it crosses an 

edge to the graphene. The edge is shown because the I(G) position is weaker than that inside 

the graphene. The boundaries of the graphene were defined at ~400 nm, where the I(G) 

position begins to increase, as shown in Figure 2.28(c). There are two explanations for this. 

The first is that I(G) is constant across the graphene, but at 300 nm, it changes due to (1) the 

D’ peak starting to appear beside the G peak, as shown in Fig. 2.28(b); and (2) the D band 

begins to broaden. Note that the point selected near the milling area may not be centred at 

the carved line, but it is still on edge. This is because it was manually aligned.   

 

Figure 2.27: Single layer graphene Raman spectra before and after different doses of 
irradiation. 
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Figure 2.28: (a) AFM topography image of the graphene after HIM at 43o, 6.24 × 
1017 ions/cm2, and a 30-nm line. (b) The Raman spectra of the point near the milling 
area. (c) I(G) Raman mapping on top of the AFM image. (d) I(G) positioned across 
from the edge of the graphene. 

Figure 2.29 shows LD plotted using Eq. (2.11) and the following values: rs = 1 nm, rA = 3 

nm, and 𝐶𝐶𝐴𝐴 = 160𝐸𝐸𝐿𝐿
−4 where 𝐸𝐸𝐿𝐿 = 2.33 𝑒𝑒𝑒𝑒 is the excitation energy of the laser. In Stage 1, 

𝐶𝐶𝑆𝑆 = 0, which is less than 10% for all defects types is used as value[83], and 𝐶𝐶𝑆𝑆~1 in Stage 

2. The LD(A)~1.5 nm, LD(B)~8.5 nm, LD(C)~4.0 nm or ~7.0 nm, LD(D)~2.5 nm. 
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Figure 2.29: LD plotted using Eq. (2.1). The green curve is presented for𝑪𝑪𝑪𝑪 = 𝟎𝟎, and 
𝑪𝑪𝑪𝑪~𝟏𝟏 is the violet curve. The yellow boxes represent Stage 1, and the orange boxes 
represented Stage 2. 

2.3.2 Tip-Enhanced Raman spectroscopy (TERS) Application 

2.3.2.1 Early Reports on TERS 

Nie and Emory[84] reported an enhancement of 108–1014 for single-molecule detection of 

molecules absorbed on a silver substrate. Anderson reported that AFM tip coated with gold 

was used to provide the surface enhancement by removing the sulphur film layers at the 

nanometer scale and then provide surface enhanced Raman scattering (SERS) substrate for 

ultra-trace analysis[85]. Figure 2.30(b) shows the Raman spectrum when tip away from the 

sulfur film, and of the Raman spectrum with enhancement factor 104 was estimated when 

the tip in contact with sulfur film as shown in Figure2.30 (a). Furthermore, Sun and Shen 

reported a Raman mapping and enhancement of 104 for 1s on Si using an integrated near-

field scanning optical microscope (NSOM) and Raman with the same objective lens [86]. 

The Raman spectrum obtained using this method is presented in Fig. 2.31. 
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Figure 2.30: (a) Raman spectrum using an AFM tip contact on sulphur film; (b) Raman 
spectrum when the tip is not in contact. Adapted from [85]. 

 

Figure 2.31: (a) Raman spectrum of Si when the tip is in contact with the sample; (b) 
Raman spectrum of Si when the tip is not in contact with the sample. Adapted from 
[86]. 

Hanafusa et al.[87], presented an integrated system of AFM-TERS measurements of strain 

and surface undulation on a strained silicon (s-Si) sample formed by sputter epitaxy. They 

compared their results with those obtained from s-Si formed using a gas-source molecular 

beam epitaxy (GS-MBE) method [87]. They found smooth surface and uniform strains in 

the s-Si sample that was formed by sputter epitaxy when compared with the s-Si sample 

formed by GS-MBE, as can be seen in Fig. 2.32. 
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Figure 2.32: (a) AFM and TERS topography with profiles; (b) TERS spectrum with 
conventional Raman single [87]. 

2.3.2.2 TERS for graphene 

TERS is a promising technique that can be used to investigate graphene with high spatial 

resolutions and high enhancement. The results of some TERS experiments on graphene have 

been reported in the literature [88-91]. Stadler et al.[88], used top illumination configuration 

of TERS with STM. In the aforementioned study, images of graphene defects and C-H 

stretching were investigated with a high resolution (<12 nm) and with strong enhancements 

of up to 80, as shown in Fig. 2.33[88]. Single-layer graphene was used for this study, and 

was produced by the Scotch-tape method on gold and with the CVD method on copper. 

 

Figure 2.33: Raman image of graphene on Cu. (a) 2D peak image at 2634 cm−1; (b) G 
peak image at about 1580 cm−1; (c) D peak image at 1350 cm−1; (d) CH image around 
2800–3000 cm−1; (e) TERS of graphene on Cu. The blue line is the Raman spectrum of 
SLG; the red line is spectra of the D peak of defect is 1350 cm−1; and the green line is 
the CH banding (1450 cm–1) and stretching modes (2800–3000 cm–1)[88]. 

e 

(a) (b) 

(e) 
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In 2013, Rickman and Dunstan reported defects on multi-layer graphene flakes using TERS 

[90]. In that experiment, back-illumination TERS with AFM was used. As a result, they 

found that the D defect peak was enhanced in both samples, and other defects were detected 

and enhanced, as shown in Fig. 2.34and 2.35. In 2014, Vantasin et al. used TERS to study 

steps with 2 nm high of epitaxial graphene grown on 4H-SiC (0001) as shown in Figure 

2.36(a)[91]. TERS and Raman far-field spectra for five points across step of 2D peak are 

shown in Figure 2.36(b).  Raman spectra do not show double layer graphene characteristic 

at (∼1375 cm–1). They found the structure of step comes from substrate structure, and it does 

not come from the multi-layers graphene. As a result, the 2D peak position does not change 

in Raman far-field and TERS spectra due to the step structure as well as on both sides of 

graphene step no strain is present. 

 

Figure 2.34: (a) Ultrathin graphite area measured using TERS. The green line is the 
TERS area. (b) TERS spectra: the blue line is the tip in contact, whereas for the black 
line the tip is not in contact. The spectra from the 1 to 5 G peaks only are present, and 
the D peak begins to show from 6 to 10[90]. 
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Figure 2.35: (a) AFM topography multilayer graphene area with the difference D band 
intensity through the line map. b) TERS spectra of the line across the AFM image 
presents the enhancement of G and D [90]. 

 

Figure 2.36: Step structure measurement using TERS. (a) AFM image with the height 
profile of the step, and (b) the 2D Raman spectra far-field and TERS spectra near-field 
for five points [91]. 

(a) 
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2.4 Motivation of this work 

Graphene is a promising material for various applications. It is particularly relevant for high 

frequency and thin film transistors, NEMs switch, and resonators for mass sensing. The 

development of these devices among the other applications requires the investigation of the 

defect, edge, stress and strain characteristics of graphene. Several methods were used to 

measure and characterise graphene properties, such as SEM, TEM, and AFM. However, 

these technologies failed to provide the chemical information of graphene. Raman 

spectroscopy is one of the most important methods which has been heavily used to study the 

graphene properties including the effects of strain, edge formation [76],disorder, doping, and 

different types of defects [92, 93].However, Raman cannot be used to study the graphene 

properties in nanoscale due to limitation of the spatial resolution of Raman in microscale. 

Tip-enhanced Raman Spectroscopy (TERS) has emerged as a new characterisation 

technology that can be used to investigate critical properties that needs high spatial 

resolutions at the nanoscale range. TERS has been applied to study properties of several 

types of graphene, such as Scotch-tape-exfoliated graphene on glass[90, 94-100], on Au[88], 

CVD-grown graphene on glass[100],epitaxial-grown graphene on SiC [101].However, there 

are only a few studies characterising graphene nanodevices using TERS. In particular, to the 

best of my knowledge, helium-ion irradiated graphene has not been studied yet via TERS.  

 

.

37 





Chapter 3 

Chapter 3: Tip-Enhanced Raman Spectroscopy 

3.1 Introduction 

Raman spectroscopy is one characterisation technology which is used to study the chemical 

and structural information of materials. However, conventional micro Raman spectroscopy 

has a laser diffraction limit that prevents from observing nanoscale structure with nanometre 

spatial resolution.  Wessel proposed TERS as a promising technique for the characterisation 

of various kinds of samples at the nanoscale in 1985 [102, 103]. Wessel's idea was to 

combine SPM technique (e.g. STM) with surface-enhanced Raman spectroscopy (confocal 

Raman spectroscopy), as shown in Fig. 3.1. In (SERS), the electromagnetic field (EM) 

enhancement and Raman signals are produced from a roughly coated metal substrate, but 

Wessel's original idea was to use a sharp metal-coated tip in contact with sample in order to 

enhance the structure. This is due to at the apex of the coated tip the surface plasmons 

obtained. The tip scans over the sample and obtains the topography of the sample at nano-

metre resolutions. The first application that used this technology appeared ten years after 

Wessel's proposal[104]. 

 

Figure 3.1:The basic concept of Wessel’s TERS idea [104]. 

TERS characterisation uses a tip that can provide enhancement of electromagnetic (EM) 

field via the near-field effect. In principle, high spatial resolution Raman mapping down to 

10–12 nm is possible with TERS [105, 106]. One of the most promising features of TERS 

is its ability to investigate the influence of strain on the sample. The laser in visible range is 

used for TERS characterisation, and the power range of the laser could vary from microwatts 

to milliwatts. In comparison with SERS which requires a level of sample surface roughness, 

TERS does not require a particular surface. In TERS different feedback devices – e.g., AFM, 

STM, and shear force microscope (SFE) is controlled to keep the distance between the tip 

and sample. TERS has been used for various materials, such as semiconductor materials[86, 

107],  nanomaterials [19, 108]and the others[109]. 
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In this chapter, basic principle of TERS measurements including signal enhancement 

mechanism will be introduced. Introduction of MV4000 system that has been used in this 

study. Then how the measurement system has been optimised will be described. For 

optimisation a single-layer CVD-fabricated graphene sample was used. Conventional micro 

Raman spectroscopy was conducted with532nm (2.33eV) laser excitation. In order to 

measure the structure in nanoscale, the AFM-TERS (Nanonics MV4000) integrated system 

was used. At the initial stage of this project, optimal measurement conditions have been 

explored by adjusting laser excitation power and exposure time in order to obtain the best 

conditions for TERS signal enhancement. This procedure will be detailed in this chapter. 

Finally, the role of the tip position with respect to the position of the laser spot will be 

addressed in order to achieve higher signal enhancement. 

3.2 Raman spectroscopy 

The classical derivation of light scattering from molecules is presented in Ref. [110]. The basic 

process of one vibration is presented in Fig. 3.2, which depicts two energy states. The first energy 

state is the lowest vibrational level, where most of the molecules are present at room temperature. 

The second energy state is the highest in the virtual level, which is created from the interaction 

of electrons with the laser and the present polarization. The Rayleigh (i.e. elastic) scattering of 

Raman is observed as the molecule returns back to its normal (vibrational) state. At this stage, 

the emitted photon will have a wavelength equal to the incident photon. However, when the 

molecules return back to their normal (vibrational) state, the energy emitted photon ℎ𝜈𝜈𝑓𝑓 − ℎ𝜈𝜈𝑓𝑓is 

lower than that of the incident photon ℎ𝜈𝜈𝑓𝑓, and carries a longer wavelength. This is known as 

Stokes scattering Raman. The anti-Stoke of  Raman are obtained at higher energies and shorter 

wavelengths ℎ𝜈𝜈𝑓𝑓 + ℎ𝜈𝜈𝑓𝑓 since the molecules are in the phonon state, which is a virtual state, 

before the molecules return back to their normal (vibrational) states. 
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Figure 3.2: Diagram of the energy level of Raman scattering showing Rayleigh, Stokes, 
and anti-Stokes scattering. 

The light source used in Raman spectroscopy is a laser. Figure 3.3 shows that the laser is 

polarized by an electromagnetic wave that is traveling in the z-direction, and consists of electric 

(E, x-direction) and magnetic components (H, y-direction). 

 

Figure 3.3: Diagram of electromagnetic radiation [111]. 
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Classical Raman scattering can be expressed with the following equation: 

𝐸𝐸 = 𝐸𝐸0cos (2𝜋𝜋ℎ𝑣𝑣0𝑡𝑡),                                                    (3.1) 

Where E is the electric field strength of the electromagnetic wave with time t, 𝐸𝐸0is the vibrational 

state, and ℎ𝑣𝑣0 is the energy per photon. A dipole moment 𝑒𝑒  that represents the molecule 

irradiation by this laser is as follows: 

𝑒𝑒 = 𝛼𝛼𝐸𝐸 = 𝛼𝛼𝐸𝐸0cos (2𝜋𝜋ℎ𝑣𝑣0𝑡𝑡),                                               (3.2) 

Where 𝛼𝛼 is the polarizability of the molecule. This also varies with time as: 

𝛼𝛼 = 𝛼𝛼0 + 𝛼𝛼𝑓𝑓cos (2𝜋𝜋ℎ𝑣𝑣𝑓𝑓𝑡𝑡),                                                (3.3) 

Where 𝛼𝛼0 is the polarizability of the equilibrium of the molecule, which changes with the 

vibration of the molecule, and ℎ𝑣𝑣𝑓𝑓is the energy per photon of the molecule.  

The dipole that results from Eqs. (3.22) and (3.3) can be written as: 

𝑒𝑒 = [𝛼𝛼0 + 𝛼𝛼𝑓𝑓 cos(2𝜋𝜋ℎ𝑣𝑣𝑓𝑓𝑡𝑡)] × 𝐸𝐸0cos (2𝜋𝜋ℎ𝑣𝑣0𝑡𝑡)].                            (3.4) 

This equation can be grouped into three terms as follows: 

𝑒𝑒 = 𝛼𝛼0 × 𝐸𝐸0 cos(2𝜋𝜋ℎ𝑣𝑣0𝑡𝑡) + 0.5𝛼𝛼𝑓𝑓 × 𝐸𝐸0 cos(2𝜋𝜋(ℎ𝑣𝑣0 + ℎ𝑣𝑣𝑓𝑓)𝑡𝑡) + 0.5𝛼𝛼𝑓𝑓 ×

  𝐸𝐸0 cos(2𝜋𝜋(ℎ𝑣𝑣0 − ℎ𝑣𝑣𝑓𝑓)𝑡𝑡).          (3.5) 

From these equations, the oscillating dipole moment of the photons is shown at different 

frequencies. The first component represents Rayleigh scattering, while the second and third 

components of the equation represent anti-Stokes and Stokes scattering, respectively. Note 

that Raman scattering cannot be obtained when the molecular vibration is independent of the 

polarizability (i.e., 𝛼𝛼𝑓𝑓 = 0) and vibrational frequency (ℎ𝑣𝑣𝑓𝑓 = 0). 

Each vibrational or rotational mode corresponds to a relative frequency shift that is 

independent of the wavelength of the laser source. The collection of different frequencies or 

Raman shifts undergone by the molecule is known as the Raman spectrum. This provides an 

individual fingerprint that characterises each molecule, and allows for its identification and 

structural analysis. 
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3.3 Principle 

As can be seen in Fig. 3.4, TERS aims to overcome the aforementioned limitation of Raman 

spectroscopy by increasing the spatial resolution through using a sharp metallised AFM tip 

that focused on the sample in the centre of Raman visible laser being incident on the tip apex, 

which is the main component in TERS. The electromagnetic (EM) field enhancement is 

obtained at tip-apex because of a combination of two factors, Localised Surface Plasmon 

(LSP) resonance and lightning rod effect[112] . The Raman scattering signal from the 

materials under the tip is enhanced due to the EM field enhanced. By scanning the sample 

under this condition, Raman intensity map can be obtained with a high spatial resolution 

overcoming the diffraction limit of the Raman spectroscopy.  

With the tip, both the far-field and near-field light be collected. The tip's diameter is 10- 100 

nanometers that are associated with the spatial resolutions of the topographic image of the 

sample's surface and Raman mapping. The separation between the tip and sample is about 

10 nm. Several kinds of TERS tips could be used for characterisation such as metallic tips 

(e.g. silver or gold)[19]as well as dielectric tips that are coated by metal[18, 113]. 

 

Figure 3.4: Illustration of TERS concept: a combination of SPM technology with 
Raman spectroscopy. 

3.3.1 Enhancement Mechanism of TERS 

In TERS, the Raman signal enhancement is obtained from the interaction between the tip and 

chemical molecules or material surfaces [112]. The tip receives and emits the scattering light 

from the sample, and this increases the sample molecule’s or sample surface’s response to 

Raman scattering. In TERS, high resolution is generated by transferring the non-propagating 

43 



Chapter 3 

evanescent waves to propagating waves that operate close to the tip end [114].At certain 

frequencies, the electric field close to the tip is supposed to be axially symmetric for these 

theoretical studies[73, 102]. The Raman dipole in the sample is generated by the separation of 

the Raman excitation field and the local surface plasmon field, which is generated from the metal 

tip exposed to the laser. The Raman intensity of the electric field generated by the tip inside the 

laser spot is calculated by taking the average of the square modulus of the local field intensity. 

The near-field distance for 0D, 1D, and 2D samples can be obtained using the following 

equations: 

𝑑𝑑0𝐷𝐷 = �∆ + 𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡�
−12

       (3.6) 

𝑑𝑑1𝐷𝐷 = �∆ + 𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡�−10       (3.7) 

𝑑𝑑2𝐷𝐷 = �∆ + 𝑟𝑟𝑡𝑡𝑖𝑖𝑡𝑡�
−8

       (3.8) 

Where ∆ is the tip-sample separation and 𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡 is the radius of the tip. These equations have been 

used to evaluate the enhancement of the Raman signal in TERS[19, 115] . 

3.3.2 Calculation of Tip-Enhanced Raman Spectroscopy (TERS) contrast and 

Enhancement Factor 

The ratio of the strength of the electromagnetic field at the tip (Etip) to the strength of the 

electromagnetic field at the sample in absence of a tip in contact (E0)[115]is termed as the 

enhancement factor g of the electromagnetic field, as shown in Eq. (3.9). 

𝑔𝑔 = 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡

𝐸𝐸0
     (3.9) 

The square of the strength of the electromagnetic field determines the intensity of 

light.𝑔𝑔𝜆𝜆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
2 is the enhancement factor of the excitation light at the laser wavelength λlaser. 

TERS signals depend not only on the wavelength of Raman-scattered light (λRaman) but also 

on the wavelength of excitation light (λlaser).Equation (4.5) expresses the enhancement factor 

of the TERS signals (EFTERS). 

𝐸𝐸𝐸𝐸𝑇𝑇𝐸𝐸𝑇𝑇𝑆𝑆 = 𝑔𝑔𝜆𝜆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
2 . 𝑔𝑔𝜆𝜆𝑅𝑅𝑙𝑙𝑅𝑅𝑙𝑙𝑅𝑅

2 ≈ 𝑔𝑔4   (3.10) 

The enhancement factor of the electromagnetic field depends on the wavelength, chiefly 

after the plasmon resonance spectrum of the tip. It can be assumed that 𝜆𝜆𝑙𝑙𝑎𝑎𝑠𝑠𝑒𝑒𝑟𝑟≈𝜆𝜆𝑅𝑅𝑎𝑎𝑐𝑐𝑎𝑎𝑛𝑛 

provided that the Raman shifts are very small. In this situation, the TERS enhancement factor 

can be valued at g4. It is worth mentioning that one needs to consider the difference between 
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the field enhancements at λRaman and at λlaser for accurate measurements of the enhancement 

factor, such as for comparison with numerical simulation data[116]. Calculation of the two 

factors is required for determination of the TERS enhancement factors on the basis of 

experimental data[117]. First, the difference between the far-field and near-field signals is 

computed using the non-enhanced and enhanced Raman signal intensities. Then, a geometry 

factor is calculated assuming that the size of the sources of near-field and far-field are 

different – i.e., a dissimilar number of molecules are involved in the two signals. Contrast is 

defined in two different ways in the available literature; these are: 

𝐶𝐶 = 𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡

𝑆𝑆0
      (3.11) 

𝐶𝐶 = 𝑆𝑆𝑅𝑅𝑙𝑙𝑙𝑙𝑙𝑙 𝑓𝑓𝑡𝑡𝑙𝑙𝑙𝑙𝑓𝑓

𝑆𝑆𝑓𝑓𝑙𝑙𝑙𝑙 𝑓𝑓𝑡𝑡𝑙𝑙𝑙𝑙𝑓𝑓
= 𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡−𝑆𝑆0

𝑆𝑆0
= 𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡

𝑆𝑆0
− 1       (3.12) 

In the above equations, S0 refers to the background signal in the absence of the tip. Since Eq. 

(3.11) provides a direct measure of the quality of the image that can be acquired through the 

TERS technique, this definition is practically more relevant[18, 117]. When the 

enhancement is comparatively weak, the signal Stip computed in the presence of the tip is 

superimposed on a comparatively larger non-enhanced background S0 in the absence of a tip 

at very small distances from the sample. The resolution of the image formed is adversely 

affected by the strong background signal since the background signal S0 is produced in the 

entire volume or area of the sample. On the other hand, Eq. (3.12) provides a more accurate 

expression of contrast if the enhancement factors are computed and compared to the SERS 

measurements or numerical simulations (employed in [19, 107, 108].). As per this definition, 

the contrast refers to the ratio of the far-field (Sfarfield) to the near-field (Snearfield) signal 

intensities.  

It is clear that these definitions differ only by a value of 1. In other words, these definitions 

differ (3.11) and (3.12) significantly only when there is a weak enhancement. One can 

compute contrast only when non-enhanced and enhanced signals are computed at the same 

site on a uniform sample. When the far-field signal cannot be computed – for instance, in 

the case of monolayers of weakly scattering molecules – the upper limit for the intensity of 

the signal is determined on the basis of the degree of noise. The degree of noise is taken as 

an exceedingly rough estimate, which is largely dependent on the technique of determination 

– such as the standard deviation vs. peak-to-peak difference of the noise. The difference in 

source volume of the near- and far-field signals should be considered when determining the 

enhancement factor[18, 108]. The geometry factor can be estimated using the source areas 

in the case of opaque samples or thin films. As the far-field signal is produced in the whole 
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laser focus,𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑡𝑡𝑓𝑓𝑏𝑏𝑑𝑑 = 𝑟𝑟𝑏𝑏𝑓𝑓𝑠𝑠𝑓𝑓𝑓𝑓
2 . The radius of the laser focus is usually employed to determine 

the far-field source area. On the other hand, it is more difficulty to determine the area where 

the near-field signal is generated; however, it is usually estimated withπ𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡
2 , where rtip is the 

tip radius that can be resolute using SEM. Nevertheless, some researchers indicate that, at 

least in certain cases, the enhancing region is smaller than the tip apex [19].Diameters of 

both areas can be determined accurately by calculating the lateral resolution of both TERS 

and confocal Raman images [18, 108]. However, Eq. (3.13) and (3.14) can be used to 

determine the TERS enhancement factor: 

𝐸𝐸𝐸𝐸𝑇𝑇𝐸𝐸𝑇𝑇𝑆𝑆 = 𝐶𝐶 𝐴𝐴𝑓𝑓𝑙𝑙𝑙𝑙 𝑓𝑓𝑡𝑡𝑙𝑙𝑙𝑙𝑓𝑓

𝐴𝐴 𝑅𝑅𝑙𝑙𝑙𝑙𝑙𝑙 𝑓𝑓𝑡𝑡𝑙𝑙𝑙𝑙𝑓𝑓
     (3.13) 

𝐸𝐸𝐸𝐸𝑇𝑇𝐸𝐸𝑇𝑇𝑆𝑆 = 𝑆𝑆𝑡𝑡𝑖𝑖𝑡𝑡

𝑆𝑆0
∗

𝐴𝐴𝑓𝑓𝑙𝑙𝑙𝑙 𝑓𝑓𝑡𝑡𝑙𝑙𝑙𝑙𝑓𝑓

𝐴𝐴 𝑅𝑅𝑙𝑙𝑙𝑙𝑙𝑙 𝑓𝑓𝑡𝑡𝑙𝑙𝑙𝑙𝑓𝑓
    (3.14) 

Far-field signals are produced in a volume when samples are bulky and have significant 

optical penetration depth. Hence, it is important to determine the ratio between near- and far-

field volumes. The degree of enhanced field around the tip directed towards the z-axis and 

the optical penetration depth or the height of focus (the lower value is taken in both of these 

cases) needs to be determined. In general, determination of the conversion factor between 

EFTERS and contrast usually makes use of several approximations; hence, reviewing different 

investigations and making a comparison between different studies and between theory and 

experiment proves to be difficult. Comparison becomes easy when the enhancement factors 

are presented together with an elaboration of the procedure used for the computation and the 

estimation of the figures. The researchers of this study propose to employ contrast factors in 

order to compare different studies because contrast factors can be determined experimentally 

and serve to be practically relevant as they provide direct information related to the quality 

of the TERS image[104]. 

An alternative strategy has been suggested by Pettinger et al. [20, 118]for determining the 

enhancement factor. This strategy makes use of experimentally determined figures. These 

researchers investigated the temporal behaviour of the TERS signals of molecules. They 

determined an exponential decay of the form 𝑒𝑒(−𝑡𝑡 𝜏𝜏� ) due to bleaching. The enhancement 

factor of the excitation light 𝑔𝑔𝜆𝜆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
2  is expressed as the ratio of the time constants 𝜏𝜏 of tip and 

confocal-enhanced bleaching, assuming that there is not any difference in the lifetime 

because of two photon-processes or heating. This method cannot be used to calculate the 

enhancement of the Raman scattered light; however, assuming that the two enhancements 
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are almost the same, the TERS enhancement factor can be estimated by𝑔𝑔𝜆𝜆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
4 . A detailed 

explanation of the different techniques for the determination of enhancement factors together 

with their comparative analysis is provided in Ref[119]. 

3.4 Introduction of TERS measurement instruments 

A Nanonics Multiview MV4000 integrated with a Renishaw inVia Raman spectrometer, 

shown in Figure 3.5 (a), was used for TERS measurements. A schematic setup of TERS is 

shown in Fig. 3.5 (b). The top- illumination configuration is used in this system, where laser 

is exposed to sample from the top with an objective lens (50x magnification, NA=0.45). The 

Raman signals are collected by the same objective lens. The wavelength 𝜆𝜆 of 532 nm of Nd-

doped Y-Al-garnet laser was used for TERS excitation. Quartz tuning fork with a 

commercial probe tip was used (Nanonics Imaging Ltd.) for feedback on AFM topography 

image and near-filed excitation. The top of the tip used in this study was coated with Au on 

and the size of this Au nanoparticle is about 200 nm in diameter. The laser power used in 

this measurement was 5mW. The laser spot with size 1.44µm and tip position are made 

aligned manually by using the tip controlling system. The tip height (z) was controlled by 

the tuning fork feedback, and the samples in–plan (x, y) position on the stage was controlled 

by the piezo stage driver as shown in Fig.3.6. In taking a TERS spectrum at a certain position 

two spectra with tip approached (tip in contact) and tip retracted (tip not contact) are taken. 

The distance between the tip and sample is ~10 µm when the tip is retracted. The spectra 

taken with the tip approached contains both near-field and far- field signals, whereas the 

spectra with the tip retracted has only the far-field contribution.  
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Figure 3.5: (a) Nanonics Multiview MV4000 combined with a Renishaw inVia Raman 
spectrometer. (b) A schematic of the TERS measurement setup with top-illumination. 

 

 

 

(a) 

(b) 
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Figure 3.6: MV-4000 SPM setup head. 

3.5 Process for optimisation of the system 

3.5.1 Micro-Raman Measurement 

1cm×1cm commercial graphene samples were produced based on a CVD graphene grown 

on copper being transferred to Si/SiO2 were purchased from Graphene 

Supermarket[120].The surface of a sample is imaged using optical microscopy, as shown in 

Fig. 3.7(a). 

 

Figure 3.7:(a) Optical image of single-layer graphene; (b) Raman spectrum of single-
layer graphene showing the main features of graphene – D, G, and 2D bands – with a 
laser excitation of 2.33 eV. 

The most significant features of the Raman spectrum for graphene are presented in Fig. 

3.7(b). The 2D or G’ peak is around 2681 cm−1; this peak indicates a second-order 

process[121]. The 2D peak is very sensitive to lattice perturbations, which affect the 

mechanical and electronic properties of graphene. Furthermore, the shape, width, and 

position of the 2D peak are directly related to the number of layers in the sample; its position, 

however, depends on the amplitude of the laser excitation[122]. Moreover, the 2D peak 

comprises a sharp peak, which indicates the single-layer graphene, as Fig. 3.7(b) 

(b) (a) 
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demonstrates. The optical image in Fig. 3.7(a) and the corresponding spectrum of graphene 

from 1000 to 3200 cm−1 with four peaks are shown in Fig. 3.7(b) indicate the presence of 

single-layer graphene, which is used for micro-Raman. The G peak appears at 1586 cm−1, 

and this peak is E2g (iTO and LO) with a tangential shear mode that is common to graphene 

and carbon atoms exhibiting sp2 hybridization. The G peak is especially important because 

it is sensitive to strain and defects in graphene layers. This peak is a first-order Raman 

scattering of graphene. The second peak is the 2D or G’ peak appearing at 2681cm−1, and 

this is the second-order two-phonon of the D peak. This peak is another important peak for 

single-layer graphene, and the 2D peak does not require defects to be present in the spectrum 

[122, 123].The intensity ratio of the 2D peak and the G peak I2D/IG is used to identify the 

number of graphene layers; and the value extracted from this data is 1.69, and for single-

layer graphene the 2D peak is twice the G peak. The full width at half maximum (FWHM) 

using Gauss fitting for the 2D peak is about 37 cm−1[123].The third peak is the D peak 

(disorder-induced), which is around 1345 cm−1. However, the D peak depends on the 

disorder; it does not depend on the number of layers (in contrast to the 2D peak), and it is 

the result of the A1g mode. The relation between the intensity of the D and G peaks ID/IG is 

used to identify the number of defect in the graphene layer, and it is about 0.84 in this case. 

3.5.2 TERS measurement optimisation procedure 

In advance to the actual measurements of nanodevice-related structures, the AFM-Raman 

and TERS instruments, Nanonics MV4000 has been tested and optimised by using a 

commercial graphene sample. In this section, the test and optimisation procedures are 

described by considering key parameters in TERS.A standard single-layer graphene sample 

on a SiO2/Si substrate is used for testing. As a starting point without tip, a Raman spectrum 

of the single-layer graphene with an incident laser power of ~0.5 mW and an integration 

time of ~10 s is presented in Fig. 3.8. The basic graphene peaks, G and 2D are presented but 

this laser power cannot be used because the intensity of the peaks is small comparing with 

micro Raman. In this experiment the integrated AFM-Raman system is usedd with long 

optical path ~ 348  cm Figure 3.8 (a),and this due to the layeout .The introdues laser to 

system is required addinal mirrors in order to reflect the laser in compare with miroRaman 

and these mirrors is produce additional  lost of laser power .due to the laser.As a result, the 

laser power should be double in compare with miroRaman because the apply laser and 

Raman single pass throghout the long optical path and as a result the laser power intensityof 

get lower.  
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Figure 3.8: Raman spectrum of single-layer graphene using the AFM-TERS integrated 
system with a laser power of 0.5 mW. This shows the main features of graphene: G and 
2D bands with laser excitation. 

It is expected that the Raman signal intensity increases with increasing the laser power. 

Therefore, the incident laser power was increased to ~2-5 mW using the same objective lens 

and an integration time of ~10 s. As shown in Fig. 3.9(b) and (c), the Raman intensities of 

the individual peaks are increased. When the peak intensity is plotted as a function of the 

laser power as shown in Fig. 3.9(d), the intensity increases linearly to the power, indicating 

no nonlinear behaviour in this laser power range. As a result, the laser power of ~5 mW is 

decided to be used for further measurements. Raman spectra has been taken using this power 

in Mv4000 system and this laser  power  this measurement dos not damage the 

graphene .according to our estimation the power we can apply to sample in MV4000 is about 

½ of power apply in micro Raman. That mean if we apply the power up to 5mw should not 

damage the sample.  
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Figure 3.9: Raman spectra of single-layer graphene using the AFM-TERS integrated 
system with different laser powers. (a) Raman spectrum with 0.5 mW laser power; (b) 
Raman spectrum with 2 mW laser power; (c) Raman spectrum with 5 mW laser power; 
(d) 2D, G, and D peaks with different laser powers. Raman intensity increases with 
higher laser powers. 
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Although the Raman intensity of graphene improved with increased laser powers, the laser 

intensity on MV4000 system is small in comparison with laser intensity under micro-Raman. 

This is due to the Raman signal travelling a long way from AFM-TERS integrated system 

and then being collected by the same objective lens in order to be detected by CCD in micro-

Raman, as illustrated in Fig. 3.10. Therefore, a long integration time is required for collecting 

high-quality Raman spectra [86]. Accordingly, the integration time is increased up to 30 s 

with ~5 mW of power in order improve the Raman intensity Fig.3.11(a) and 3.11(b) present 

the contrast of the same laser power with different integration times; this shows that the 

Raman intensity improves with longer integration times.  

 

Figure 3.10: Illustration of the AFM-TERS system used in this experiment. The red 
arrow shows the laser’s path from the Renishaw Raman spectroscopy to the system 
and back to Renishaw Raman spectroscopy. 
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Figure 3.11: Raman spectra of single-layer graphene using the AFM-TERS integrated 
system with different exposure times. (a) Raman spectrum with 5 mW of laser power 
and an exposure time of 10 s. (b) Raman spectrum with 5 mW of laser power and an 
exposure time of 30 s. 

By considering the laser power and exposure time the MV4000 system is ready to be used 

for TERS measurement.  Before start TERS scan we have to confirm the TERS enhancement 

by take TERS spectra at specific point on graphene. For the case of TERS enhancement 

measurements shown in Fig.3.12 (a), small but some enhancement has been observed. However, 

even with only the slight change of the tip position, the enhancement signal decreases as shown 

in Fig.3.12 (b). Therefore, the next and most important test is about positioning the tip with 

respect to the position of the laser spot. The decrease of enhancement is found to be due to 

misalignment between the tip position and laser spot as shown in an optical image in Fig.3.13. 

The enhancement cannot be obtained when the tip position is far away from the laser spot as 

schematically depicted in Fig.3.14 (a). The small enhancement with high background noise 

could be observed when the tip is positioned on the centre of the laser spot as shown in Fig.3.14 

(a) 

(b) 
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(b), suggesting the shadow of the tip affects the signal enchantment. Therefore, after many 

attempts, it has been found that the tip position should be carefully controlled to be located at a 

specific position on graphene and under laser spot as shown in Fig.3.14(c) in order to 

reproducible[115]. 

 

Figure 3.12: MV-4000 system enhancement optimisation the red spectra is presented 
tip out, the black spectra is presented the tip in, and blue spectra are presented the 
difference of (tip in-tip out) ;( a) the small enhancement achieve when tip on the laser. 
(b) No enhancement achieve tip far away from laser spot. 

 

 

(a) 

(b) 
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Figure 3.13: The optical image of the green spot is representing laser and tip position 
in the laser spot. 

 

 

Figure 3.14: Tip state position –laser spot ;(a)the tip far away from laser spot no 
enchantment .(b)the tip position in centre of the laser spot small enchantment .(c) Tip 
position on the edge of laser spot for high enchantment and spatial resolution. 

After careful optimisation of the laser power, integration time, and tip positioning procedure, 

eventually, the system has been well stabilised to obtain a good reproducible level of the 

signal enhancement. Figure 3.15(a) shows the spectra with the tip contacted, with the tip 

retracted, and the subtracted TERS.  Clear TERS signal enhancement has been confirmed 

for the data of CVD graphene sample. Figure 3.15 (b) shows the spectra with the tip 

contacted, with the tip retracted, and the subtracted TERS.  Clear TERS signal enhancement 
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has been confirmed for the data of a helium-ion-irradiated sample. Details about the 

irradiated samples will be discussed late in Chapter 6.  

 

 

 

Figure 3.15: (a) TERS spectra with enhancement, the tip in the black spectra, the red 
spectra is a tip in, and the blue is difference (tip in- tip out) of CVD graphene sample. 
(b) TERS spectra with enhancement, the tip of the black spectra, the red spectra is a 
tip in, and the blue is difference (tip in- tip out) of a helium-ion-irradiated sample. 

(b) 

(a) 
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3.6 Conclusions 

In this chapter, the main instrument used in this study, Tip-enhanced Raman Spectroscopy 

(TERS) has been detailed. After explaining the basic principles of TERS, the details of the tool 

used in this study, Nanonics MV4000 are described. As the TERS is a relatively new technique, 

test measurements have been conducted by using standard monolayer graphene samples. Testing 

and parameter optimisation procedures has been detailed. After many attempts, eventually the 

stable measurement environment have been achieved for further nanodevice investigate.  
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Chapter 4: TERS for Suspended Graphene on 

SiNWs Array 

4.1 Introduction 

Nanoscale suspended graphene could be one of the key components for graphene 

nanoelectromechanical (NEM) devices to be applied for low power NEM switches and 

highly sensitive NEM sensors. In addition to developing fabrication methods of graphene 

NEM structures, to establish appropriate nanoscale characterisation methods of their 

structural properties is very important for further advancement of graphene device 

applications. In this chapter, Tip-enhanced Raman Spectroscopy (TERS) described in the 

previous chapter is applied for characterising suspended graphene. First, topographic images 

of suspended graphene on silicon nanowire (SiNW) array are obtained using atomic force 

microscopy (AFM). The AFM images are used to identify whether graphene is suspended 

between the gaps of the SiNW array. TERS measurement results of suspended graphene on 

SiNWs using a tip with Au nanoparticle sizes of 500 nm will be presented. 

4.2 Experimental 

4.2.1 Sample Preparation 

Figure 4.1 shows a schematic fabrication process of suspended graphene on Si array 

structure, and the main purpose of this process is to create an integrated metal-oxide-

semiconductor field effect transistor MOS devices. Whereas, silicon in this process is used 

as dope and the graphene is used as the channel materials. Nanowire structure was fabricated 

on Si with a small gap between nanowire in order to avoid the capillary force by considering 

200nm wide and 200nm gap separating between each nanowire. This structure was 

fabricated as follows. An n-type silicon wafer was used and cleaned using RCA1 and RCA2 

a standard cleaning method. Wet oxidation was used at 1000oC for 57 min to grow 295 nm 

of SiO2. In order to deposit 60 nm of amorphous Si on top of the SiO2, the plasma enhanced 

chemical vapour deposition (PECVD) method was used with a deposition rate of 0.26 

nm/sec using 50sccm or Silane (SiH4) and Hydrogen gas at chamber pressure of 350mT and 

temperature of 250oC. The wafer was diced into 30 mm × 40 mm samples. In order to 
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produce etching chip alignment marks with a dimension of 1µm width and 100 µm length 

using I-line photolithography, the AZ9260 photoresist was spun over, followed by soft bake 

for 120s at 110ºC.This alignment mark is used to define the position of SiNWs on chips. 

After the photolithography, the sample was developed in AZ726 for 4 min. Reactive Ion 

Etching (RIE) was used to dry etch the amorphous Si layer with the gas flow rate of 36 sccm 

for O2, and 36 sccm for SF6, with the RF power of 100 W, and with the pressure of 50 mTorr. 

An acetone bath was used to remove AZ9260 from the sample. This was followed by the 

RCA1 and RCA2 cleaning for 10 min at 45 ºC, and 60 by dipping in 20:1 Buffered Hydrogen 

Fluoride (BHF) for 2 min. Hydrogen silsesquioxane (HSQ) negative resist was spin-coated 

over the sample, and then the sample was soft baked for about 4 min at 80 ºC. This resist is 

used because it has high resolution electron sensitive and capable of producing a narrow 

feature of materials and define edge of SiNWs. The e-beam lithography was used for 

patterning the Si NW array. After e-beam exposure, the sample was developed and hard 

baked for 4.5 min at 250 ºC. Then, dry-etched using RIE with 36 sccm O2, 36 sccm SF6, 100 

W of RF power, and 50 mTorr pressure was used to form the nanowires from amorphous Si. 

The HSQ is then stripped using 20:1 BHF. In order to produce the metal pad contact using 

photolithography, the negative resist AZ2070 was spin-coated over the sample, followed by 

a soft bake for 120 s at 110 ºC. The photomask was then used in photolithography, and then 

sample was baked with the exposure for 60 s at 110 ºC. The negative resist was developed 

using AZ726 for 3 min. E-beam evaporation was used to deposit a 500-nm-thick Al metal 

pad contact. Lastly, N-Methyl-2-pyrrolidone (NMP) was used to lift off overnight.  
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Figure 4.1: Schematic of the fabrication process flow of suspended graphene sample on 
amorphous SiNW. 

After that CVD-grown graphene and transferred on top of the Si NW array “transfer-last” 

process was obtained by my colleagues Kevin Huang from Optoelectronics Research Centre 

and Jamie Dean Reynolds from Nano-group as follows as Figure 4.2 is shown. Gently foil 

of graphene copper was placed on the glass wafer, and then the second glass wafer is pressed 

down on the foil to smooth the graphene and remove any wrinkles with avoiding any extra 

pressure into copper. The Kapton tape is used to fold the corners down. Then using the 

spinner to spin mixer of 5% Polyvinyl butyral (PVB) and Ethanol on to graphene on copper 

with 500rmp spread and then 2000 rmp thin for ~500 nm thick for 2 min at 75°C. The 

unwanted layer of graphene which is grown on the backside of copper is etched using RIE 

recipe of 20W 100mT 80sccm Ar 20sccm O2.The large graphene /copper is cut into the 

sample size, and then etch copper foil from copper/graphene/PVB load in 0.5M Ammonium 

Persulphate surface for ~ 4 hours. With a lot of attention, graphene/PVB is picked up replace 

into the tray and rinse in DI water and keep floating all the time in order to avoid the graphene 

stick into the tray edges. This process should be repeated many times until confirm the water 

is clean from any chemical and leave the graphene/PVB for 2 minutes. To remove any metal 

residue left on the graphene, graphene/PVB is transferred into 30% of HCL for 1 minute. 

Then, replace the acid with DI water, and graphene/PVB is left in DI water for 5 minutes. 

Dip substrate (SiNW array) in water underneath at an angle and handle graphene/PVB from 

the folded piece into substrate and sticks the tap down in order to stop graphene from moving. 

Graphene/substrate left from the water with an angle in order to speed the drying process 

and leave it to dry for 5-10 minutes no more this in order to avoid the reflowing of PVB 
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resist. Hotplate is used with temperature 65°C for 3-5 minutes in order to remove the water 

and reflow PVB thus decrease the wrinkles and cracks on the graphene. Leave it to cool 

down for 5 minutes. Finally, remove the PVB from graphene by dipped in Ethanol for an 

hour.  

 

Figure 4.2: Graphene transfer process. 

4.3 Micro-Raman Measurements 

Suspended graphene sample of 30 mm × 40 mm was diced into a 1cm ×1cm SiNW array, 

and micro Raman spectroscopy characterised this. An optical image of the sample is shown 
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in Fig.4.3. (a). Fig.4.3.(b) shows Raman spectra of a suspended graphene on SiNW array 

with the Raman shift range from 100 to 3000 cm-1where main features from graphene are 

included. The 2D peak or G’ peak appears around 2675 cm-1 and this peak is a second order 

process of graphene including two iTO phonons near the K point[121]. The 2D peak is useful 

to identify the number of layers by its shape, width, and position and its position depends on 

the laser excitation [124]. The G peak appears at 1583 cm-1which is originated from E2g (iTO 

and LO) with a tangential shear mode that is common to graphene forms where carbon atoms 

exhibits sp2 hybridization. The intensity ratio of the 2D peak to the G peak I2D/IG is used to 

identify the number of graphene layers, and it is ~1.7 extracted from this data. For single 

layer graphene, the intensity of the 2D peak is four times as that of the G peak. In graphite 

2D peak components two 2D1and 2D2, and the height of this peak is ¼ and ½ to height of G 

peak[125]. The full-width half maxima (FWHM) estimated by using curve fitting of the 2D 

peak is about 40 cm-1. The third peak is the disorder-induced D peak which is around 1334 

cm-1 and this peak is a first order of the 2D peak. However, the D peak depends on the 

disorder and does not depend on the number of layers in contrast to the 2D peak and this 

peak is due to the A1g mode. The ratio of the D peak to the G peak intensity ID/IG is used to 

identify the nature and amount of defect in the graphene layer, and it is about 0.84 extracted 

from this data. From intensity ratio I2D/IG and  ID/IG  which suggest that  graphene on SiNWs 

is defective. 

 

Figure 4.3:(a) Optical image of suspended graphene on SiNW substrate; (b) Raman 
spectra of suspended graphene on SiNW substrate showing the main feature of 
graphene 2D, G,and D bands with laser excitation 2.33eV. 

(a) 
(b) 
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4.4 AFM image of graphene on SiNWs array structure 

The Multimode Nanoscope AFM instrument from Veeco is used in this study for AFM 

measurement. The tapping mode with the intermittent contact is used. This mode is used in 

AFM scanning to avoid damaging the tip and samples during measurements [126]. The 

radius of the sharp silicon tip is around 10 nm with force constant of 10-130N/m and the 

resonance frequency range of between 204 and 497 kHz. The measurement is conducted at 

room temperature. The AFM is used to obtain a topographic image of the suspended 

graphene on SiNW array and to compare later with the result of the AFM-TERS 

measurement instrument. Figure 4.4presents an AFM topography image of the graphene on 

SiNW array with the scan area size of 20×20 μm2. Some area is covered by the residue of 

the soft materials (PMMA) which were used to transfer graphene onto the SiNW array, while 

the figure clearly shows the periodic structure originated from the SiNW array underneath 

the graphene. 

 

Figure 4.4: AFM height topographic image of suspended graphene on SiNW with the 
scan area size of 20×20 μm2. 

However, AFM topographic image of SiNW array without graphene results with the scan 

area size of 12×12 μm2 are shown in Fig. 4.5 (a).Where from this topography is showing 

clearly the structure and gaps between SiNW arrays before transfer graphene on top. Figure 

4.5. (b) Present the height profile line across the SiNWs array, and we found that the step 

height between the top of SiNWs and depth of the gap ~200nm which suggest that the gap 

is clear from the materials. 
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Figure 4.5: a) AFM topographic image of SiNW with the scan area size of 12×12 μm2.(b) 
is corresponding height profiles of the line in (a). 

 

 

Figure 4.6: a) and c) AFM topographic image of suspended graphene on SiNWs with 
the scan area of 9×9 μm2. This area is mostly covered by graphene over SiNWs, and 
the graphene has some defects. b) and d) are corresponding height profiles of the line 
in (a), and (c).  

(a) (c) 

(b) (d) 

(a) 
(b) 
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Furthermore, the results of the AFM topographic image of suspended graphene on the SiNW 

array with the scan area size of 9×9 μm2 are shown in Fig. 4.6. First, we clearly notice that 

graphene is suspended on the gaps between the Si NWs. Also, in this figure, some gaps in 

between nanowires are seen, and these gaps are due to either graphene being bending or no 

graphene being in this area. Figure 4.6. (b) and (d) present the height profile along the lines 

shown in Fig. 4.6. (a) and (c), respectively. From these profiles, we have found that the step 

height on the gap is in the range of 10-28 nm, suggesting that there is suspended graphene 

or bending on the gap. The step height as shown in Fig.4.6 (d) between two steps are the 

highest point which corresponds for graphene on top of the SiNWs and the lower point which 

corresponds of height of graphene on top of gap. 

 

 

Figure 4.7: a) and c) AFM topographic images of the suspended graphene on SiNW 
with the scan are of 5×5µm2 and mostly this area is covered by graphene over SiNWs.  
b) and d) are corresponding height profile of the lines in (a)and (b).  

 

To investigate more in detail, AFM topography images with the scan area size of 5×5 μm2 

of this sample is presented in Fig. 4.7(a) and (c). The area covered by the suspended graphene 

(a) (c) 

(b) (d) 
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over the gaps between the SiNWs is again clearly identified. On the other hand, some gaps 

in between the SiNWs array can be noticed. This can be due to graphene being bending or 

defective. Figure 4.7(b) and (d) present the height profile along the lines in Fig. 4.7(a) and 

(c), respectively, and from this profile, the area which is not covered by graphene or the 

softened area shows a larger step height ~60 nm than the result from the area covered by 

suspended graphene, typically about 2-15 nm. The above AFM images has been taken in 

different area on graphene in order to investigate the coverage of graphene. In the following 

AFM-Raman and TERS study, we will consider these areas in order to investigate effects of 

suspension of the graphene such as strain and defect formation. The graphene was transfer 

into SiNWs using last transfer process which wet process .when dry up the water tended to 

stack to surface of structure in between the channel as shown in Figure4.8 (a). Then, the 

water start to dry up from channel as shown in Figure 4.8 (b) .As a result, the capillary force 

acted on the suspended graphene due to drying process ,and the suspended graphene start to 

bending in between the SiNWs gaps or break in order to produce defect as Figure 4.8(c) 

shows . 

  

Figure 4.8: Diagram show suspended graphene on SiNWs a)the water remain on top 
of the surface of the structure.(b) the dry up water from the channel of SiNWs.(c)the 
graphene bending after the water dry up. 

  

4.5 TERS 

A Nanonics Multiview MV4000 integrated with a Renishaw inVia Raman spectrometer was 

used for TERS measurements. A schematic setup of TERS is shown in Fig.4.9 (a). A top- 

illumination configuration is used in this system, and this means the laser is exposed to a 

sample from the top with an objective lens (50x magnification, NA=0.45).The same 

objective lens collects the Raman scattered light. The wavelength 𝜆𝜆 of 532 nm of the Nd-

doped Y-Al-garnet laser was used for excitation. A commercial probe tip with a Quartz 
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tuning fork (Nanonics Imaging Ltd.) was used for this experiment. The tip was coated with 

Au nanoparticle on top and the size of this nanoparticle is about 500 nm diameter. The laser 

power used in this measurement was 5 mW. The laser spot and tip position was aligned 

manually. The tip height (z) was controlled by the tuning fork feedback and the sample on 

the stage in–plan (x, y) position was controlled by the piezo stage driver. Taking a TERS 

spectrum at a certain position two spectra with tip approached (tip in contact) and tip 

retracted (tip not contact) are taken. The distance between the tip and sample is ~10 µm 

when the tip is retracted. The spectra taken with the tip approached including both near-field 

and far-field signals, whereas the spectra with the tip retracted have only the far-field 

contribution. The near-field effect obtained by subtracting the tip-retracted spectrum from 

the tip-approached one. Figure 4.9 (b) exhibits tip-approached and retracted spectra for same 

point at specific position on the suspended monolayer graphene. The enhancement of each 

peak has been confirmed in the subtracted spectrum shown in Fig.4.9 (b). For the Raman 

spectra, important peaks are at 520, 1348, 1582, and 2689 cm-1, corresponding for the Si 

substrate and, defect-induced D peak, graphene G peak, and 2D peak from the honeycomb 

carbon lattice in graphene. From the TERS result, the Si peak, G peak and D peak intensity 

has been enhancement, but the 2D peak intensity is quite weak or small, suggesting that the 

enhancement depends on individual peaks [101].Also, as presented in section 4.4 2D 

intensity is small because graphene is defective .As result ,it is not strange to have small 

enhancement of 2D peak.  
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Figure 4.9: (a) A schematic diagram of a suspended graphene sample and the TERS 
measurement. (b) Raman spectra of specific position point on suspended graphene 
taken in TERS measurements. 

4.6 Results and discussion 

A HIM image and AFM image of the sample for same region are presented in Fig. 4.10(a) 

and 4.10(b). These images clearly show that the graphene on the gap between the nanowires 

is suspended. In Fig.4.10(c), an AFM profile along the line in Fig. 4.10(b), and the step 

height between the graphene on the wire and on the gap is about 23-28 nm. 

(a) 
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Figure 4.10: a) A He ion microscopy (HIM) image and (b) AFM topography image of 
the suspended graphene structure. (c) A height profile along the line shown in the AFM 
topography image in (b). TERS spectra were taken in along the line.  

In Fig. 4.11(a), an AFM image of the suspended graphene taken by using the TERS tip of 

AFM-TERS integrated system is shown with the scan area size of 5 × 5 μm2. A set of Raman 

spectra with the tip contacted and with the tip retracted and spatial resolution of 1.44µm, and 

TERS spectra are shown in Fig.4.11(b) and 4.11(c), respectively. The spectra were taken 

along the white line in the AFM image in Fig.4.11 (a) from the point A to B by every 50 nm 

step. The difference ((tip-approach) – (tip-retract)) of the TERS spectra has been observed 

particularly for the D peak around 1348 cm-1.On the other hand, the Raman spectra without 

the tip contacted do not show any significant changes from the point A to point B as shown 

in Fig.4.11(b). This is due to the spatial resolution which is 1.44µm. 
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Figure 4.11: (a) AFM topography image with the scan area size of 5×5 μm2 for the 
suspended graphene on SiNWs using AFM-TERS integrated system. (b) Raman signals 
without tip. (c) TERS spectra. 

The spectra with the tip retracted and TERS results in Fig.4.11. (b) and (c) are analysed. 

Figure 4.12 and 4.13 (a) show the peak position of the D and G peaks along the scan line. 

(a) 

(b) (c) 
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The spectra of the tip retracted do not show any remarkable changes of the position of D and 

G peaks are 1347±2 cm-1 and 1582±1 cm-1, while in the TERS spectra, the D peak appear 

and disappear at 250 nm with respect to the position on the graphene and position of the D 

and G peaks is shifted. These results might becaused by the chemical and mechanical 

interaction between graphene and the SiNWs beneath. Figure 4.13(b) shows the ratio 

between the intensity of the D peak (ID) and that of the G peak (IG) for the points 1 to 8. The 

intensity ratio ID/IG is used for estimating the quality of graphene [75]. Figure 4.13(b) does 

not show any changes the spectra take with tip retracted for the points 1 to 8, while a change 

is observed in ID/IG of the TERS spectra. The changes are localised in the middle of the 

scanned trace of the points 2 to 5. This result shows that the D peak increases at certain 

points which might correspond to the edge of the SiNWs. The aforementioned observations 

support the hypothesis that the defects are perhaps prompted at the edge of the SiNWs as a 

result of the interaction between graphene and the SiNWs after the transfer process. 

 

Figure 4.12: D peak position of TERS spectra and tip not contact. 
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Figure 4.13:(a) G peak position, and(b) ID /IG intensity ratio of each spectrum are 
extracted from the spectra with tip retracted and TERS spectra shown in Figure 4.11 
(b) and (c) and plotted as a function of the points where the spectra were taken. 

(a) 

(b) 
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4.7 Conclusions 

The suspended graphene structure has been fabricated by using the “transfer-last” process 

and characterised by using AFM and TERS. The detailed analysis of the AFM topography 

images of the suspended graphene on the SiNW array suggests that the graphene is 

suspended on the gap between the Si NWs. This was followed by the AFM-Raman and 

TERS measurements where clear signal enhancement after approaching the tip has been 

obtained. Finally, the TERS measurement of the suspended graphene on the SiNW array has 

been carefully conducted using the Au coated tip with 500 nm in order to investigate what 

has happened to graphene after the transfer. While the Raman spectra taken without the tip 

have not shown any significant shifts and changes, the TERS spectra exhibited a shift of the 

D peak and G peak positions at the point where the graphene might be located at the edge of 

the SiNW underneath. When the intensity ratio ID/IG was examined, possible evidence of 

defects localisation has been observed. As the spatial period of this localisation is about 200 

nm which is consistent with the period of the Si nanowire array arrangement, the results 

suggest that the defects or strain are induced to the suspended part of graphene after the 

transfer of graphene. These results further confirm that 100 nm spatial resolution is 

achievable with TERS measurements which can contribute to further advancement of 

fabrication of graphene-based nanoelectromechanical devices.
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Chapter 5: TERS for irradiated Graphene 

5.1 Introduction 

In particular for micro- and nanoscale devices applications, how to control defects in 

graphene and how to observe the effects of defects are one of the most important issues to 

understand the mechanism behind device operation and to gain more flexibility in designing 

device structures [12, 127].While oxygen plasma, ion bombardment and focused ion beam 

(FIB) have been employed to introduce defect [12, 127, 128], helium ion irradiation or 

Helium Ion Microscope (HIM) is an attractive method because of excellent spatial resolution 

and position controllability. The effects of He ion irradiation on graphene have been 

investigated via Raman spectroscopy[79] and transport properties[32].  

However, to study the edge and boundary between the irradiated and non-irradiated regions, 

advanced tools with higher spatial resolution would be useful. In this work, we have applied 

Tip-Enhanced Raman Spectroscopy (TERS) to He-ion-irradiated graphene for the first time 

to study effects of irradiation in details, in particular focusing on the boundary of the 

irradiated regions. 

In this chapter, the fabrication process for graphene nanoribbon (GNR) devices is described 

in detail. The details of He ion irradiation on graphene devices are presented. Then we show 

the results of investigation of induced defects by using micro Raman and Tip-enhanced 

Raman spectroscopy across the graphene edges and across the boundary between ion-

irradiated and non-irradiated regions.  
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5.2 He-ion irradiation 

Helium-Ion Microscopy (HIM) was introduced by Carl Zeiss in 2007 for nanotechnology, 

as shown in Fig. 5.1(a) [23-26, 129, 130]. The HIM image is generated from the secondary 

electron (SE) emission by a focused beam of helium ions scanning across a surface. The 

HIM incorporates a bright illumination source, which offers exceptional spatial resolution 

versus electronic microscopes [131, 132]. Figure 5.1(b) shows the HIM structure. The sharp 

needle (tip) in the HIM source region is held in high vacuum and cryogenic temperatures, 

and an extremely intense electric field is produced at its apex. With this equipment, field 

strengths of 5 𝑒𝑒/Å can be reached with modest voltages in the range of 5–30 keV [133]. Any 

neutral gas atoms near the vicinity of the tip are ionised at a field strength of 3 𝑒𝑒/Å, and the 

ionization assumes the shape of a disk shape. The resulting positive helium ions are then 

immediately accelerated away from the needle. The ALIS Company produces the ion source, 

which is an atomically sharp pyramidal shaped tungsten tip. Figure 5.1(c) shows the trimer 

(i.e., 3 He+ atoms) and the emission pattern of the ion source. This geometry has the 

advantage that field ionization takes place predominantly at the topmost few atoms due to 

the electric field being concentrated at the apex of the pyramid [23, 129, 130, 133, 134]. The 

emission from a single atom is selected using an aperture under typical operating conditions. 

The beam current is 1–5 pA, although the HIM beam current can range from 1 fA to 100 pA. 

The HIM is atomically sharp, and is combined with the larger momentum (and the smaller 

de Broglie wavelength) of helium ions compared to that of electrons. The HIM is able to 

scan a sample surface in sub-nanometre scale [26-28]. In the first ~100 nm of entering the 

substrate, the He ions produce far fewer collision cascades, which causes only a small 

amount of beam divergence. The SEs are excited and lose energy in the process (i.e., due to 

electron collisions). As high energy helium ions enter the substrate, they scatter in-elastically. 

The HIM mass is much larger (7000 times larger) than the electron mass and, in the substrate, 

they maintain their initial path quasi-perfectly. Eventually, as they decelerate and lose their 

kinetic energies (measured in eV per angstrom), nuclear collisions (i.e. elastic scattering 

without SE generation) become the dominating ion interaction method. This results in 

scattering at increasingly large angles and broadening of the beam interaction volume deep 

into the substrate [135]. Whereas, the electrons in the vicinity of the e-beam only collide 

elastically with target atoms due to their small mass, and scatter far easier than helium ions 

(i.e. much larger interaction volume). High resolution imaging and a small interaction 

volume lower than 1 nm was achieved by this HIM, but new versions can reach resolutions 

below 0.35 nm [26-28]. 
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Figure 5.2 shows a comparison of a Si substrate at an acceleration voltage of 30 keV for the 

He-ion and electron beam, and the beam interaction volume for a Ga-ion beam. This show 

that the interaction volume of the Ga-ion beam when it enters the substrate is never truly 

localised, but broadens compared to the He-ion beam, which is far more localised. In 

comparison to the He-ion and Ga-ion beams, the electrons enter and scatter far more easily 

due to their small mass and so their interaction radius is much larger. The He-ion beam 

interaction radius becomes even smaller and its penetration depth increases at higher 

acceleration voltages [135], but 30-40 keV is the maximum acceleration voltage of recent 

versions of the tool. 

Helium ion microscopy has been introduced as high resolution imaging technology primarily 

due to its unique contrast mechanisms and imaging capabilities. Moreover, helium ion 

microscopy has ability to pattern (milling and lithography) and sputter, as does a 

conventional Ga-ion beam, and this due to the intense focused beam of He-ions created from 

this tool. This technology is now starting to be used as a patterning tool for fabricating state-

of-the-art nano-devices [29-31]. 
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Figure 5.1: (a) Zeiss OrionTM Plus HIM at the University of Southampton. (b) HIM 
column diagram. (c) HIM atomic structure is showing three atoms of the timer on a 
tungsten tip. 

 

Figure 5.2: Diagram comparing various beam volume interactions on Si substrate: (a) 
the interaction volume of a Ge-ion beam, (b) He-ion beam interaction, and (c) e-beam 
with an acceleration voltage of 30 keV. 

(a) (b) 

(c) 
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5.3 Experimental 

5.3.1 Sample Preparation 

1 cm × 1 cm standard commercial samples of monolayer CVD graphene on p-type doped 

Si/SiO2were purchased from Graphene Supermarket[120]. The SiO2 thickness is 285 nm, 

and the wafer thickness is 525 μm[120].  

An optical image and Raman spectrum of a monolayer CVD graphene are shown in Fig.5.3 

(a) and (b), respectively. From Raman peak fitting, the number of graphene layer was 

identified. Characteristic features of the Raman spectrum for graphene are seen in Fig. 5.3(b). 

The 2D or G’ peak is around 2680 cm-1[121]. If the 2D peak comprises a sharp peak, this 

indicates the single-layer graphene, while multi-peaks indicate the presence of more than 

one layer. The optical image in Fig. 5.3(a) and the corresponding spectrum taken by Micro 

Raman spectroscopy in Fig. 5.3 (b) indicate the presence of CVD graphene cover most of 

substrate with some defect. The Raman spectrum of graphene has four peaks within the 

Raman shift range of from 1000 to 3200 cm−1 as shown in Fig. 5.3(b). The G peak appears 

at 1586 cm−1, and this peak is caused by the doubly-degenerated E2g (iTO and LO) with a 

tangential shear mode that is common to all graphene forms where carbon atoms exhibits 

sp2 hybridization. The G peak is especially important because it is sensitive to strain effects 

in graphene layers. This peak comes from a first-order Raman scattering in graphene. The 

other important peak for single-layer graphene is the 2D peak mentioned above. The 2D 

peak does not require the existence of defects to be present in the spectrum [123, 124]. The 

intensity ratio of the 2D peak and the G peak I2D/IG is used to identify the number of graphene 

layers ~2; the intensity ratio from this is data ~1.69, and this due to defect is for single-layer 

graphene, but in, the 2D peak is twice the G peak. The full width at half maximum (FWHM) 

using Lorentzian function fitting for the 2D peak is about 30± 0.4 cm−1[124].The peak 

around 1348 cm−1 is called D peak which is a first-order 2D peak. The D peak depends on 

the disorder, edge geometry, and defect density and does not depend on the number of layers 

in contrast to the 2D peak. This peak is the result of the A1g mode. The ratio of the intensity 

of the D peak to that of the G peak ID/IG is used to identify the number of a defect in the 

graphene layer, and it is about 0.85 in this case in Fig. 5.3 (b).  
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Figure 5.3: (a) The optical image of CVD monolayer graphene used in this study. (b) A 
Raman spectrum of a single-layer graphene showing the main features of graphene – 
D, G, and 2D bands. The black line is experimental data, and the red line on 2D is the 
Lorentzian fitting curve. 

The fabrication process of GNR is summarised in Fig. 5.4 (a). For the GNR fabrication, two 

e-beam lithography steps were used. For the first e-beam lithography, a resist bi-layer of 

Methyl Methacrylate (MMA 8.5 EL 9)/Poly Methyl Methacrylate (PMMA 495K) was spin-

coated. The MMA resist (spin-coated at 1500 rpm) was baked for 70 seconds at 150 °C, and 

the PMMA resist (spin-coated at 5000 rpm) was baked for 70 seconds at 180 °C. The 

thickness of 425 nm for MMA resist layer and 125 nm for PMMA resist layer were measured 

using ellipsometry. The bilayer resist were used in order to create an undercut profile after 

e-beam exposure. The MMA resist layer at the bottom has higher sensitivity to the e-beam 

so the undercut is created. The existence of the MMA resist layer has improved the lift-off 

process, resulting in clear edge definition of the patterns shown in Fig. 5.4(b) and (c). A 

state-of-the-art JEOL 9300FS e-beam lithography system was used to expose with a dose of 

300 μC/cm2, and the e-beam scan was operated at an acceleration voltage of 100 keV. 

(a) 

(b) 
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Figure 5.4: (a) Schematic illustration of fabrication process flow for GNR. (b) Optical 
microscopy image after MMA/PMMA development. (c) Optical microscopy image 
after lift-off. 

After that, the exposed chip was developed in a mixture of 1:1 of Methyl isobutyl ketone 

(MIBK) and 2-Proposal (IPA) for 90 seconds, rinsed in IPA for 30 seconds and then dried. 

After the e-beam lithography, the chip was metallised by using e-beam evaporation of Ti/Au 

(10nm/100nm) at a base pressure of 3 × 10-7mbarand a deposition rate of 0.5 Å/second, with 

the e-beam operating at 10 keV in a Leybold LAB700 evaporator. Then the sample was 

dipped in N-Methyl-2-Pyrrolidone (NMP) at room temperature and left overnight for lift-off.  

Pipetted method was used for lift-off and then the chip was rinsed in DI water and IPA.  

(a) 

(b) (c) 

Source  Drain  
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The second e-beam lithography patterning was used for defining the GNR channel with the 

dimensions of 20 μm in length and 2 μm in width as shown in Fig. 5.4(a.7-11). The soft-

bake in the oven at 210 oC for 1 min was used for the chip before spin-coating the resist in 

order to dehydrate and remove any water molecules in the chip. After that the chip was 

placed into hexamethyldisilazane (HMDS) vapour for 3 min at room temperature to coat it 

as primer in order to improve the adhesion and stability of the resist. UVN30 DUV negative 

resist was spun on the chip at 6000 rmp and baked at 110 oC for 1 min. The e-beam 

lithography system was used for patterning with a dose of 120 μC/cm2 and at an acceleration 

voltage of 100 keV. The post-bake was used in order to stabilise the UVN30 resist after 

exposure. MEGAPOSIT (MF CD-26) was used to develop for 1min followed by rinsing in 

DI water for 1min, and then dried. A Plasma Lab System 80 Plus reactive-ion-etch (RIE) 

plasma etch tool was used to transfer the lithography pattern onto the graphene by etching 

the unwanted area of graphene. Before we started etching graphene, the RIE chamber was 

cleaned with an O2 plasma run with a 200 sccm O2 gas flow and an RF power of 200 W for 

10 minutes. This was used in order to reduce the contaminants/polymers from the walls of 

the chamber and re-deposition on the graphene sample during etching. In developing RIE 

recipes, the range of 10-30W of RF power was used and was varied in 5 W steps. The etching 

time was varied between 5-30 seconds for the plasma gas flow in the chamber for etching. 

According to literature, the Ar/O2 gas flow is required for the graphene etching [136-138]. 

Also, according to other group’s works, the pure O2 gas flow can be used to etch the graphene 

[139, 140]. In our experiment, an Ar/O2 gas flow was used, but the ratio of these gases was 

changed depending on the DC bias voltage at a given RF power. The gas flow found in the 

literature was varied for example 1:1 [141], 2:1 [142], 9:1 [143]. We tested different Ar/O2 

gas flow ratios from 1:1-9:1. After that, we found that for graphene etching, a 4:1 (Ar/O2) 

ratio is an optimal condition for the most stable DC bias voltage values at a varied RF power. 

At the end, the graphene was etched at the RF power of 20W for 30 seconds etching time 

with the 4:1 Ar/O2 gas flow ratio with a vacuum pressure of ~100 mTorr. According to 

literature, in order to strip the UVN30 resist, various methods can be used such as chemical 

stripping bath of MICROPOST® REMOVER 1165 [144] or Fuming-Nitric Acid (FNA), or 

oxygen plasma. However, for stripping the UVN30 resist from graphene, the oxygen plasma 

cannot be used because the oxygen starts to etch the graphene. Therefore, Fuming-Nitric 

Acid (FNA) dipping was used to remove the UVN30 resist for 3 minutes in two baths, 

followed by rinsing in deionised (DI) water.    
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The GNR sample was irradiated using a Zeiss ORION scanning helium ion microscope 

(HIM) with an acceleration voltage of 30 KV. In order to obtain good HIM image brightness 

and contrast, the beam current was kept at 1pA.and 55 pixel/nm2spacingwas used, and 3 μs 

dwell time was used for each pixel for various irradiation dosages, 1.4x1013, 2.34x1013, 

4.16x1013, 1.6x1014, 2.36x1014, 5x1014, and 1-6x1015 ions/cm2. Fig. 5.5 shows the HIM 

image of GNR channel, where the (right-hand-side) half of the channel was irradiated. 

 

Figure 5.5: Helium Ion Microscope (HIM) image of GNR channel after irradiation. 

A semiconductor device analyser (Agilent B1500A) was used for electrical measurements 

to measure two-point resistance of GNR devices in an atmospheric environment at room 

temperature as shown in Figuer5.6. We measured the change of the drain current by applying 

the back-gate voltage through the p-doped Si substrate under the constant source-drain bias 

voltage Vds = 10 mV. This is known as the back-gate modulation characteristics. 

A Nanonics Multiview MV4000 integrated with a Renishaw inVia Raman spectrometer was 

used for TERS measurements. A schematic setup of TERS is described in section 3.4 and it 

is shown in Fig.3.5 (b). 
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Figure 5.6: The electrical measurement setup for graphene device. 

5.4 Results 

5.4.1 Electrical measurements 

Generally, helium ion irradiation on GNR can change its properties. Therefore, electrical 

characteristics of GNRs device were measured before and after the irradiation in order to 

investigate how the nature of devices is changed due to helium ion irradiation.  The electrical 

drain current (Id) vs back-gate voltage (Vbg) characteristics of the GNR channel before and 

after He ions irradiation with the dose level of S = 5 x 1014 ions/cm2 is shown in Fig. 5.7. 

The results show that the GNR channel has p-type nature, i.e. hole doping before and after 

He-ion irradiation. The conductivity of GNR is reduced after He-ion irradiation, and this is 

due to the fact that the defect induced and hole carrier density increases in the graphene[145]. 

The electrical drain current (Id) vs back-gate voltage (Vbg) characteristics of the GNR channel 

with different He-ion dose levels are shown in Fig. 5.8 (a) and (b).  
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Figure 5.7: Electrical characteristics of GNR channel before irradiation and after He-
ions irradiation with (S=5x1014 ions/cm2). 

 

(a) 
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Figure 5.8: Electrical characteristics of GNR channel after He-ions irradiation (a) with 
a dose level S = 1.4 x 1013, 2.34 x 1013, 4.16 x 1013 ions/cm2, and (b) with a dose level S 
=1.6 x 1014, 2.36 x 1014, 5 x 1014 ions/cm2. 

5.4.2 Micro-Raman scanning across the irradiation boundary 

Figure 5.9 shows the evolution of micro Raman spectra of the exposed GNR channel with 

12 various irradiation dosage of 1.4 x 1013, 2.34 x 1013, 4.16 x 1013, 1.6 x 1014, 2.36 x 1014, 

5x 1014, and 1-6 x 1015 ions/cm2. With increasing the irradiation dose, the peaks originated 

from graphene are changed: The 2D peak at ~2400-2800 cm-1 is disappeared, and the line 

shapes of the G peak at ~1595 cm-1 is affected by emerging intensity of the D’ peak. The 

peaks originated from disorders, D and D’ at ~1326 cm-1, 1620 cm-1, respectively, appear 

for defective samples with increasing the doses[146].  

(b) 
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Figure 5.9: Micro-Raman spectra of GNR channel with 12 various dose level of 1.4 x 
1013, 2.34 x 1013, 4.16 x 1013 ions/cm2, 1.6 x 1014, 2.36 x 1014, 5 x 1014, 1-6 x 1015 ions/cm2. 

Figure 5.10(a), (b) and Figure 5.11  show the ratio of the D peak intensity to the G peak 

intensity ID/IG across the boundary between the irradiation and non-irradiation regions along 

the graphene channel for each dose level of 1.4 x 1013, 2.34 x 1013, 4.16 x 1013 ions/cm2 (Fig. 

5.10 (a)), 1.6 x 1014, 2.36 x 1014, 5 x 1014 ions/cm2 (Fig. 5.10 (b)), and 1-6 x 1015 ions/cm2 

Fig. 5.11. ID/IG is extracted from the spectral fitting results. In general, ID/IG indicates the 

amount of the defects in graphene. The boundary between the regions is clearly presented as 

the huge change of the peak intensity for the samples with the dose level of 1014-1015 

ions/cm2, while the intensity change between the regions is too small to be investigated for 

the one with the dose level of ~1013 ions/cm2.This is because after observe graphene with 

HIM a certain level of He+ ions is ready induced on the graphene.  
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Figure 5.10: Micro-Raman scanning a cross from irradiation region to No-irradiation 
region. (a) With does level (S=1.4x1013, 2.34x1013, 4.16x1013ions/cm2). (b) With does 
level (S=1.6x1014, 2.36x1014, 5x 1014 ions/cm2). 

(a) 

(b) 
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Figure 5.11: Micro-Raman scanning a cross from irradiation region to No-irradiation 
region with dose level (S=1-6x1015ions/cm2). 

 

To investigate the effects of helium ion irradiation onto the crystallinity of the graphene, the 

peak position and the full width half maximum (FWHM) of the 2D, G and D  peaks are 

plotted as a function of the log of the irradiation dose in Fig. 5.12 (a), (b), and Fig. 5.13 (a) , 

respectively. Figure 5.13 (b) shows the ratio of the D peak intensity to the G peak one, ID/IG, 

and that of 2D to G,  I2D/IG, as a function of the log of the irradiation dose. According to the 

ID/IG plot in Fig 5.13 (b), the defect density starts to increase when the dose level exceeds 2 

x 1014 ions/cm2. Then the ratio shows a maximum for the one with ~ 1 x 1015 ions/cm2 and 

decreases with increasing the dose. Interestingly, compared with the peak position of the 2D 

and G peaks shown in Fig. 5.12 (a) and (b), the FWHM of the peaks shows significant 

increase around the S of 2-5 x 1014 ions/cm2, suggesting that crystallinity of the graphene is 

significantly changed due to the helium ion irradiation. Therefore, in the following TERS 

measurements, we have focused on studying a sample with the dose level of 5x1014 ions/cm2.  
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Figure 5.12: The evaluation of the Raman peaks of irradiated graphene as a function 
of the dose: Position and FMWH of (a) 2D peak, and (b) G peak. 

(a) 

(b) 
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Figure 5.13: The evaluation of the Raman peaks of irradiated graphene as a function 
of the dose: Position and FMWH of (a) D peak are plotted. (b)Intensity ratios of ID/IG 

and I2D/IG as a function of the dose level. 

 

(a) 

(b) 
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5.4.3 TERS scanning across the edge of non-irradiated and irradiated graphene 

In this section, the TERS spectra taken across the edges and boundaries are analysed by 

comparing with theoretical formula. The AFM topography image of the irradiation graphene 

is showing in Fig.5.14. The three arrows in the figure correspond to the traces of TERS tip 

scan across (1) the edge of the non-irradiated graphene, (2) the edge of the irradiated 

graphene, and (3) the boundary between non-irradiated and irradiated regions. According to 

Ref.[97], the G peak intensity IG obtained in TERS across the non-irradiated graphene edge 

can be approximately expressed as  

𝐼𝐼𝐺𝐺 = �𝜋𝜋
8

𝐴𝐴2𝑤𝑤2 �1 − 𝑒𝑒𝑟𝑟𝑒𝑒 ��2(𝑥𝑥−𝑥𝑥𝑐𝑐)
𝑤𝑤2

��                   (6. 1) 

Where A2 is the scale factor, xc is the position of the edge, and w2 is the spatial resolution of 

TERS. The fitting result for the edge of non-irradiated graphene using the equation above is 

shown in Fig. 5.15, where the TERS spatial resolution of 𝑤𝑤2 = 197 𝑛𝑛𝑐𝑐 is obtained. This 

result is reasonably consistent with the Au particle size at the tip of 200 nm. Similar results 

were obtained in ref[147].  Figure 5.16 shows a fitting result of the G peak intensity across 

the edge of irradiated graphene using the equation above. The TERS spatial resolution 

of𝑤𝑤2 = 431 𝑛𝑛𝑐𝑐  has been extracted from this fitting. In principle, the spatial resolution 

should not be changed depending on the sample. The obtained larger w2 indicates that 

damaged edge by ion irradiation cannot be described with the equation above so a 

modification term that parameters related to the disorder should be considered to explain. 

Furthermore, when the equation above is applied for the G peak intensity across the 

boundary from the non-irradiated region to irradiated region. It has been found that the 

spatial resolution parameter is estimated to be 𝑤𝑤2 = 181 𝑛𝑛𝑐𝑐  as shown in Fig. 5.17. 

Obviously the equation above is not well fitted and applicable for analysis irradiation 

graphene as the one is for non-irradiated graphene, but it is interesting that a similar w2 value 

has been extracted from this analysis. In the case of scanning across the boundary, the G 

peak intensity should be remained in the both regions. Further development of the theoretical 

expression considering the defects and disorder will be required for more accurate fitting to 

extract the parameters associated with the disorder level of the edges and boundaries. 
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Figure 5.14:  AFM topography image of irradiated graphene. The arrows correspond 
to the traces of TERS tip scan. (1) the edge of the non-irradiated graphene, (2) the edge 
of the irradiated graphene, and (3) the boundary between non-irradiated and 
irradiated regions. 

 

Figure 5.15: The intensity profile of G peak across the edge of non-irradiated graphene.  
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Figure 5.16: The intensity profile of G peak across the edge of irradiated graphene. 

 

Figure 5.17: The intensity profile of G peak across the boundary between the non-
irradiated and irradiated regions. 

5.4.4 TERS scanning across the irradiation boundary 

Figure 5.18(a) shows an AFM topographic image of a GNR channel, where the top half of 

the channel is irradiated by He ions with the dose level of 5x 1014ions/cm2. The red line in 

the figure suggests the trace where spectral line scanning has been done by using TERS. The 
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spectra taken for the D and G peaks across the boundary is presented in Fig.5.18 (b) and (c), 

respectively. As explained before, the TERS spectra are obtained from the subtraction of the 

spectra with tip contacted form the ones without tip contacted. Clear enhancement of the 

individual peaks has been confirmed even for irradiated regions as shown in Fig 5.18 (a), 

where the spectrum with tip contacted is shown in red, with tip retracted in black, and the 

subtracted spectrum in blue. The strong D peak intensity and the D’ peak shoulder observed 

in the spectra suggest that introduction of defects was successful. After fitting of a series of 

spectra with tip-retracted, equivalent to the far-field Raman spectra, and TERS spectra, ID/IG, 

G peak position, D peak position and 2D peak position are plotted as a function of the 

position along the graphene channel in Fig.5.19 (b), (c), (d),and (e), respectively.  

 

Figure 5.18: (a) AFM topography image of graphene channel. TERS measurement 
result across the Graphene channel from irradiation to No-irradiation region. (b) 
Raman signal without tip. (c)TERS spectra. 
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Figure 5.19: (a) Spectra with tip contacted and with tip-retracted, and subtracted 
TERS taken from irradiation region. The extracted data from the fitting of the far-
field and TERS spectra, G peak position, D peak position, 2D peak position ,and ID/IG,  
are plotted along the position on the graphene channel in (b),(c), (d) and(e),respectively. 

5.5 Discussion 

For the result of electrical measurement, as we briefly discussed above, the fabricated 

graphene channels show p-type nature. This is a typical behaviour for the graphene measured 

at an ambient environment and said to be due to effects of O2 and H2O molecules adsorbed 

(a) 
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in between the graphene and substrate [148], occurring in the graphene transfer process to 

the substrate.  The conductivity of GNR is reduced after He-ion irradiation, and this due to 

the hole carrier density increases in the substrate [145]. Figure 5.7, and Figure 5.8(a) and (b) 

clearly show the conductivity of He-ion-irradiated GNR channel decreases with increasing 

the dose level. This is could be due to two reasons: (1) amorphisation with increasing the 

defect density and (2) effect of the graphene transfer mentioned above. 

Next, we discuss the Raman spectrum result taken for various irradiation doses as shown in 

Fig.5.9. As mentioned above, the Raman spectra show clear D and D’ peaks and these peaks 

should appear in damaged graphene samples [146]. Therefore, the appearance of these peaks 

strongly suggests that disorder and defects are generated after He+ irradiation. With increase 

irradiation dosage, the intensities of these peaks increase. This is due to further increase of 

disorder and the defect density on the graphene. On the other hand, the intensities of 2D 

peaks dramatically decrease with increasing the irradiation dosage, and this means the poor 

crystallinity of graphene after relatively large amount of irradiation.  This point has been 

observed previously in the literature, where the D peak intensity growth is reported for 

damaged graphene [149]. Figure 5.12 (a), (b) and Figure 5.13(a) show the ratios of the D 

peak intensity to G peak intensity ID/IG extracted from fitting of Micro Raman spectra across 

the GNR channel including the boundary from irradiation region to non-irradiation region. 

With increasing the dosage, the increase of the intensity ratio becomes larger while there is 

almost no changes in the cases for the samples with the dose level of less than 1014 ions/cm2. 

This result suggests that among these irradiation conditions used in this study, the defect 

density level introduced by ion irradiation with the dose level of ~1013 ions/cm2 cannot be 

detected in the current Raman spectroscopy system. This is another reason why the dose 

level of ~ 5 x 1014 ions/cm2 has been focused in this study. Figure 5.13 (b) shows the two 

intensity ratios as a function of the log of the irradiation dose. The ID/IG  increases with 

increasing the dosage in the range of 1013-1014 ions/cm2 and then the intensity ratio starts to 

decrease from the one with 2 x 1014 ions/cm2. For further analyses of Raman results, the 

three stage theory described in ref [75, 150, 151] is considered. The theory is about 

disordered and amorphous carbon amorphisation trajectory covering (1) graphite to 

nanocrystalline graphite, (2) nanocrystalline graphite to low sp3 amorphous carbon, and (3) 

low sp3 amorphous carbon to high sp3 amorphous carbon. By considering this theory and 

Raman spectra evolution of in the stage 1 and 2 in ref[75], it is concluded that our ID/IG 

intensity ratio data is more related to the stage 1 and 2. The observation clearly suggests that, 

due to increase of irradiation exposure, the crystalline phase of graphene has been transferred 
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to nanocrystalline phase and then amorphous phase. From Figure 5.12(a) and 5.13(a), it is 

hard to identify Raman peak position shift for the 2D and D peaks. On the other hand, the 

behaviour of the G peak is explained by following the theory in Ref. [75, 151].  In stage 1, 

the G peak should be wide and fitted with a single Lorentzian curve, and the peak should be 

blue-shifted up to ~1595 cm-1. This is roughly consistent with the results of the samples with 

the dose level of 1013-1014 ions/cm2. In stage 2, the G peak should be red-shifted. This 

corresponds to the result from the samples with higher dose levels showing the decrease of 

the shift from ~1595 cm-1 to ~1580 cm-1 with increasing the dose level. This tendency is 

supported by the results of FWHM of the G peak that becomes wider with increasing the 

dose level as well as the increase of FWHM for D and 2D peaks, corresponding to the 

increase of the disorder. However, the G peak acts strange with high irradiation dosage (> 

1015 ions/cm2 comparing with low irradiation dosage of 1013 -1014 ions/cm2. This strange 

behaviour can be due to three effects that might happen to the G peak [80, 152]: (1) the peak 

width becomes wider due to the fact that the disorder starts to appear under irradiation, (2) 

the peak width becomes narrower as the doping starts to be produced into irradiated graphene; 

and (3) strain effect induced after irradiation or relevant fabrication processes such as etching. 

From Figure 5.12 (b), these effects are not clearly identified but with increasing the 

irradiation dosage, the disorder-induced D’ peak start to be seen. At further higher irradiation 

dosage, the doping effect is shown, and then the G peak started to be wider.  

For more understanding of the transfer from the crystalline phase of graphene to 

nanocrystalline phase and amorphous, TERS is applied for studying the sample with the 

irradiation dose 5x1014 ions/cm2. The region where clear step-like changes of ID/IG and G 

peak position are observed corresponds to the boundary of the irradiated region as shown in 

Fig.5.19 (b) and (c). Note that the slope of the change of the TERS spectra is much steeper 

than that of the far-field spectra, suggesting that the higher spatial resolution has been 

achieved. In particular, clear enhancement of ID/IG  is observed at the edge, indicating further 

enhancement of the defect density at the edge. Another interesting behaviour is a relatively 

large shift of the G peak position in TERS. Recently Iwasaki et al. have determined the 

change of doping concentration across wrinkle-like defect structures from the analysis of 

TERS spectra [147]. In the case of the edge of an irradiated area, characteristic features are 

(1) G peak position is clearly changed while the 2D peak position is not, and (2) a relatively 

larger red-shift of the G peak position at the edge in TERS. Not an only change of doping 

concentration but also induction of strain by swelling may need to be taken into account for 

the artificially induced edges. 
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5.6 Conclusions 

In this chapter, the electrically measurable graphene channel has been fabricated by using e-

beam lithography and effect of helium ion irradiation on the structural and electrical 

properties of the graphene channel has been investigated by using electrical characterisation 

and Raman measurements. In particular, a sharp change of the defect density at an 

artificially-created boundary between the irradiated and non-irradiated graphene has been 

observed by using Tip-enhanced Raman spectroscopy for the first time. The electrical 

measurements show the conductivity of the graphene has been decreased after irradiation, 

suggesting amorphisation of the irradiated area as well as the change of doping concentration. 

The irradiated graphene channels have showed typical characteristics in Raman spectra, such 

as appearance of D and D’ peaks due to induction of defect and disorder, and disappearance 

of the 2D peak and G peak broadening at further higher dosage. Evaluation of the intensities 

ratio ID/IG, FWHM, and position of the G peak has specified that the sample under the 

irradiation, especially at the high dose level, have transformed from the crystalline phase of 

graphene to nanocrystalline and amorphous phase.  Successful observation of the graphene 

edges and the edge of the He-ion-irradiated region on the graphene channel has confirmed 

that higher spatial resolution is achievable with TERS. 
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Chapter 6: Conclusion and Future work 

6.1 Conclusion 

In this thesis, I have focused on developing TERS as a tool to be applied for nanoscale 

graphene device imaging and applied for characterising suspended graphene and he-ion-

irradiated graphene for the first time.  

First, in order to stabilise the TERS tool, test measurements have been conducted by using 

standard monolayer graphene samples. After considerable attempts by adjusting key 

parameters such as the laser power, integration time and tip-laser position alignment 

procedure, I have eventually succeeded in obtaining the stable measurement environment 

where reproducible enhancement of the main graphene peaks are achieved.  

Then the TERS with the high spatial resolution has been used to characterise suspended 

graphene on SiNW arrays. The strain and stress of suspended graphene on SiNWs, 

particularly at the edge of the sample has been investigated using TERS. The fabrication 

process has also been examined using AFM multimode to observe the suspended area of 

graphene on top of SiNWs array. As a result, a shift has been observed in the TERS spectra 

at edge of graphene located on the SiNW underneath. However, there has been no significant 

shift of the major graphene peak position in the Raman spectra without the tip. Furthermore, 

localised defects at the edge of SiNW has been observed in the intensity ratio ID/IG 

distributions with spatial resolution down to sub 100 nm. 

Finally, I have studied the defect boundaries and edges on graphene channels which have 

been generated by ion bombardment using a helium ion microscope (HIM). Electrical 

measurements show the conductivity of the graphene has been decreased when the 

irradiation dose increases. The electrical measurement suggests that both amorphisation of 

the irradiated area of graphene and change of doping concentration can occur. Micro Raman 

characterisation across the irradiation boundary has shown the appearance of D and D' peaks 

due to induction of defect and disorder, and disappearance of the 2D peak and G peak 

broadening at further higher dosage. I have found that from the evaluation of the intensities 

ratio ID/IG, FWHM, and position of the G peak, the graphene phase is transformed from a 

crystalline phase to nanocrystalline and amorphous phases with increasing the dose level. 

Successful observation of the graphene edges and the edge of the He-ion-irradiated region 
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on the graphene channel has confirmed that higher spatial resolution is achievable with 

TERS. 

6.2 Future works 

In this thesis I have focused on graphene nanostructure devices on Si/SiO2, Tip enhanced 

Raman spectroscopy technology and helium ion irradiation technology. This project can be 

extended for future research of graphene nanodevice fabrication and characterisation. Some 

idea for future works are listed below.  

6.2.1 Quantitative analysis of TERS across the irradiation graphene boundary 

  Only one dose level of irradiated graphene has been studied using TERS in this thesis due 

to the time constraint. Further investigation and characterisation of the irradiated samples 

with different dose levels via TERS would provide further quantitative information about 

the damaged graphene and crystalline-amorphous phase transition. Furthermore, the study 

of the surface potential of the helium ion irradiation boundary on graphene by using Kelvin 

probe microscopy (KPFM) to obtain more information about the effect of the defect on 

doping concentration.  

1.2.2  Annealing effect on irradiation graphene 

Study of annealing effects using TERS for He+ irradiated graphene would be interesting in 

order to reduce the number of the defects on graphene or to remove them. TERS is a great 

tool to investigate and to understand the effect of annealing on irradiated graphene regarding 

strain, doping, and edge deformation. 

1.2.3   Graphene on a different substrate: 

 Recently, graphene has been grown or transferred to various types of the substrate, such as 

Si/SiO2, Cu, SiC, Si, glass, hexagonal boron nitride (hBN), and PDMS etc. Study of the 

influence of substrate on graphene using Raman spectroscopy become very important. This 

has been already investigated by conventional Raman spectroscopy but not been yet using 

TERS. TERS technology will provide further information of strain which could be generated 

from the interaction between the graphene and substrate.   
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1.2.4 HIM irradiation for 2D materials 

As shown in Fig. 6.1, the irradiation has been done on half of the graphene channel with the 

width of  3 𝑒𝑒𝑐𝑐 and the length of 10 𝑒𝑒𝑐𝑐. This method can be developed by intruding the two 

square with the same size on the graphene channel. As shown in Fig.6.2. This can be used 

for single electron transistors (SETs) and, this direction could be aligned with quantum 

device applications.   

 

Figure 6.6.1: Helium Ion Microscope (HIM) image of GNR channel irradiation with 
.square height 𝟑𝟑𝝁𝝁𝝁𝝁 and length𝟏𝟏𝟎𝟎𝝁𝝁𝝁𝝁. 

 

Figure 6.6.2: Helium Ion Microscope (HIM) image of GNR channel irradiation with 
two square with same dimension. 
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