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ABSTRACT 
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IRRADIATION-BASED DEFECT ENGINEERING OF GRAPHENE DEVICES 

Shuojin Hang 

The addition of structural defects modifies the intrinsic properties of graphene – the two-

dimensional allotrope of carbon. The controlled introduction of such defects is therefore 

desired to realise specific functions. For instance, the grain boundaries formed between 

epitaxial grown graphene domains has been observed to mimic a metallic wire. By 

contrast, the presence of point defects in a graphene channel affects the carrier transport 

significantly in a manner such as the Fermi-level pinning, transport-gap widening and 

Anderson localization. Incorporating these defects into conventional device structures can 

open up a new horizon for device engineering. 

In this work, I propose and explore the defect engineering of graphene devices via 

ion bombardment using a helium ion microscope (HIM). The lithographic advantage of 

HIM is demonstrated for various graphene nanostructures such as fully gated 20nm 

double quantum dots and 10nm nanoribbons, upon which a hybrid EBL-HIM fabrication 

technique is developed for device integration.  Graphene irradiated with HIM up to 5×1014 

cm-2 shows a transition from Stage 1 to Stage 2 disorder as probed by confocal Raman 

spectroscopy. For the first time, the damage of ion-beam-milling on a graphene-on-

substrate sample is visualised. The spatially resolved Raman map shows that the beam 

damage can extend to a few hundred nm around the 30nm cut, which is attributed to the 

damage due to backscattered helium ions and recoils from the substrate.  

Furthermore, the electrical properties of irradiated graphene nanoribbons (iGNR) 

is characterised. As irradiation dose increases, the iGNR devices shows an abrupt 

decrease in mobility and interestingly an asymmetric decrease of conductance in the 
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electron and hole conduction branches. This is then related to the pinning of Fermi level 

in iGNR, a unique property caused by irradiation. This is believed to be associated with 

additional dangling bonds (scattering centres) created by irradiation, as supported by XPS 

analysis. Based on these properties, a new graphene device structure is explored, in which 

irradiated regions are used as energy barriers. The temperature-dependent conductance 

shows the signature of thermal-activated variable range hopping (VRH) at intermediate 

temperature. The localisation lengths extracted from hopping temperature showed good 

agreement with that from length-dependent conductance. Furthermore, the activationless 

VRH is observed for relatively high electric field.  
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 Introduction 
 Overview of research 

Graphene, an allotrope of carbon with a unique two-dimension hexagonal structure, was 

first isolated in 2004[1,2] and is the first member of a new family of materials called 2D 

atomic crystal[3]. Many properties of graphene are record-breaking and could be 

exploited to solve many long-standing challenges. For instance, the room-temperature 

carrier mobility in graphene can reach ~2×105 cm2V-1s-1[4], which not only is essential 

for high-speed electronics, but also a very important factor to make high band width 

photo-detectors. Graphene is a mechanically strong material with a Young’s modulus (~1 

TPa)[5] as good as that of carbon nanotube and diamond, a key property to achieve 

flexible electronics. In addition, graphene, which dissipates heat better than any other 

known material[6], along with the capability to bear large current density[7], is a leading 

contender for transparent electrode which now are dominated by expensive indium tin 

oxide (ITO). Last but not the least, graphene provides a natural platform for studying 

physics of 2D electron gas, an important structure for realizing spin-based quantum bit 

(qubit)[8]. Graphene is regarded as a promising candidate for spin qubit since owing to 

the long coherence time of carbon based materials. As a result, the last decade saw the 

flourishing of graphene research on almost every aspect from fundamental science to 

practical applications.  

However, just like other solids, there are imperfections in graphene’s lattice[9]. These 

imperfections manifest themselves as lattice distortions, point defects, extended line 

defects, impurities/dopants and grain boundaries[10]. They appear as a side effect of 

processing the material, that is, graphene is damaged to some extent after chemical 

treatment, lithography, etching, etc. The presence of these imperfections can affect the 
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intrinsic properties of graphene significantly. Previous experiments showed that defective 

graphene has a degraded electrical conductivity compared with its single-crystalline 

counterpart[11,12]. However, graphene subject to deliberate ion irradiation shows a 

transport gap which can be useful for logic applications [13]. More interestingly, theory 

[14] suggested that grain boundaries can either allow or completely reflect the 

transmission of charge carriers depending on the grain boundary structures. For 

unconventional device applications, theoretical work[15] proposed that a line defect can 

filter the charge carriers with specific valley polarisations. As a result, studying and 

engineering these defects to utilise their unique properties is a very important aspect of 

research on graphene and other 2D materials. 

Depending on the type or scale, defects can be experimentally formed in different 

ways[10]. A ‘top-down’ approach is usually used to create lattice distortions and point 

defects in graphene. This may be done by irradiating the graphene sample with 

accelerated electrons as in a transmission microscope[16–18]. Under electron impact, the 

C-C bond can rotate if the formation energy of such rotation is supplied. A notable is a 

Stone-Wales defect where a C-C bond is rotated by 90o, which has been experimentally 

observed[19]. Because the three-fold lattice structure is still valid, the Stone-Wales defect 

is a relatively stable one. In theory, once the incident particle’s energy exceeds the 

threshold value for the displacement of one carbon atom in the hexagonal lattice, 

vacancies can be created[20]. Regardless of the vacancy type, the number of dangling 

bonds are remained minimum and non-hexagonal structures are formed to stabilize the 

sp2
 network[10].  On the other hand, extended line defects and grain boundaries can be 

introduced by a ‘bottom-up’ approach[21]. Graphene grown by chemical vapour 

deposition is polycrystalline. Single-crystalline domains first nucleate from multiple sites 

and continue to grow until they merge with one another. The grain boundaries that stitch 

these separate domains together are usually chains of non-hexagonal structures. A special 

type of grain boundary where the graphene domains on each side don’t have a 

disorientation angle is called an extended line defect. 

The presence of defects poses a great challenge to the fabrication of graphene nano-

devices. Resolution of conventional electron-beam lithography (EBL)  cannot go very 

further beyond 20nm feature size[22–28], far from atomic resolution required to realize 

some novel applications[13,29,30]. Several fabrication methods were researched to 
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address the issue including direct ion beam writing[31–35], transmission electron 

microscope lithography[36,37]. These methods are all based on the knock-on mechanism. 

Despite of the reasonably better resolution, the damage extent introduced into the 

graphene lattice is not well studied. The thoroughly understanding of the inter-play 

between ion/electron beam and graphene is an essential step towards more advanced 

fabrication technology of this kind. 

 

 Motivation and contribution 

Because of the fascinating properties of defects in graphene, it is highly desirable to 

utilising the state-of-the-art nanofabrication tools to make artificial defects in a 

controllable manner.  The recent development of the scanning helium ion microscopy 

(HIM) offers the flexibility to modify graphene’s surface topology from point defects to 

larger area sputtering. In particular, the imaging capability and beam damage of HIM on 

graphene has been studied[38]. The HIM-based fabrication of graphene and two-

dimension material have been demonstrated with very promising down-scaling 

potential[13,29,30,33]. Similar to a scanning electron microscope (SEM), in a HIM, the 

Helium ions are emitted from an atomically sharpened source under high electric field. 

The incident ions yield large number of secondary electrons inside the sample, thus 

forming an image. Compared with conventional SEM, HIM offers an enhanced imaging 

resolution (<1nm) owing to the shorter De Broglie wavelength of helium. In the meantime, 

helium has a more effective knock-on impact on graphene’s hexagonal lattice meaning 

that it is possible to directly writing complex patterns on graphene by scanning the beam 

across the sample surface which can be achieved by adding a devoted pattern generator.  

Since HIM is a newly-developed instrument, there has not yet been a systematic study on 

the HIM-irradiated graphene and its electrical behaviours, to our best knowledge. The 

variable range of beam energy and exposure dose could allow for the introduction of a 

wide range of defect levels at specific locations in a device. More specifically, the 

transition of graphene from semi-metal to insulator due to disorder can be used as an 

important component in device engineering. 

In this work we aim to integrate helium ion exposure to current nanofabrication technique 

to realise a ‘top-down’ approach for precision defect-engineering on graphene. We start 
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by identifying the damage extent of helium ion bombardment on graphene using Raman 

spectroscopy. This also includes the optimisation of sub-10nm helium ion milling 

technique and its potential impact on graphene. The results can be applied to other 2D 

materials supported by substrate. We then carry out transport measurement to study the 

electrical properties of the above-mentioned disordered system by gradually varying the 

irradiation dose. We found a series of effects on electrical characteristics of graphene 

nanoribbon (GNR) caused by ion irradiation. Finally, we propose a lateral quantum 

tunnelling device that incorporates the 2D insulator created by HIM irradiation using the 

discoveries obtained in our work. 

 Document Organisation 

This thesis explores an approach to develop defect-modified graphene devices via 

controlled ion bombardment to specific locations within a channel as a stepping stone 

towards future ‘top-down’ precision defect engineering of 2D materials devices. 

Chapter 1 outlines an overview of our research field, highlighting the previous 

developments and challenges we face, thus the motivation behind this work and our 

intended contributions. Chapter 2 briefs the theory behind our research topic including 

transport in graphene, basic configurations of defects in a hexagonal lattice, the formation 

of several types of defects and mechanism of ion bombardment. After this, in Chapter 3 

I summarise the most recent and important developments in graphene research related to 

our research through a literature review. In Chapter 4 and 5 I detail our original 

contributions to the field. I will explain the e-beam lithography (EBL) based fabrication 

process as an important constituent part of our EBL-HIM hybrid fabrication method. This 

is accomplished by sub-10 nm helium ion lithography. A detailed analysis of HIM 

milling’s impact on graphene will be given leading to an improved fabrication method 

focusing on moderate irradiation. Last I will discuss the electrical measurement on the 

recent devices made with this method. I conclude this thesis in Chapter 6, summarising 

our findings, achievements and outlining potential directions for future work. 
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 Research background 

 Basics of electronic transport in graphene 

The graphene lattice is a triangular one with two carbon atoms per unit cell (Figure 2.1). 

The carbon-carbon distance in graphene is a=0.14 nm.  The lattice vectors are a1, a2 

(|a1|=| a2|= 3a) in real space and b1, b2 in reciprocal space. The first Brillouin zone is 

shown in Figure 2.1 (b). The two Dirac points are labelled K and K’. 

 
Figure 2.1 (a) lattice structure of graphene. (b) The first Brillouin zone of 
graphene [39]. 

The band structure of a single carbon layer is calculated in reference [40]. A tight-binding 

approach, which considers the hopping of electrons to the nearest-neighbour and next 

nearest-neighbour atom, is used. The band structure is shown in Figure 2.2. The energy 

dispersion near the Dirac point (i.e., k=K+q and |q|<<|K|) is almost linear, 𝐸𝐸±(𝒒𝒒) ≈

±𝑣𝑣0 𝒒𝒒 + 𝑂𝑂[(𝑞𝑞/𝐾𝐾)7], where 𝑣𝑣0 is the Fermi velocity and is around 1×106 m/s[41]. As a 

result, graphene is a zero band-gap semiconductor that has a linear energy-momentum 

relationship with conduction band and valence band intersecting at the Dirac point. The 
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Fermi velocity is a parameter that is dependent on the hopping energy between nearest 

neighbor t ≈2.5 eV and graphene’s carbon-carbon distance a: vF=3ta/(2ħ).  

 
Figure 2.2 Left: band diagram derived from the tight-binding Hamiltonian. 
Right: the linear energy-momentum dispersion near the Dirac point. 

The linear dispersion leads to a couple of interesting (peculiar) phenomena, such as a 

carrier density-independent interaction parameter and carrier density-independent 

Coulomb screening[42]. 

 Transport in graphene devices 

In clean graphene sample where the amount of disorder is so small that the mean-free 

path is comparable to the distance between contacts, i.e., ballistic transport. However, in 

most experimental work, graphene samples are ‘dirty’ and therefore are in the diffusive 

regime. The diffusive transport in graphene on substrate is due to various possible 

scattering sources which contribute to the conductivity 𝜎𝜎 as follows according to the 

Matthiessen’s rule [43]: 

 𝜎𝜎:; = 𝜎𝜎<=:; + 𝜎𝜎>?:; + 𝜎𝜎@A:; + ⋯, 2.1 

where the subscriptions denote: charge impurities (ci), short-range scatterers (sr) and mid-

gap states (mg). These three mechanisms are the dominant scattering mechanisms at room 

temperature and low temperature therefore are of our primary interest. Other less 

dominant scattering mechanisms include corrugations[44] and phonon scattering[45].  

The scattering of charged impurities (which can reside in the SiO2 substrate) is predicted 

to produce a conductivity 𝜎𝜎  with a linear dependence on the carrier density n as 

follows[42,46–49]: 



7 
 

 
𝜎𝜎<= 𝑛𝑛 = 𝐴𝐴<=𝑒𝑒

𝑛𝑛
𝑛𝑛=@G

, 2.2 

where 𝑛𝑛=@G is the density of impurity charges and 𝐴𝐴<= is a constant which has a calculated 

value of ~5×1015 V-1S-1[42]. Charged impurity scattering in graphene has been 

experimentally investigated by means of potassium dosing[50,51] and is considered the 

dominant limiting factor of carrier mobility in a graphene-on-SiO2 system[52]. 

Another major scattering source that can result in a roughly linear conductivity against 𝑛𝑛 

is the resonant scatterers producing mid-gap states. Theoretically predicted resonant 

scatterers are vacancies[53,54] or strongly bound monovalent adsorbates[55–57] and is 

predicted to have the following form[54]: 

 𝜎𝜎@A 𝑛𝑛 = 𝐴𝐴@A𝑒𝑒
𝑛𝑛
𝑛𝑛H

[𝑙𝑙𝑛𝑛	  ( 𝜋𝜋𝑛𝑛𝑅𝑅L)]7, 2.3 

where 𝐴𝐴@A is a constant, 𝑛𝑛H is the defect (vacancy) density and 𝑅𝑅L is the effective radius 

of the vacancy.  

The short-range scattering can be due to weak point-disorder defect such a noble-gas atom 

trapped by carbon vacancy[12], although the exact physical origin is still not clear. This 

type of scatterers is predicted to lead to n-independent conductivity, i.e. 𝜎𝜎>? 𝑛𝑛 ∝

𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐[58]. Therefore 𝜎𝜎>? 𝑛𝑛  may introduce sub-linearity to the total conductivity 

𝜎𝜎(S) when in combined with other scattering sources as described in equation 2.1. Since 

the short-range scatterers are atomic-scale, they are hardly affected by the dielectric 

environment of the graphene[59]. 

If the three scattering mechanisms discussed above (i.e., charged impurity, short-range 

disorder and weak point-disorder) are considered. Equation 2.1 can be simplified by 

taking into account the (linear) n-dependent and n-independent conductivity: 

 𝜎𝜎:; = (𝑛𝑛𝑒𝑒𝑛𝑛):; + 𝜎𝜎>?:;, 2.4 

where e is the elementary charge, n is carrier density,  µ is carrier mobility and 𝜎𝜎>? is 

conductivity due to short-range disorder. 
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The carrier density in single layer graphene can be modulated electrically via gating. A 

standard configuration is a graphene and a back-gate with a dielectric of thickness tox in 

between. The induced carrier density n is given by: 

 n= CVg/e, 2.5 

where C is the gate capacitance per unit area C=ε/tox as in a parallel-plate capacitor, where 

tox is the oxide thickness.  

The conductivity σ at intermediate carrier density where the sub-linearity caused by 𝜎𝜎>? 

is negligible can be fit as follows(as illustrated in Figure 2.3) [50]: 

 σ = neµ+ σres, 2.6 

where e is electron elementary charge, n is carrier density and µ is carrier mobility. σres is 

the residual conductivity determined by fit and should not be confused with the minimum 

conductivity σmin. Both values are defined at zero carrier density. The origin of σmin is not 

clearly revealed yet, though the inhomogeneity due to charged impurities is suggested to 

cause σmin[39,60]. In practice, at n=0, the electron branch and hole branch of conductivity 

do not intersect at σres. Instead, σ curves gently and settles at σmin giving rise to a plateau 

width ΔVG. 

 
Figure 2.3 Ambipolar conductivity as a function of gate voltage.   

 Defect structures in graphene 

As the centre of the present study, defects in graphene has significant influence on 

graphene’s electrical, optical, mechanical and thermal properties. In this section, we 

discuss a few types of structural defects present in graphene’s hexagonal lattice.  
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Compared to other material, graphene is very ‘adaptive’ in that it is capable of hosting 

defects by reconstructing its atomic arrangement[61], since sp2 bonds occur not only in 

hexagon structures but also in other polygons. However, these non-polygon regions may 

introduce curvature[62].   

Let us first recall the classification in convention bulk materials. Depending on the 

presence of foreign atoms, defects can be described as intrinsic (without foreign atoms, 

e.g. dopants and impurities) and extrinsic. In terms of dimensionality, point defects such 

as vacancies or interstitial atoms are zero-dimension (0D). Line defects are thus one-

dimension (1D). Grain boundaries and stacking faults are two-dimension (2D). Finally, 

inclusions and voids are three-dimension (3D). On the other hand, the two-dimension 

nature of graphene dictates that there are virtually no 3D defects in graphene. 

The first type of defects in graphene is 0D point defect including Stone-Wales defect, 

single/multiple vacancies and adatoms. One important quantity used in theoretical 

calculation to evaluate the stability of defects is the formation energy, which is calculated 

as 𝐸𝐸UV?@ = 𝐸𝐸H − (𝐸𝐸XYZ[ + 𝑁𝑁𝜑𝜑^), where 𝐸𝐸H is the total energy of graphene with defects, 

𝐸𝐸XYZ[ is the total energy of perfect graphene and 𝜑𝜑^  is the chemical potential of carbon 

atoms being removed (negative N) or added (positive N) [63]. The lower the 𝐸𝐸UV?@, the 

more stable the defects. The Stone-Wales (SW) defect manifests itself as a 90o rotation 

of C-C bonds (see Figure 2.4 (a)), that is, four hexagons evolve into two heptagons and 

two pentagons (SW(55-77))[19,64]. Note this type of defect does not involve removal or 

addition of carbon atoms. The formation energy for SW defect is ~5 eV and a kinetic 

energy barrier of ~10 eV needs to be overcome for this transformation to take place (see 

Figure 2.4 (b)). Such a high kinetic energy barrier ensures the negligible density of SW 

defects in graphene at room temperature.  For the same reason, SW defects can be very 

stable once formed. However, sometimes although the energy introduced by ion 

irradiation is less than what is required for the knock-on displacement of a C atom, it is 

still high enough to create a SW defect. 
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Figure 2.4 (a) a Stone-Wales defect. (b) the energy barrier for bond-rotation 
[10].  

When the energy perturbation is greater than the displacement threshold (Td), carbon 

atoms can be knocked out leaving behind vacancies. The formation energy for a single 

vacancy (SV) is ~7.5 eV. Three dangling bonds are initially created once a carbon atom 

is displaced[65]. The relaxation of the lattice forms a defective region with a five-atom 

and a nine-atom structure where two of the dangling bonds connect. The situation for 

double vacancy (DV)[61,66] becomes a bit more complex in that the vacancy can ‘mutate’ 

into many shapes. A simple DV can be formed by merging two SV or by removing two 

adjacent carbon atoms. As shown in Figure 2.5, the defect reconstructs itself to a two-

pentagon and two-heptagon structure (5-8-5). However, the (5-8-5) structure is not the 

most energy-favorable type of DV. A bond in the octagon can rotate 90o so that (5-8-5) 

evolves to a (555-777) structure. If such bond-rotation happens in one of the heptagons 

in a (555-777) structure, the defect further becomes a 5555-6-7777 defect. Note the (555-

777) defect has the smallest Eform of the three. Vacancies can also move around in the 

lattice. The migration energy is about 1.3eV for a single vacancy and about 7eV for a 

double vacancy. Therefore, the DV is much more immobile compared to a SV.  

 
Figure 2.5 The evolution of a point defect: (a) single vacancy, (b) 5-8-5 (c) 555-
777 and (d) 5555-6-7777 defect [10]. 

Instead of removing individual atoms to create single or double vacancies, an instant 

impact to the carbon network (e.g. bombarded by an ion) could lead to the loss of a large 
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number of atoms thus reducing the surface area significantly. Therefore, the 

rearrangement into non-hexagonal structures would have required the graphene sheet to 

warp where a high energy is needed. In such case, holes are usually formed where the 

surrounding atoms rearrange themselves accordingly to saturate the number of dangling 

bonds. 

Adatom is another type of point defects that can exist in graphene[62]. When a carbon 

atom is brought close to the surface of graphene, the native atoms in graphene can form 

covalent bond with the additional carbon through sp3 hybridization. An energetically 

favorable position for the adatom to be is on top of one C-C bond (Figure 2.6(a,d)). The 

binding energy is around 2 eV. Also it is easy for such adatom to migrate around the 

graphene surface due to small migration energy ~0.4 eV.  An atom sputtered out from 

graphene can immediately become an adatom on the surface. It is also favorable for two 

adatoms to form a dimer and bond with graphene by inducing local curvature. An example 

of such defect is the Inverse Stone-Wales defect (Figure 2.6(c,f)). Not only carbon, but 

also many foreign atoms can bond with graphene as adatom. Depending on the bonding 

strength, the adsorption can be either physisorption (weak, van der Waals bond) or 

chemisorption (strong, covalent bond).  Previous experiment suggests weak bonding 

between perfect graphene and transition metal as they easily migrate on the surface 

(activation energy ~ 0.28 eV). However, defects can become a suitable site to trap foreign 

atoms. Also the strain near the defect causes attraction to the metal atom on the surface 

enhancing the adsorption (Figure 2.7). A part from adsorption, foreign atoms can also 

replace carbon in graphene as substitutional defect. Atoms with similar atomic size to 

carbon such as nitrogen and boron are natural dopants. Transition metal atoms can also 

be incorporated into the graphene network substitutionally with off-layer topology. Such 

substitutional defect is usually quite stable once formed. 
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Figure 2.6 Carbon adatom (a) single adatom above the bond (b) dumbell 
configuration and (c) inverse-SW defect [10].  

 
Figure 2.7 metal adatoms bonding on the vacancy sites [10]. 
 

A summary of formation and migration energies (calculated from theoretical work) of 0D 

point defects in graphene is given in below in Table 2-1: 

 

Table 2-1 Summary of calculated formation and migration energies of point 
defects in graphene 
Defect type Atomic 

structure 
Formation 
energy (eV) 

Migration 
energy (eV) 

References 

Stone-Wales 55-77 4.3-5.3 10 [63,64] 
Single vacancy 5-9 7.3-7.5 1.2-1.4 [65] 
Double vacancy 5-8-5 

555-777 
555-6-777 

7.2-7.9 
6.4-7.5 
7 

7 
6 
6 

[65,66] 
[18,61]  

Adatom  6-7 0.4 [67] 
Inverse SW 57-57 5.8  [62] 

 

The last type of defects we discuss is the 1D line defects, sometimes called extended line 

defects. The line defects usually appear as grain boundaries of two merging domains with 

different lattice orientation. This is very common in CVD graphene grown on metal due 

to inevitable lattice mismatch. The atomic structures of the boundaries and size of the 

grains dictate the electronic properties of the grown graphene. One example studied 
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experimentally is the grain boundary of graphene grown on Ni[21] surface, where 

periodic alternations of pentagon pairs and octagons form the boundary due to mismatch 

of two graphene domains (Figure 2.8).  

 
Figure 2.8 The formation of grain boundary between two graphene domains 
grown on Ni [21]. 

 Basics of ion irradiation 

Although graphene is only one atomic thick, particle irradiation on graphene can be 

highly affected by its underlying substrate. Therefore, revisiting the basics of ion 

irradiation in bulk material would be beneficial for our present study. 

When a particle, being an electron or an ion, penetrates a solid, it loses energy through 

collisions with nuclei and electrons in the target. In the case of ion, capturing the electrons 

in the target soon neutralizes its charge. If the recoil atom has enough energy to leave its 

lattice position, a point defect such as a vacancy-interstitial pair is left in the target. 

The stopping of particle in the solid can be attributed to two mechanisms: nuclear 

stopping and electronic stopping[68].  The nuclear stopping is due to the ballistic collision 

between the incident ion and nuclei and the kinetic energy of the ion is transferred to the 

translational movement of the target atom. As a result, it is the Coulomb interactions and 

the momentum transfer that determine the energy loss. The nuclear stopping is the main 

stopping mechanism when the energy of the incident particle is relatively low (<100 

keV/amu). For high energy ions, a more suitable scenario called ‘binary collision 

approximation’ is used. In this situation, the incoming ion is assumed to travel in straight 

line between independent nuclei collisions and the power loss is predominantly due to 
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electronic stopping, i.e., the inelastic collision with electrons. The term ‘binary’ means 

that only two particles are involved in each collision. 

 

 
Figure 2.9 Calculated nuclear stopping power in C target for different ion 
species as a function of ion energy [68]. 
  

Figure 2.9 shows the nuclear and electronic stopping powers of different ions as a function 

of ion energy. The crossover of two stopping mechanisms depends on the ion mass. Note 

that electronic stopping is dominant at all energies for light ions such as H+ and He+ (not 

shown here in Figure 2.9).  

Damages can form during the cascade development after ion irradiation. Depending on 

the ion energy and mass, several collision cascades are responsible for the defects 

formation process.  In the case of low mass ions hitting a target with low density, a 

simplest case called ‘linear cascades’ best predicts the damage extent where the energetic 

ion penetrates the target while generating a sequence of independent recoils. Depending 

on the colliding sequence, the recoil atoms are ranked as follows: primary knock-on atoms 

(i.e., the ion initiating the collision, PKA), secondary knock-on atoms (SKA), tertiary 

knock-on atoms (TKA), etc. Once the knock-on atom energy is lower than Td, no further 

damage can be made. When the ion is heavy and the target is relatively dense, the 

collisions occur near each other and therefore cannot be considered as independent ones 
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since they overlap. Therefore the interaction in this case cannot be simplified as in the 

binary case, instead it is treated by ‘heat spike’ generated by pressure waves due to ion 

impact (for instance, Au target hit by 20keV/atom Au cluster [69]). In many cases, linear 

cascade and heat spike both contributes to the collision event. In the early stage of the 

collision, the linear cascade prevails since the ion has not lost much energy. However, the 

much-slowed ion or its recoils are more easily to collide with nuclei and therefore the 

heat spike regime becomes dominant. When the ion energy is heavy and very energetic 

(MeV or GeV), they are called swift heavy ions. Swift heavy ions normally generate an 

amorphous region along therefore track due to both electron stopping and heating. 

Several experimental methods exist for studying defects in graphene. A transmission 

electron microscope (TEM) forms images by collecting the accelerated electrons that 

transmits through the sample. Modern aberration-corrected high resolution TEM 

(HRTEM) has a much-improved imaging resolution compared to conventional TEM 

allowing for real-time observation of defects with atomic accuracy[9,16,70,71]tm. The 

scan tunnelling microscope (STM) provides similar resolution as that of a TEM but with 

a different working principle where image is formed by measuring tunnel current between 

the scanning tip and sample surface[60,72,73]. One should note that neither TEM nor 

STM is capable of observing the defect creating process as none of them can resolve 

events occurred in picosecond timescale[68]. The recent development of four-

dimensional ultra-fast electron microscopy (4D UEM) which employs a precisely pulsed 

laser is able to generate single-electron packets for imaging with high resolution in both 

space(sub-nm) and time (femtosecond) and is a promising candidate for achieving real-

time observation of structural changes in graphene[74,75]. In addition, irradiation with 

ions is another method to create defects in graphene. A handy tool would be a focused 

ion beam (FIB) system which has the ability to send <100 keV accelerated ions since it 

offers controllable creation of defects in graphene. An advantage of FIB is it does not 

need the graphene to be suspended as in a HRTEM. Direct milling is also possible with a 

FIB system due to large momentum transfer from accelerated ions. Fabrication of <10nm 

wide graphene nanoribbon has been demonstrated by using a focused helium ion 

beam[30,33,35]. 
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 A review on defect engineering and 
characterisation of graphene 

 

 Generation and evolution of defects: TEM study 

Thanks to the atomic resolution, the aberration-corrected transmission electron 

microscopy (TEM) has been used extensively to study the creation and evolution of 

defects in graphene in situ. Kotakoski et al[76] explored the transformation of point 

defects in graphene under controlled TEM irradiation and showed that these vacancies 

tend to reorganize and grow to more complex amorphous structures with rotated hexagon 

domain surrounded by other polygons. 

The acceleration voltages were carefully selected to serve different purposes. For instance, 

a suspended graphene was first irradiated at 300 keV, which is value high enough to 

knock out carbon atoms from the sp2 network. The sample was imaged at 80 keV to 

prevent further knock-on damage but to allow for some bond rotation. Lastly 100 keV 

was used to allow for a full re-bonding to observe the most energetically-favourable 

defect structures in graphene. Note that the TEM voltage threshold for the displacement 

of sp2 carbon atoms in graphene is 86 keV[77]. 

The authors first found that the graphene remains a coherent membrane after irradiation 

at 100 keV with a dose of 1024 cm-2 where many polygons are formed with only very few 

holes. This is contrary to the expectation that irradiated membrane will become largely 

porous or curve into the third dimension. The author then used the 300 keV beam to create 
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initial defects and then observed them at 80 keV in order to better illustrate evolution of 

these defects. 

It was found that initial 300 keV irradiation primarily created single vacancies, which in 

turn, tend to collapse to divacancies due to the ejection of the under-coordinated atom 

(Figure 3.1(b-d)). This formation process from single vacancy to double vacancy does 

not necessarily require additional energy input (e.g. from electron/ion irradiation) since 

the formation energy of two types of vacancies are comparable[10].  Ideally, since all 

carbon atoms are now connected by sp2 bonds, no more atoms should be sputtered at 80 

keV. However divacancies can have a variety of configurations (such as 5-8-5, 555-777, 

5555-6-7777, etc. [10]) and they change to one another via bond rotation due to energy 

perturbation (barrier ~ 5 eV)，as can be seen in Figure 3.1(c-f). Although 80 keV is lower 

than Td, it is higher enough to cause bond rotation and reorientation (Figure 3.1(a, e, f)). 

 
Figure 3.1 Defect creation and evolution in graphene under TEM imaging. 
From pristine graphene (b), a SW defect is formed by bond rotation (a), when 
beam energy is low. At high beam energy, atom is dislodged as in single 
vacancy (c) followed by double vacancy (d). Further bond rotation drive the 
initial double vacancy to more stable configurations (e,f). Scalebar = 1 nm [76]. 

More interestingly, defects located at different places were found to agglomerate and 

align along the zigzag direction of the graphene lattice. This is facilitated by the 80 keV 

irradiation where electrons carry energy less than Td allowing for the re-bonding in the 

irradiated area. For instance, a 555-777 divacancy was found to gradually ‘move’ towards 

another defect with four missing atoms. The double vacancy transformed from 555-777 

to 5-8-5, to a dislocation dipole ((Figure 3.2(c)), and finally merged with the other defect 

forming an aligned divacancies (Figure 3.2(a-d)). Among the three configurations of 

divacancy, the dislocation dipole has the highest energy while the 555-777 has the lowest. 

The divacancy structure hops between different configurations as a result of moving 

between local energy minimums driven by the electron beam. Note that no atom is 
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knocked out in this process. Figure 3.2 (e) shows two routes of the migration of a 5-8-5 

defect. In the first route, the initial 5-8-5 defect first transformed into a 2×(5-7) defect by 

rotating bond A and further changed to the final 5-8-5 by rotating bond C. In the second 

possible route, the initial 5-8-5 first transformed into a 555-777 defect by rotating bond 

B and into the final 5-8-5 shape by rotating bond D. 

 
Figure 3.2 (a-d)Beam-driven migration of divacancies. (e) migration of a 5-8-5 
defect due to two possible bond rotatoins. Scalebar = 1 nm [76]. 

Lastly the authors studied a special type of defect structure which can be thought as three 

5-8-5 divacancies lined up with the overlapping area replaced by tetragons (Figure 3.3(a)). 

The edge of this defect is aligned with the armchair edge of surround graphene lattice, 

therefore is a relatively stable configuration. Under the exposure of 100 keV electron 

beam, the defect started to change structure until 24 atoms were sputtered (Figure 3.3(b-

h)). The initial three-divacancy was replaced by Stone-Wales type defects, dislocation 

dipoles and 5-8-5 structures. Finally, the missing atoms were accommodated by the 

formation of a clustered hexagons rotated 30o
 with respect to the graphene lattice. The 

miss-oriented patch of hexagons was surrounded by a chain of alternating pentagons and 

heptagons. This type of defects consisting of rotated hexagons were found to have the 

lowest energy among all the multivacancies as calculated by DFT method.  
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Figure 3.3 Formaiton of defect clusters under 100 kV beam irradiation. 
Scalebar = 1 nm [76]. 

 In conclusion, this study illustrated, step by step, how some of the simplest defects in 

graphene develop under energetic particle irradiation and revealed a generally stable 

configuration of multivacancies, that is, rotated polygons bounded by polygons. 

 Raman Spectroscopy on graphene 

Raman spectroscopy has been widely used to probe defects in covalent bonded 

nanomaterial such as graphene, hBN, MoS2, etc. It’s an important method because it is 

non-invasive and non-contact. In particular, the Raman spectrum can reflect the 

information about the defects in the lattice. Since the discovery of graphene, rapid 

development on Raman spectrum provides ways to evaluate sample quality and defects 

level, both qualitatively and quantitatively. A pioneering work from Lucchese and et al 

[72] studied the Raman scattering in defective graphene and proposed a model that relates 

the peak ratio to defect density. The reported method can give reasonable prediction on 

the defect length purely from the Raman data.  

Raman spectroscopy is a well-established non-destructive method that monitors the 

structural and electronic properties of graphitic materials [72,78–82]. The Raman 

spectrum of pristine graphene consists of two distinctive features, known as G and 2D 

peaks which are located at around 1580 cm-1 and 2680 cm-1, respectively. The G peak 

originates from the high frequency E2g optical phonon while the 2D peak is associated 
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with the breathing mode of graphene hexagonal ring[79]. The presence of defects gives 

rise to another two features at around 1345 cm-1 (D peak) and 1600 cm-1 (D’ peak), which 

initially are forbidden in non-defective graphene as a result of Raman selection rule. 

Being the undertone of 2D, D is also associated with the breathing mode of the 

honeycomb structure and is activated by the intervalley scattering of single phonon [79]. 

More importantly, the intensity ratio I(D)/I(G) can be used as a measure of defect 

density/length. A widely used model is the Tuinstra-Koenig relation 𝐼𝐼(𝐷𝐷)/𝐼𝐼(𝐺𝐺) ∝

𝐶𝐶(𝜆𝜆)/𝐿𝐿e, where 𝐶𝐶(𝜆𝜆) is the excitation energy (laser power) dependent constant, and La 

is the size of crystalline sp2 clusters. In this reviewed study, the authors proposed a more 

general model that describes the evolution of I(D)/I(G) over a large defect density range 

from Stage1 to Stage2. 

An Ar+ ion source in a UHV system was used to create defects in the sample. A low ion 

energy (90eV) that just above the Td of surface C atoms was deliberately chosen to 

minimise the cascade effect. This is very important since point defects generated this way 

can be almost entirely attributed to the knock-on damage by the primary ions while the 

contribution from recoils can be ruled out. Also a 45o incident angle was used to aid 

sputtering process. 

The ion bombardment procedure was calibrated on highly oriented pyrolytic graphite 

(HOPG) (shown in Figure 3.4). STM images show that for irradiation dose of 1011 cm-2, 

the defects are isolated from each other. As the dose goes above 1013 cm-2, the defects 

start to coalesce. The hexagonal lattice structure becomes completely disordered for dose 

of 1014 cm-2. The defect density was obtained by direct counting and is given by LD = 

1/ 𝑛𝑛g, where LD is the average distance between defects (i.e., defect length) and 𝑛𝑛g is 

defect density. Raman data shows that the irradiation process was actually quite 

consistent since the I(D)/I(G) ratio shows same saturation trend as 𝑛𝑛g increases for both 

HOPG and a graphite sample consisting of fifty graphene layers.  
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Figure 3.4 STM images of grahite surface bombarded with increasing 90 eV 
Ar+ doses: (a-e) are 0, 1011, 1012, 1013, 1014 cm-2, respectively [72]. 

The Raman spectrum of irradiated graphene sample evolved at follows: 1) At low dose 

(1011 cm-2), a very small D peak appears due to the presence of initial defects. 2) As 

irradiation dose increases (above 1013 cm-2), all the peaks significantly broaden. 3) For 

further irradiation above 1015 cm-2, the peak intensities decrease as a result of 

amorphisation and loss of carbon atoms.  

 
Figure 3.5 Raman spectra of graphene flake with different level of ion 
bombardment. D and D’ peaks appear implying structural defects [72].  

The I(D)/I(G) of irradiated graphene  shows a non-monotonic change with defect length, 

which reaches maximum at LD ~4 nm indicating a competing mechanism exists for the 

development of D band.  
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Figure 3.6 I(D)/I(G) v.s. LD for three different graphene samples. The solid line 
shows the modelling from the equation discussed below. Inset shows the log 
scale I(D)/I(G) v.s. LD data for two graphite samples with different thickness 
which showed almost identical trend suggesting the irradiation method was 
well calibrated [72]. 

The proposed model was based on a scenario where the probing of defects exetends to a 
so-called “Raman activated region” defined by two length scales rS and rA, which are the 
radii of the structurally disordered region (S-region) and the surrounding activated region 
(A-region), respectively. The phonon scattering contributes to D peak only if the electron-
hole excitation is created in the A-region, otherwise it will either enhance G peak for e-h 
created outside S- and A- regions or suppress the D peak if it falls into S-region only 
(Figure 3.7 (a)). In Stage 1 when 𝑛𝑛g is relatively low, the area of A-region expands with 
𝑛𝑛g  causing I(D)/I(G) to increase. When 𝑛𝑛g  is sufficiently large that the whole area is 
covered by S- and A-regions, the fraction of A-region saturates marking the onset of Stage 
2 (Figure 3.7(b-d)). In Stage 2, A-region converts to S-region as more defects are created 
giving rise to the decrease of I(D)/I(G) due to the loss of hexagonal rings (Figure 3.7(e)). 
Therefore, the non-monotonic change of I(D)/I(G) is a consequence of the balance of S- 
and A-regions, weighted by parameter CA and CS. The critical value of LD at the transition 
of two stages is estimated by LD≈ υF/ωD = 4 nm, where υF is the Fermi velocity and ωD is 
the Debye cut-off frequency[83]. 

The model is hence describing the contribution from both parts: 

 h g
h i

𝐿𝐿g = 	  𝐶𝐶j𝑓𝑓j(𝐿𝐿g) + 𝐶𝐶>𝑓𝑓>(𝐿𝐿g), 3.1 

where fA and fS are fractions of activated region and disorder region respectively. 
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Figure 3.7 The activation model that simulates the defect generation in 
grahpene. (a) a point defect consisting of disordered region rS and activation 
region rA. (b-e) increasing bombardment causes rA to overlap and finally be 
replaced by rS [72]. 

The detailed relation between fS and fA were solved analytically by the following rate 

equation： 

 lUm
ln
= 𝜋𝜋𝑟𝑟p7 1 − ;

Uq
, 3.2 

 lUr
ln
= 𝜋𝜋𝑟𝑟j7 1 − ;

Uq
− ;
Ur

, 3.3 

with the initial condition fS = fA = 0 when 𝜎𝜎 = 0. 

Substituting the solved fS and fA into the original model gives: 

 𝐼𝐼 𝐷𝐷
𝐼𝐼 𝐺𝐺

𝐿𝐿g = 𝐶𝐶j
𝑟𝑟j7 − 𝑟𝑟>7

𝑟𝑟j7 − 2𝑟𝑟>7
𝑒𝑒(:t?qu vw

u ) − 𝑒𝑒:t(?r
u:?qu) vwu + 𝐶𝐶p(1 − 𝑒𝑒(:t?q

u vw
u )) 3.4 

Fitting the above equation to the experimental data gives following reasonable values: CA 

~ 4.2, CS ~ 0.87, rS~1 nm and rA = 3 nm. In particular, the rS value of 1 nm is in excellent 

agreement with the STM observation. Before defects start to coalesce (LD>6 nm), a 

simplified model can be used to used, i.e. ID/IG ∝1/𝐿𝐿g7 [84]. The model described by 

equation 3.4, however, is able to predict LD  for wider disorder level including the coalesce 
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case. It should be noted that the Tuinstra-Koenig relation, i.e.	  𝐼𝐼(𝐷𝐷)/𝐼𝐼(𝐺𝐺) ∝ 𝐶𝐶(𝜆𝜆)/𝐿𝐿e, is 

still valid for estimating the one-dimensional crystallite size LA, not point defect. 

 Defect scattering in graphene 

Experimental work from Chen and et al [12] provided electrical characteristics of 

graphene devices with deliberately introduced vacancy-type defects complemented with 

Raman spectroscopy data. The graphene samples were irradiated using 500 eV Ne and 

He ions. The transport properties in such devices are dominated by scattering through 

mid-gap states, in which a point vacancy is modelled as a deep potential well of finite 

radius. The irradiation-induced defects give rise to a constant mobility but four times 

lower compared to charged impurities of same density. Irradiation also depressed 

minimum conductivity σ(min) significantly. 

First they shown that ion irradiation induces a significant increase of the D peak in the 

Raman spectrum, which is also a direct result of inter-valley scattering, in which electron 

is scattered between two inequivalent Dirac cones due to the defect[85]. The authors first 

roughly estimated the defect spacing using empirical linear dependence of crystallite size 

La in disordered graphite by 𝐿𝐿e = 2.4×10:;L	  nm:}	  𝜆𝜆~ hw
h�

:;
[84], where λ is the 

excitation wavelength. It indicates that La ~ 60 nm, which is larger than expected spacing 

of 10 nm, but close to the transport mean free path of ~50 nm. 

 
Figure 3.8 Raman spectrum showing the emergence of D peak after Ne+ 
irradiation [12]. 

Transport-wise, three scattering sources were taken into account: charged impurities, 

lattice defects and weak point-disorder. The former two scattering types give rise to a 

constant mobility. Therefore the resistivity of irradiated graphene was modelled as a 

combination of two parts: a carrier density (n) dependent part and a density-independent 
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part: σ-1 = [Cg (Vg -Vg,min)µ]-1 + ρs, where µ is the mobility and ρs is the n-independent 

resistivity due to short-range weak point-disorder, both of which can be extracted from 

fitting the experimental results (Figure 3.9). Mobility µ is almost inversely proportional 

to irradiation dose while ρs does not vary much with irradiation, as can be seen from 

Figure 3.10. On the other hand, the independence of µ on n can be attributed to either 

charged impurities or midgap states. The authors claimed that midgap states are dominant 

based on the following observations. First, the transport mean free path lmfp calculated for 

µ = 1300 cm2V-1s-1 and n~1013cm-2 is around 50nm, which corresponds well with 

La~60nm obtained from Raman spectroscopy, indicating a structural disorder. Second, if 

the reduced mobility were due to the creation of charged impurities, each incident helium 

or Ne+ would have created 4 more charges. However the shift of Vg,min indicates only <1 

net charge per incident ion. Also accelerated helium and Ne+ have very different 

momentum and should make a large discrepancy on added charges. Third, the observed 

σ(min) changes linearly with µ, indicating constant intrinsic carrier density n*. Since n* is a 

function of charge impurity density nimp, nimp is therefore nearly independent of irradiation. 

 
Figure 3.9 Conductivity as a function of Vg for different irradiation dose. The 
dashed line is calculated from an equation that only considers scattering by 
strong disorder [12]. 
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Figure 3.10 (a) Inverse of mobility versus irradiation dosage. Dashed line is the 
calcluated value for same concentration of charged impurities [12]. (b) ρs  as a 
function of dosage. 

Lastly the authors also discussed the effect of irradiation on the temperature (T) 

dependence of σ (Figure 3.11). In contrast to pristine graphene, in which σ is not sensitive 

to T in 4-100 K range, σ of irradiated graphene reduces towards insulating as T à 0. 

However, the origin of this metal-insulator transition is not clearly understood. It is 

possibly due to weak localisation induced by intervalley scattering. 

 
Figure 3.11 Conductivity as a function of temperature for pristine graphene 
(metallic) and irradiated graphene (semiconducting) [12]. 

 Conduction tuning in defective graphene  

The absence of a band-gap in pristine graphene hinders some applications from this 

wonder material such as logic electronics. Therefore it is highly desirable to achieve 



28 
 

electro-static conduction tuning via the modification methods such as irradiation or 

hydrogenation[86–95], chlorination[96,97], fluorination[98–102] and other surface 

chemistry[103–107]. Nakaharai et al [13] recently demonstrated an on-off ratio of two 

orders of magnitude by inducing carefully controlled defects into the graphene channel 

via ion irradiation. Although several modification methods exist, the embedded defects 

(i.e., point defects such as vacancies and Stone-Wales defect) are of great interest due to 

its stability both thermally and chemically. In this work, a suppression of current was 

observed by varying both Vg and Vd for samples with low density defects. The exponential 

length dependence of current indicates a transport regime governed by strong (Anderson) 

localisation.  

 
Figure 3.12 (a) device schematics showing the channel irradiated with 
controlled doses and the isolation area between contacts irradiated with heavy 
dose. (b) HIM image of the channel and its surrounding areas [13]. 

The device layout and fabrication process is shown in Figure 3.12. The graphene 

nanoribbon was first made using a standard e-beam based process. A rectangle with pre-

defined length (Lirr = 30 nm) and width (Wirr = 50 nm) was then irradiated with varying 

doses from	  1.3×10;Ä𝑐𝑐𝑐𝑐:7 to	  1.3×10;Ç𝑐𝑐𝑐𝑐:7, which was referred to as ‘channel’. The 

rest of the graphene within a separation length Lsep = 200 nm was irradiated with very 

high dose (1.3×10;Ç	  𝑐𝑐𝑐𝑐:7), which essentially make this part of the graphene amorphous 

and insulating. 

The authors first studied the Id-Vd trend as a function of defect density of a set of devices 

(Figure 3.13 (a-b)). It was found that at room temperature ID decreases exponentially with 

defect density indicating a metal-insulator transition (Figure 3.13(c)). The Raman 

spectrum shown that although the hexagonal lattice structure of graphene is largely 

reserved after the irradiation (large G peak), the D peak does increase with irradiation 

indicating the existence of structural defects (Figure 3.13(d)).  
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Figure 3.13 (a-b) Id-Vd for devices with different defect densities (0.7%-1.3%) 
at 293 K. (c) Log-scale ID as a function of defect density. (d) Raman spectra 
measured for different defect densities. Inset: I(G)/I(D) ratio v.s. defect density 
[13]. 

In addition to the defect-dependent current decay and non-linear Id-Vd relation, a current 

suppression near the Dirac point was also observed showing a 2-orders-of-magnitude on-

off ratio (Figure 3.14(a)). The logarithmic plot also shows large conductance drop at low 

bias voltage even at room temperature (Figure 3.14 (b)). This is in stark contrast to what 

is found in pristine graphene.  

 
Figure 3.14 (a)ID-VBG measured at RT for 0.9% defect density. (b) Id-Vd at RT 
for the same device [13]. 

The authors found that the carrier transport becomes more sensitive to temperature in 

devices with higher defect density. Furthermore, although the temperature dependence 

fits well with thermal activation model for defective samples, it starts to deviate to the 
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variable range hopping regime for more defective samples at lower temperature. This 

indicate a different mechanism is responsible for the transport in these samples, which 

was claimed to be strong localization by the authors. 

 

Figure 3.15(a,c)Id-Vd from 300 K to 20 K for devices with defect density 0.5% 
and 0.7%, respectively. (b,d) differential conductance vs. Vd for devices with 
defect density 0.5% and 0.7%, respectively. (e) Minimum conductivity as a 
function of 1000/T for devices with defect density 0.5% (blue) and 0.7%(red) 
[13]. 

The argument was further proved by length dependent measurements (Figure 3.16). It 

was found that Id decreases exponentially with Lirr, which is signature of strong 

localization. The current suppression can therefore be explained by the transport gap 

appearing near the Dirac point where localized states are isolated from each other due to 

low density of states. This fundamentally different from a previously suggested model 

[108] based on the band gap originated form the formation of Schottkey junctions 

between the irradiated region and pristine region. 
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Figure 3.16 (a) log-scale ID as a function of irradiation length. (b) the proposed 
scenario where an energy-gap is formed due to localized states [13].  
 

 Conclusions 
In summary, four works related to defects in graphene are reviewed in this section 

including: formation and migration of point defects observed by HRTEM with atomic 

resolution[76], Raman spectroscopy of defective graphene where a phenomenological 

model was derived to determine defect density based on the non-monotonic change of 

I(D)/I(G)[72], scattering due to defects revealed by transport measurement (resistivity, 

mobility, etc.)indicating localization[12] and novel device facilitated by patterned 

irradiation showing metal-insulator-transition[13]. These works provide valuable 

information for the defect engineering of graphene, from fundamental physics to device 

fabrication. In particular, the experimental methodologies established in the reviewed 

works such as defect creation via ion irradiation, defect density determination via Raman 

spectrum and electrical measurement are adopted in this thesis to further study the beam 

damage caused by helium ion milling and led to the development of new devices with 

embedded defects created by helium ion beam technology, as presented in following 

chapters 
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. 

 Device fabrication methods 

 Sample preparation 

Most of the graphene flakes used in this thesis were produced by micro-mechanical 

exfoliation, i.e., peeling off from highly ordered pyrolytic graphite crystals using scotch 

tapes. Highly doped (resistivity of 0.001 Ω.cm – 0.01 Ω.cm) Si wafers (thickness ~ 525 

µm) with 295 nm thermal oxide pre-patterned with chip marks and contact pads are 

selected substrates. The low resistivity Si layer serves as a back gate material for 

modulating the overall Fermi level of graphene.  

In order to effectively locate the randomly positioned graphene flakes and for the 

integration of further lithography steps, metal chip marks are first deposited on the bare 

substrates.  A two-level alignment scheme is required for e-beam lithography with 

accuracy of ~ ±10 nm (Figure 4.1). A pair of ‘P’ and ‘Q’ marks and four ‘chip pal’s are 

needed to write the pattern files in any one position on the chip, if high alignment accuracy 

is required. The use of only P, Q marks can still provide the accuracy of ~±200 nm. Both 

P, Q marks and chip pals are defined in one EBL step along with all the ‘mini’ contact 

pads for minimal misalignment. A thin layer of Au (~30 nm) is used for the alignment 

marks (in addition to adhesion layer ~10 nm Ti) because of its high contrast to the 

insulating SiO2 under SEM, which is essential for the mark detection in EBL. A standard 

‘lift-off’ process is used for the metallisation. Nine of the deposited alignment marks 

(chip-pals) are shown in Figure 4.2 (a). 
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Figure 4.1 Our chip layout showing the two-level alignment regime. Major PQ 
and alternative PQ marks for coarse alignment are shown in grey colour. 
Twenty contact pads are shown in blue colour. The blow-up view of an area 
containing four chip-pals around a graphene flake is shown on the right hand 
side 

Following the deposition of alignment marks, twenty major contact pads are written using 

a second EBL step and deposited by evaporation (Figure 4.2(b)). The thickness of the 

pads is much higher (300nm Au) compared to alignment marks to improve yield of wire-

bonding. A layer of ‘S1813’ photo-resist was spun onto surface of the processed wafer 

before dicing it into 5×5 cm2 chips from the back-side. Four grooves of 150 µm in depth 

were carved at the back-side for further clipping to smaller size that fits sample holders 

as in AFM and cryostats, etc. (Figure 4.2(c)) 

 
Figure 4.2 (a) Optial image of the chip showing the ‘chip-pal’s. The distance 
between the chip marks is 200 µm. (b) Deposited contact pads with the 
thickness of 315 nm/10 nm Au/Ti. (c) the backside of the chip showing the 
grooves for clipping.  

Prior to the exfoliation, plain chips are immersed in Acetone and IPA each for 5 minutes, 

followed by 10 minutes’ ozone-clean. The flakes are transferred from the tapes directly 
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onto the SiO2 surface. The density of undesired graphite can be reduced substantially by 

1 minute sonication in IPA. The number of graphene layers can be identified based on its 

optical contrast (shown in Figure 4.3 and Figure 4.4). The green channel grey scale image 

is extracted. An area that contains both graphene and substrate is used to obtain the 

histogram where the two major peaks can be found to represent single- or multi-layer 

graphene and substrate. If the peak position for the substrate is set at 100% (i.e., 

normalised), the peak position for single layer graphene, bilayer graphene and trilayer 

graphene are ~94%, ~88% and ~81%, respectively (see Table 4-1). This optical method 

can be used in combination with Raman spectroscopy to ensure the number of graphene 

layers. The latter is widely used as an non-invasive method for examining the thickness 

and quality of the graphene flakes [79] (Figure 4.5). 

  
Figure 4.3 Normalised histogram of a grey scale image (green channel) of a 
graphene flake( outlined by blue dashed line in the inset). The grey scale of the 
SiO2 is set at 100%. The 94% grey scale value indicates single layer graphene. 
 

Table 4-1 Graphene-to-substrate optical intensity ratios for different number 
of layers 
Number of layers 0 (SiO2 substrate) 1 2 3 4 
Intensity ratio (%) 100 ~94 ~88 ~81 ~75 

 



36 
 

 

 
Figure 4.4 Optical images of 1, 2, 3 and 4 graphene layers 

 

 
Figure 4.5 The Raman spectrum of three types of graphene shifted by constant 
level for clarity. The blue line is the spectrum of a single layer of graphene 
showing a very sharp peak at ~ 2700 cm-1. The red line is the spectrum for 
bilayer graphene. The black line is the spectrum for a same bilayer graphene 
after irradiation of helium ions. The peak at the leftmost is the D peak which 
indicates the defects.  

To locate target flakes for accurate alignment in lithographic tool, the optical images 

(1280×960 pixels) are imported in AutoCAD for translational and rotational adjustment. 

The coordinate information of the polygon that outlines the flake is converted into correct 

unit (micron) and thus can be used directly in layout software such as L-edit®. We 

developed a small Windows application that automates the generation of ‘jdf’ and ‘sdf’ 

files for the JEOL EBL system (Figure 4.6). The tool not only speeds up the design flow, 
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but also reduces the chance of error during the manual file conversion, given each 

randomly located graphene flake needs a completely different set of coordinates and chip 

marks. 

 
Figure 4.6 A home-brew Windows® application that takes pre-programmed 
chip information to calculate the chip mark positions and generates JDF files 
for JEOL E-beam system. Left: import of device position and chip mark 
numbers. Right: import of ‘jdi’ proximity correction files and generation of 
final jdf file. 

 E-beam based fabrication process of graphene devices  

4.2.1 Introduction 

Due to the tininess and randomness of graphene obtained from exfoliation, large-scale 

patterning with pre-designed photo-lithography mask is not a practical option for our 

devices. Neither can the optical photo-lithography provide the necessary resolution and 

feature size for our down-scaled graphene devices. As a result, the electron-beam-

lithography is mainly used for defining all the layers including isolation, metallisation, 

top-gate and etc. The e-beam exposure was performed using a state-of-the-art JEOL 

9300FS e-beam lithography system under the acceleration voltage of 100keV. 

4.2.2 Lithography: mask design considerations 

A set of combinations of aperture size, beam current and acceleration voltage (fixed at 

100 kV) are used at the Southampton Nanofabrication centre to accommodate different 

feature requirements. It is the beam spot size (4 nm in our case) that dictates the resolution. 

One must ensure in his layout design that the minimum linewidth must be an integer 

multiple of the beam spot size to achieve the most accurate control on the exposure. For 

example, there is no difference between designing a 13 nm and 15 nm track since only 
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12nm wide area will be exposed if the spot size is 4 nm. One can always round up the 

number to prevent underexposure. The dose required for exposing a particular resist of 

certain thickness a more or less fixed, the exposure speed thus solely depends on the beam 

current. It is usually a good practice to maximise the beam current when only little 

comprise is introduced to the resolution to minimise the writing time. 

Choosing the right thickness of resist is important to get the right feature size. A rule of 

thumb is resist thickness (tresist) is less than or equal to the minimum feature size, although 

infinitely thinning the resist thickness is not practical due to the intrinsic spin curve of the 

resist. On the other hand, the bilayer lift-off for metallisation usually requires that tresist ≥ 

2× metal thickness (tmetal) for the bottom layer. 

4.2.3 Fabrication process: etching and metallisation 

To pattern GNR structures on graphene flakes, a thin layer of diluted poly(methyl 

methacrylate) (PMMA) 495 K (i.e., molecular weight = 495) is used. Here, PMMA 495 

K A4 is diluted with Anisole (1:1) in order to get sufficiently small thickness of around 

42nm which is comparable with the minimum feature in our design (aspect ratio of ~ 1:1). 

The samples were then exposed using 200 pA-60 µm beam condition, that is, 200 pA 

beam current and 60 µm aperture size. The acceleration voltage in our e-beam system is 

always kept at 100 kV. The exposed samples were developed in a 50:50 methyl isobutyl 

ketone (MIBK): isopropyl alcohol (IPA) mixture. The masked graphene flake was then 

etched with O2/Ar (4:1) plasma generated in a reactive ion etching tool (RIE). The resist 

was removed in NMP or Acetone. To place metal contacts on the patterned graphene 

flakes, a top layer of methyl methacrylate (MMA) is used. The MMA/PMMA (230 

nm/117 nm) bilayer resist facilitates an undercut structure for lift-off. A second e-beam 

exposure using the beam condition of 25 nA-330 µm. Ti/Au (7 nm/73 nm) was deposited 

using a Leybold LAB700EB Evaporator, which was followed by a lift-off process in 

warm N-Methyl-2-pyrrolidone (NMP) at 70 oC.  

4.2.4 Top-gate deposition 

For bilayer graphene (BLG) and multilayer graphene (MLG), the use of a sole back-gate 

cannot efficiently open a band gap due to interlayer screening[109–113]. Therefore, a 

top-gate is usually desired to generate perpendicular electric field to open a wide band 
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gap in BLG and MLG. The main challenge for depositing AlOx top-gate on graphene is 

the lack of dangling bonds on pristine graphene surface for ALD or CVD process. Several 

methods were developed to circumvent this issue based on the introduction of seed 

layers[114,115]. We employed relatively simple method developed by Tsukagoshi group 

[116,117]. Here the top gate is formed by PVD of 30 nm Al directly on graphene. The 

sample is exposed to air for 24 hours. A layer of natural oxidized AlOx (~3 nm) is formed 

at the Al-graphene interface. An as fabricated device is shown in Figure 4.7 where the 

graphene channel is 1µm wide and 5µm long, while the top-gate (TG) is 3.6 µm wide (see 

Figure 4.8). 

 
Figure 4.7 A pair of GNR devices, one of which is covered by a AlOx top-gate. 
The blue dashed lines outline the graphene channel 

 
Figure 4.8 Dimension of device 3. Dashed rectangle outlines the GNR and solid 
rectangle is the top-gate. 

The top-gate leakage current is very small (tens of fA) which is one order of magnitude 

less than the measured back-gate leakage current, indicating formation of high-quality 

AlOx. Figure 4.9 shows such the conductance (G) measured as a function of top-gate 

voltage (VTG) at different temperature from 5-198 k. The asymmetric electron and hole 

conductance was not found for the range of VTG applied, as opposed to back-gate case. In 

addition, the neutrality point is close to 0 V. This is attributed to the fact that the top-gate 
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serves as a passivation layer that protects the graphene from ambient doping and improves 

the stability of the device. 

 
Figure 4.9 Conductance as a function of top-gate voltage from 5 K-198 K 

Although the top-gate configuration has not been employed in the main works discussed 

in following chapters, the successful fabrication of top-gated graphene device not only 

offered electrical comparisons with the back-gate configuration, but also provided 

alternative ideas for further device integration. 

4.2.5 Electrostatic control via side-gates 

In addition to back-gate and top-gate, side-gates in close proximity of the channel (several 

tens of nanometres) can also provide good electrostatic control on the electron flows. For 

instance, Molitor et al [118] demonstrated the tuning of conductance by both side-gate 

and back-gate on a graphene constriction structure (width = 65 nm) and showed that 

increasing side-gate voltage can reduce the transport gap of the device.  Moreover, the 

side-gate configuration has been extensively used in graphene quantum dots devices to 

access single electron regime [25,26,119]. We fabricated graphene nanoribbon devices 

with two-side gates and slightly irradiated ‘barriers’. 
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Figure 4.10 shows the schematic of our device. The GNR was fabricated by etching the 

EBL-defined pattern into exfoliated graphene. Both channel width and gate-to-channel 

distance are 50 nm. The main ribbon is 400 nm wide. Tunnel barriers were formed by 

irradiating 5 nm strips on the GNR by helium ions with an equivalent defect density of 

~8×1012 cm-2 as estimated from Raman spectrum. By patterning two barriers with close 

proximity, a quantum dot structure can be effectively created. Two side gates (SG) are 

responsible for controlling the potential in the barriers one plunger gate (PG) tunes the 

central island. It should be noted that when zooming at high magnification in a HIM 

(~80,000), imaging dose is comparable with patterning dose. Therefore, it is crucial to 

mask the GNR to avoid any undesired exposure. The masking can be done by using 

ebeam resist such as PMMA (see section 6.6) or by reducing the imaging/patterning 

window so that the graphene channel is not exposed. This latter method is illustrated in 

Figure 4.11: the graphene channel is located by tracking the metal electrodes; a strip 

pattern is inserted to the target position (horizontally in between two top electrodes and 

vertically aligned with two side electrodes) for patterning. 

 
Figure 4.10 Schematics of our device. Single quantum dot is confined by two 
strips (blue) of insulating area made by ion irradiation. 

 
Figure 4.11 HIM irradiation of 5 nm strip in the channel (yellow vertical line). 
The graphene channel is masked by the imaging window outlined by the blue 
frame. The green scale bar in the HIM image (upper) is 1 µm. The inset shows 
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the AFM image of the device channel that corresponds to the dashed rectangle 
in the HIM image. The white scale bar is 300 nm. 

We measured room temperature conductance after one 5nm strip was irradiated in the 

GNR channel (see Figure 4.11). The contour plot of conductance as a function of VBG and 

VSG is shown in Figure 4.12. The contour plot of conductance as a function of VBG and 

VPG is shown in Figure 4.14. In the former case, two side gates are electrically connected, 

i.e. VSG (L) = VSG(R). Two distinct slopes (the trajectory of charge neutrality point (CNP)) 

can be observed, from which the gate capacitance can be observed outlining four different 

potential configurations: p-n, p-p, n-n and n-p. The side gate capacitances can be 

estimated from the diagonal slope (thick dashed line), 	  𝐶𝐶pi = 𝐶𝐶Éi(
∆Ñm�
∆ÑÖ�

):; ≈ 72𝑛𝑛𝑛𝑛 . 

Similarly,	  𝐶𝐶ài ≈ 60𝑛𝑛𝑛𝑛. Another notable feature is the unipolar transport at p-n regime. 

The conductance versus VSG and VPG at different VBG levels are plotted in Figure 4.13 and 

Figure 4.15, respectively. For each VBG level, the data for five VBG values near that level 

(±0.5 V) are plotted to enhance the visibility of the originally noisy data. At high VBG, the 

bipolar conductance behavior is dominant (green data lines in Figure 4.13 and Figure 

4.15). As VBG reduces, the conductance due to electrons decreases and eventually a 

unipolar behaviour appears (black data lines in Figure 4.13 and Figure 4.15). This 

attributed to that when VBG and VSG, VPG are of different polarity, p-n and n-p regions form 

and increased the width of conductance minimum.  However, the role of irradiation 

played here is yet clear at this point. Higher dose may be needed for more observable 

change. 

 
Figure 4.12 Contour plot of the source-drain conductance as a function of VSG 
and VBG. White dashed lines indicate CNPs for the bare (thin) and SG-
controlled (thick) region 
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Figure 4.13 Conductance as a function of VSG for VBG = -8, -4, 0, 4 and 8 V. 
Unipolar transport can be observed from the black line. 

 
Figure 4.14 Contour plot of the source-drain conductance as a function of VSG 
and VBG. White dashed lines indicate the CNPs for the bare (thin) and PG-
controlled (thick) regions. 

 
Figure 4.15 Conductance as a function of VSG for VBG = -4, 2, 8, 14 and 20 V 
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 HIM-based fabrication techniques 

4.3.1 Introduction 

After the definition of GNR devices, the desired amount of defects needs to be embedded. 

Ion irradiation is our primary method due to its simplicity. The irradiation is taking place 

in a helium ion microscope (HIM), which is made commercially available since 2007 

[120]. In this chapter we first discuss two major applications of HIM technology: 

metrology and direct milling as well as how they are employed in our experiments of 

defect engineering on graphene devices. 

4.3.2 HIM microscopy 

The instrument for generating the helium ion beam is a ZeissA

○RE

A Orion Plus Helium Ion 

Microscope. The HIM based on a technology called ‘gas field ionization source’ (GFIS) 

has several unique features that makes it advantageous to the established scanning 

electron microscopy (SEM).  

The atomically sharpened ion source in the HIM gives rise to high brightness. The ion 

source is made of tungsten and is cryogenically cooled (75 K). The emitting process 

resembles that used in a field ion microscope (FIM) [121] and is briefly described as 

follows. When biased at the extraction voltage, the electric field is very high at the 

sharpest curvatures (~3 V/Å). The nearby helium gas atoms are attracted towards these 

protrusions due to a polarisation effect. Once the gas atom crosses the ‘ionisation disc’ 

(an ionisation region with a disc shape of few Å in diameter and ~2.5 Å in thickness), 

they are ionised and the resulting positive ions are accelerated back by the electric field. 

The ionisation source in the HIM is further improved from a FIM in that its shape is pre-

defined as a pyramid so that only the few atoms at the top of the pyramid are capable of 

emission (see Figure 4.16). The end result is bright source with high beam current 

(~1.4×10;ä  A/cm2sr). The pyramid structure can be removed or reconstructed by 

increasing the electric field to 5 V/Å (30 kV) in which tungsten atoms are field evaporated. 

A stable configuration which is most frequently used is a three-atom tip (‘trimmer’).  The 

tip is sharpened atom by atom until a relatively stable three-atom configuration is 

achieved.  



45 
 

 
Figure 4.16 Tip formation process in HIM illustrated by Posetec et al [120] 

From the physical principle, the resolution of SEM is limited by large interaction volume 

and diffraction of electron beam. On the other hand, the helium ion beam has a shorter de 

Broglie wavelength and therefore small apertures can be used leading to negligible 

diffraction effect. As a result, the HIM has a sub-nm probe size. 

However, in order to achieve high resolution, having a small probe size is just half of the 

story. It is the interaction volume that determines the achievable resolution of the beam. 

This is evident in the case of 30 kV gallium beam (a typical set-up in a FIB), where the 

probe size is ~5 nm but the excitation volume can extend far beyond the probe size 

resulting in a much larger resolution. This is because the heavy gallium ion generates 

large number of recoils inside the sample which in turn excites many more secondary 

electrons (SE) that are able to escape the surface. Similarly, incident electrons in a SEM 

get backscattered near the surface producing additional SE, which makes resolution worse. 

By contrast, the helium ion beam penetrates much deeper into the sample and does not 

cause large number of recoils because of its lightness. In other words, the helium ion 

beam does not spread much near the surface. A much smaller interaction volume of the 

helium ion beam means that the only SE collected by the detector come from a very small 

area near the incident point, which contributes to the improved resolution of HIM.  

The yield of SE of helium ion beam is also greater than an electron beam under same 

beam energy. In a SEM, the SE yield is usually limited to 1 per electron to prevent sample 

charging, while in a HIM, the issue charging is improved since the positively charged 

helium ions stopped deep inside the sample and are easier to be neutralized. As a result, 

the effective generation of SE in HIM (2-8 SE per incident ion depending on substrate 
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type) allows for operation at current below 1 pA and results in better signal-to-noise-ratio. 

In addition, the focused helium ion beam has a narrow convergence angle which increases 

the depth-of-field, hence improving image quality.  

Different micrographs can be formed in a HIM depending on the particles collected by 

the scintillator, being SE or backscattered ions (BI). The Everhart Thornley detector in 

the HIM detects the SE and forms images containing mainly the surface information of 

the sample. This is the most commonly used detector due to the high yield of SE. A 

microchannel plate (MCP) detector can be added to the instrument for probing BI. Images 

formed by ions is very useful in visualising material contrast because the scattering cross-

section is a function of nuclei size. Figure 4.17 shows HIM images taken with the two 

different detectors. 

 
Figure 4.17 HIM images using different detectors by Morgan et al[122]. Left: 
SE image showing mainly topography information. Right: BI image showing 
material contrast: Pb(bright) and Sn (dark) 

Here we briefly discuss the HIM imaging procedure and some considerations. Before 

moving the beam to any graphene-on-SiO2 sample, it is always a good practice to tune 

the beam condition of HIM on a testing sample first (e.g. Sn on C (Figure 4.18)). Firstly, 

the extractor voltage is set to the best image voltage (BIV), which essentially maximizes 

the ion emission from the source. Secondly, a desired aperture is selected (5, 10 or 20 

µm). The beam is properly tilted to centre the trimmer, maximizing the brightness. 

Thirdly, the beam must be aligned so that any observable wobbling and stigmation are 

eliminated. Fourthly, the working distance is adjusted to focus the beam at the surface. 

Finally, the dwell time and averaging can be increased to improve the image quality. 

Figure 4.18(a) shows a HIM image of Sn-on-C sample for calibration purpose, where the 

sharp edge of the Sn nanospheres can be clearly seen indicating good beam condition. 
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Figure 4.18(b) shows a HIM image of gold deposition using the same beam as in (a). 

Moreover, our system is equipped with a flood gun that floods the imaging area with low-

energy electrons to neutralize the positive charging of helium ions (Figure 4.19) to avoid 

darkening.  

 
Figure 4.18 HIM image of Sn on C (left) and gold (right) 

 

 
Figure 4.19 HIM image of an meatal alignment mark (Au) on SiO2 substrate 
without floodgun (left) and with flood gun (right).   

 

4.3.3 HIM milling 

The intrinsic properties of graphene strongly depend on its geometry owing to its unique 

2D nature. One notable example is the band-gap engineering on graphene nanoribbons 
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(GNR). Han et al [123] found that the conductance of a lithographically defined GNR 

scales linearly with the ribbon width. An inactive GNR width was speculated at around 

5nm, below which conductance vanishes. It has also been found that the energy gap is 

inversely proportional to the ribbon width. Furthermore, lithographically defined 

quantum dots (QD) are effective platforms for transport single spins, an essential 

requirement for building electron spin quantum bit (qubit)[8]. An idea spin qubit platform 

for quantum computing should meet the DiVincenzo criteria, i.e. initialization, one- and 

two-quit operations, long coherence time and readout[124]. The electron spin qubit has 

been demonstrated in other materials such as GaAs[125,126] and Si[127]. Graphene, like 

other carbon-based system, is a prominent candidate for a spin qubit thanks to weak spin-

orbit and hyperfine interactions[8,128]. The graphene QD devices have recently been 

experimentally reported by two major fabrication methods: 1) lithographically-defined, 

i.e. etching the EBL-patterned QD structure onto graphene[22,23,25,26,129–132] and 2) 

electrostatically-defined QD by top-gates[133].  

In spite of the recent rapid development in these fields, these applications face the 

problem of downscaling beyond conventional e-beam lithography (EBL). The desired 

QD dimension can be estimated as follows. The dot charging energy (i.e. the energy 

required to transfer one elementary charge to the QD) is given by 𝐸𝐸< =
ãu

7^åçé
, where e is 

the elementary charge and C is the capacitance of the dot and can be approximated by the 

plate capacitance 𝐶𝐶HVè = 8𝜀𝜀L𝜀𝜀?𝑅𝑅HVè , where 𝜀𝜀L  and 𝜀𝜀?  are the vacuum permittivity and 

relative permittivity, respectively[134–138]. Rdot is the QD radius. An ideal QD should 

be small enough so that the charging energy is greater than the thermal fluctuation, i.e. 

𝐸𝐸< > 𝑘𝑘É𝑇𝑇, where 𝑘𝑘É is the Boltzmann constant and T is temperature. If we use 𝜀𝜀? = 2.4 

for graphene and T = 300 K (room temperature).  Rdot needs to be less than ~18 nm. 

Almost all the graphene QD or DQD structures reported so far are larger than this value, 

although Rdot ~50 nm have been achieved[22,23,25,26,129–132]. 

The feature dimension defined by EBL is usually limited by the resist uniformity and 

proximity effect. As mentioned in section 4.2.3, the etching of isolation patterns on 

graphene is usually followed by a lift-off process for contact formation. The patterning 

needs to be done before the lift-off because a thin layer of uniform PMMA is usually 

desired for defining fine nanostructures such as QD (~50 nm). For instance, a typical 

double quantum dot (DQD) device [130] may have seven electrodes including source, 
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drain and five side gates. If the metal tracks (~100 nm in thickness) were deposited first, 

the next layer of PMMA (~50 nm) for defining the DQD may not be uniformly spread 

onto the chip due to the thick metal tracks, resulting a poorly defined DQD structure after 

the EBL. However, depositing metal after the isolation of DQD is also problematic as the 

resist spinning on top of the fine structures could completely destroy the DQD in the 

middle area of the atomic thin graphene flake due to high molecular weight of the resist 

itself (247500 for 50% diluted PMMA 495). This is the case in Figure 4.20 where a pair 

of quantum dots is completely destroyed after the metal lift-off.  

 
Figure 4.20 HIM image of a DQD device. The central area was destroyed after 
the metal deposition. Inset (upper) is the optical image of the device. Inset 
(lower) is the AFM image of the DQD before metal deposition. 

Various approaches have been explored for downscaling, which can be categorized as 1) 

bottom-up and 2) top-down. In the former case, 1-D device such as extremely thin GNR 

with well-defined edges and widths are synthesized chemically, but a follow-up step is 

usually needed to selectively transfer the good GNR to the desired substrate[139,140]. 

On the other hand, the top-down methods aggressively reduces the feature size by direct 

writing involving electron/ion bombardment[32,35,36,141,142]. One can increase the 

particle’s momentum (reducing wavelength) either by accelerating the particle or using a 

different particle to reduce the particle wavelength thus achieving high resolution. Sub-

1nm resolution has previously been demonstrated by accelerating electrons at 200 kV in 

a transmission electron microscope (TEM)[36]. An alternative approach is using a tightly 

focused helium ion beams accelerated at 30kV[35]. In both cases, GNR of ~5 nm were 

fabricated. In fact, almost any pattern with achievable size can be carved using this direct-

writing technology showing the main advantage of the top-down methods[142]. An early 

study by Pickard et al [141] in 2009 demonstrated the direct writing of nanoribbons down 
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to 5nm in width (aspect ratio 60:1) on suspended graphene using a helium ion beam. 

Recently (2013), Vicarelli et al [143] achieved 2 nm suspended GNR with atomically 

defined edges using accelerated electrons (30 kV) in a TEM (see Figure 4.21). 

 
Figure 4.21 (a) TEM image of four GNRs produced by STEM (b) High 
resolution TEM image of one GNR made by TEM showing a well-defined Zig-
Zag edge in the middle. (c) A 5 nm GNR made by helium beam milling 

Although the above-mentioned works have shown very promising results in terms of 

lithographic advancement, little electrical characterisation has been done on devices made 

in this manner. This is mainly due to the fabrication complexity and vulnerability of 

graphene devices. Furthermore, the damage induced by ion sputtering on graphene is yet 

clear. Here we extensively investigated the direct helium ion  milling technology using 

the HIM, which was first demonstrated in reference [141], but with more complex 

structures and most importantly, we implemented a hybrid EBL-HIM fabrication method 

that allows nano-machining at device level, allowing electrical measurement.  

Since the helium ion beam shares same principle as any other focused ion beams, it should 

be beneficial to learn from what has been established in the FIB technology. In other 

words, what can be done in FIB can readily be applied with a HIM, such as milling 

[29,30,32,35], deposition [34] and resist exposure [144]. Notably, it has been 

demonstrated that the thinning of a TEM lamella by HIM results in significantly less 

crystal damage and contamination compared to FIB[145].  Since milling and sputtering 

is our main focus here, we will discuss some basic principles and considerations. 

First the helium ion beam needs to be properly adjusted as described in section 4.3.2. The 

milling process we are using resembles the FIB process, i.e. a combination of current (𝐼𝐼), 

dwell time (𝝉𝝉), pixel spacing (∆𝑑𝑑) and number of repetitions (𝑁𝑁?ãG). The relationship of 

these parameters to the total writing time is given below: 
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 𝑇𝑇 = 𝑇𝑇ñ + 𝑁𝑁?ãG 𝜏𝜏×
𝐴𝐴
∆𝑑𝑑 7 , 4.1 

where 𝑇𝑇ñ is the amount of time for the beam to switch between lines in the ‘Raster’ 

mode.	  𝐴𝐴 is area of the pattern. The number of repetitions 𝑁𝑁?ãG is given below: 

 𝑁𝑁?ãG =
∆𝐷𝐷
∆𝐷𝐷L

, 4.2 

∆𝐷𝐷 is the total dose and ∆𝐷𝐷L is the exposure dose for each repetition, which is defined as 

below: 

 ∆𝐷𝐷L ∙ ∆𝑑𝑑 7 ≡ 𝐼𝐼 ∙ 𝜏𝜏, 4.3 

If one substitutes equation 4.2 and 4.3 into 4.1, one finds a simple relation: 

 𝑇𝑇 = 𝑇𝑇ñ +
∆𝐷𝐷 ∙ 𝐴𝐴
𝐼𝐼 , 4.4 

When the pattern size 𝐴𝐴 and current 𝐼𝐼 are fixed, the only variable is the dose ∆𝐷𝐷. One can 

experimentally obtain a good value for ∆𝐷𝐷 from a group of milling results. However, it 

is not necessarily true that any combinations of 𝜏𝜏 and ∆𝑑𝑑 that gives same ∆𝐷𝐷 will result 

in same good milling result. Figure 4.22 shows two patterning configurations (both raster 

scan) that share the total dose, but with very different grid division. In Figure 4.22 (a), the 

pixel spacing ∆𝑑𝑑 is smaller and the dwell time 𝜏𝜏 on each pixel is shorter, whereas in 

Figure 4.22 (b) the grid is less dense but has a larger dwell time on each pixel. Although 

these two configurations give exactly the same total dose, the parameters outlined in (a) 

gives better result in general, as the dose is better distributed and break the bonds more 

easily whilst the long dwell time in (b) doesn’t necessarily improve the sputtering process 

beyond a certain level and induces damage to the substrate.     
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Figure 4.22 Two milling configurations with same total dose but different pixel 
spacing and dwell time.∆d1 = 1/2∆d2, 𝝉𝝉1 = 1/2	  𝝉𝝉2. The yellow arrows indicate the 
movement of beam while the red dashed arrows show the jumping between 
lines in raster scan mode. Here only one repetition is demonstrated. 

In addition to the mesh configuration mentioned above, another parameter that can affect 

the milling result is the repetition number Nrep. The mill profile can be largely altered by 

N since repetitions help clean up re-deposition of milled material. The pattern style, i.e., 

the scanning order can also change the milling profile, which is particularly true for large 

patterns. This is best illustrated in Figure 4.23 [146]. 
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Figure 4.23 SE image scanned by gallium ion beam on milling patterns using 
different filling algorithms, dose and repetitions[146]. Scanning vertical lines 
filling from right to left was used in ((a) and (b)), and filling with concentric 
rectangular frames from centre outward was used in ((c) and (d)). The full 
dose was delivered in 1 scan in (a) and (c), while the dose was distributed to 
200 repetitions in (b) and (d). The ion dose is increasing downward along the 
squares by the same amount in all columns ((a)–(d)) 

4.3.4 Substrate swelling due to milling  

One could intuitively assume milling graphene should only require small dose because 

graphene is atomic thin. However, supported graphene sample has a different situation 

because the sputtered substrate can play a role here. The milling on this type of sample is 

investigated in this section.  

Figure 4.24 shows a series of U-shape channels milled by HIM. The U-shape device has 

previously been fabricated using FIB and showed extraordinary on-off ratio[147]. The 

dose for HIM milling was 6.2×10;ö cm-2. The beam current is 1 pA with 10µm aperture 

size. Initially swelling was not discovered from the SE image taken by the HIM. AFM 

scan reveals the topography and found a swelling height of ~35 nm at the milling site. 

The phenomenon of swelling has been found in crystallized Si bombarded by high energy 

gallium ion [148] and is usually related to amorphisation because amorphous Si is less 

dense than crystallized Si, which induces expansion of volume[149]. In our case, swelling 

is not desired as the amorphous substrate creates leakage paths and bumped area induces 

strain that may modulate the band structure of graphene [150].  
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Figure 4.24 (a) HIM micrograph of three as-milled U-shape graphene GNRs 
covered by ~8 nm Al2O3 (b) AFM image of the same features. Scale bar is 
100nm for both graphs. (c) Cross section of the GNR shown in (b).  

The swelling can be caused by two mechanisms: amorphisation and redeposition. The 

dose needed for sputtering is usually two orders of magnitude higher than amorphisation. 

The FIB beam intensity can be modelled by a Gaussian ion distribution where the beam 

fringe has much lower intensity compared to the beam core, which can result in 

swelling[151,152]. It has been suggested that swelling can finally be eliminated at high 

irradiation dose for gallium ion beam [153].  However, this is not the case for helium ions. 

As shown in Figure 4.25 (a), 300 nm SiO2 substrate was bombarded by helium with a set 

of dose values. The swelling height increase monotonically with the irradiation dose from 

3.1×1017 cm-2 to 6.2×1018 cm-2. Only at very low dose (< 6.2×1017 cm-2) is the swelling 

less significant than milling. It is also observed that swelling height also increases with 

the patterning area, as shown Figure 4.25 (b), where the same sample was patterned with 

box size from 100 to 500nm, with a constant dose of 1.2×1018 cm-2, dwell time of 3 µs 

and 655 repetitions. The dependence of swelling height on pattern area may be caused by 

redeposition but further study is needed to fully examine this problem. This is certainly 

not desirable as one would like to have the freedom on choice of patterns with consistent 

milling. It seems that the redisposition is always  
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Figure 4.25 Swelling height plotted against (a) irradiation doses with constant 
box size = 150 nm, (b) pattern area (square boxes with size from 100-500 nm 
side length) with constant dose = 1.2×1018

 cm-2 

We solved this problem by changing the incident angle of the helium ion beam. The 

working distance (WD) was adjusted to ~16mm to prevent accidental damage of the 

microscope during the rotation of the sample holder. The tilt was gradually varied from 

0o to 46o and evolution of etching/swelling is shown in Figure 4.26. At low tilt (up to 20o), 

the beam induces large area of swelling near the milling site forming a single ridge 

towards the middle. Despite small swelling at the edge, drastic change occurs at around 

30o tilt, where sputtering is dominant over the amorphisation-induced swelling. It is well-

known that sputtering yield increases with incidence angle until a maximum is reached 

around ~80o after which sputtering yield drops dramatically[153]. However due to the 

limited angle we could rotate the sample stage in a HIM, the maximum angle reached is 

46o. Swelling is completely eliminated at 46o but it should be noted that the patterning 

resolution is degraded as the beam tilts, as found experimentally (see Figure 4.26). As a 

result, 40o tilt is chosen as the optimum angle experimentally since the swelling is 

negligible while resolution is maintained. 



56 
 

 
Figure 4.26 AFM topology of boxes (100nm by 1um) carved at different tilt 
with consistent beam conditions: dose = 1.24×1018 cm-2, pixel spacing = 1 nm, 
dwell time = 3 µs.  Right panels show the cross section views.  

With a tilt beam, sputtering can be performed without swelling. Figure 4.27 (a-b) shows 

the milling of 30 nm lines with different dose. Unlike the un-tilt case, increasing dose 

did not cause swelling but enhanced the milling, as one would expect for a milling 

process where material is removed. The etching depth now depend weakly on the 

pattern size as shown Figure 4.27 (c-d).  

 
Figure 4.27  (a) The AFM image of lines carved at 40o tilt with increasing dose. 
(b) The etching depth plotted against irradiation dose. (c) AFM image of milled 
boxes at dose 1.24×1018 cm-2. (d) The etching depth plotted against box size.    

Fox et al [145] experimentally showed that 35 keV helium ion beam creates helium 

bubbles at ~318 nm underneath the surface of silicon substrate, which is in accordance 
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with Monte Carlo simulation. The swelling observed in our experiment can be attributed 

to the formation of these subsurface voids, in which the voids seems to be “steered” away 

by the angled beam.  

 
Figure 4.28 Helium ion exposure on a silicon lamella[145]. (a) Schematic of the 
beam. (b) High angle annular dark field (HAADF) image of the irradiated 
lamella showing etched wedge and an amorphous circular area due to ion 
implantation 

Once the above-mentioned beam condition (focus, current, dose, repetition, tilt, etc.) is 

finely tuned, pristine graphene can be very ‘milling friendly’. A couple of examples 

illustrating the patterning capability of HIM are 20 nm wide nano-ring and 20nm-

diameter DQD structures, as shown in Figure 4.29 and Figure 4.30, respectively. 

 
Figure 4.29 A graphene ring structure milled by HIM. Dose = 1.6×1018 cm-2. 
Beam current = 1 pA. Scalebar = 100 nm. 
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Figure 4.30 Graphene double quantum dots milled by HIM. Dose = 1.6×1018 
cm-2. Beam current = 1 pA. Scalebar = 50 nm. 

4.3.5 EBL-HIM hybrid fabrication process for graphene 

devices 

Although HIM gives a better resolution over EBL at small scale, replacing the whole EBL 

process with HIM is not practical. This is because the current HIM does not have the 

same flexibility of beam-steering and alignment as EBL. Furthermore, because it is the 

beam dwelling that essentially facilitates the milling of material, the ion beam writing 

time scales with writing area. For instance, the milling of a box (1	  µμm×1	  µμm) using a 

dose of 1.24×1018 cm-2 at 1 pA takes ~ 33 min according to equation 4.4. In the meantime, 

the stage is likely to drift, which is a common issue in the current generation HIM. As a 

result, it is preferred to use HIM for patterning small features only.   

Hereby we established a hybrid EBL-HIM patterning method for making extremely 

downscaled graphene electronic devices, in which coarse etching layer and metal contacts 

are defined by EBL while the smallest features are milled by HIM afterwards.  

One concern in the process integration is that the resist residue left by the EBL step can 

have a negative effect on milling. It was found in our previous study that milling on resist-

treated graphene samples appears to be very difficult to mill [154]. This is possibly 

because the residue forms a protective layer on graphene surface. This is most noticeable 

in the case of methyl methacrylate (MMA), which is commonly used in conjunction with 

poly-methyl-methacrylate (PMMA) in a bilayer lift-off process. Figure 4.31 shows the 

milling results on flakes pre-treated with MMA for increasing doses. It can be seen from 
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(c) where a pattern is placed at the edge of a flake, that graphene is not milled even at 

heavy exposure.  

 
Figure 4.31 Unsuccessful milling on graphene flakes pre-treated by MMA 
(HIM images). The dose was increased gradually, but milling can hardly be 
improved. Dose values and number of repetitions are: (a) 3.7×1017 cm-2, 11 (b) 
4.6×1017 cm-2, 25(c) 6.2×1017 cm-2, 45 and (d) 9.3×1017 cm-2, 75. Scalebar is 100 
nm. Beam current = 1 pA. 

Thermal annealing has been widely used to clean as-fabricated graphene device [155–

158]. We also heated our sample at 300o in forming gas (94% N2 and 6% H2) for several 

hours. However, the annealed graphene flakes are still resistant to HIM milling. As shown 

in Figure 4.31, the milling of a DQD pattern was attempted on different locations of the 

same graphene flake that was previously treated with MMA and annealed after. The 

annealing did not completely remove the MMA residue and seems to have harden the 

residue that makes the milling process more difficult. Similarly, a mechanical cleaning 

method has also been attempted [159] prior to HIM milling. As shown in Figure 4.32 (a), 

the sample was scanned using AFM tip (contact mode) until the surface roughness RA is 

minimized (Figure 4.32 (b)). As can be seen from both AFM and HIM images, the 

polymer residue is aggregated at the edge of the flake due to the AFM tip scanning the 

flake in contact mode(Figure 4.32(c-d)). However, no significant improvement on milling 

was observed. Figure 4.32(c) shows the HIM image of the same graphene flake that was 

treated by the mechanical cleaning. DQD patterns could not be milled well at dose of 

6.2.x 1017 cm-2
. 
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Figure 4.32 (a) Mechanical cleaning using contact-mode AFM. (b) Surface 
roughness measured for each scan. (c) HIM image of graphene flake patterned 
by HIM after mechanical cleaning. (d) HIM image of a graphene flake with 
resist residue accumulated at the edge due to mechanical cleaning by AFM. 

Interestingly, the same issue was not seen for other resist including PMMA, ZEP and Lift-

off resist (LOR). The sample shown in Figure 4.33  is a single layer flake prepared by 

exfoliation of graphite. The wide isolation line at the right side of the flake was patterned 

by EBL using 42nm PMMA. The randomly distributed stripes on graphene are perhaps 

the residue of PMMA.  

 
Figure 4.33 The resist residue of PMMA on graphene 

In order to mill the graphene flake, the acceleration voltage is set to ~ 30 kV and beam 

current is set to 1 pA (by changing the He pressure and spot control). The optimum dose 

for milling well-defined features on graphene is around 4.03×1017 cm-2.  Figure 4.34 (a) 
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and (b) show the comparison of milling results for two doses on MLG. Figure 4.34 (c) is 

a blow-up view of the DQD structure milled using the 4.03×1017 cm-2 dose. The structure 

is well defined compared to the less reliable EBL results. The main dimensions are 

extracted as follows: quantum dot size ~ 55× 60 nm2, gate-dot distance ~26 nm, 

constriction width ~ 40 nm. Albeit a little bit under-exposure, this is clearly a proof HIM’s 

feasibility of ultrafine graphene patterning.   

 
Figure 4.34 DQD structures patterned by HIM milling with two doses (a) 
4.15×1017 cm-2 and (b) 4.40×1017 cm-2 (c) The blow-up of the central area in (a) 
with colour lines measuring key dimensions: d = 26 nm, Wcons = 40 nm, D = 55 
nm. Scale bar: 200 nm. 

In order to successfully fabricate a device, the HIM milling pattern needs to be precisely 

positioned in the middle of EBL-defined isolations. Initially this alignment is done by 

first taking a snapshot of the target area followed by manually aligning the pattern in the 

centre. However, the bombardment of helium ions during imaging inevitably creates 

some defects in graphene. Therefore, it is best to expose the target area only while 

blanking the beam at the rest of the flake. This can be done by introducing an additional 
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alignment mark away from the exposure area (see Figure 4.35). The alignment mark is 

located at the edge of the flake. The HIM magnification is adjusted such that the main 

device channel is outside the field of view (FOV). The pattern is then milled using an 

external Xenos® pattern generator using the GDSII file.  

 
Figure 4.35 Manual alignment in HIM. Extra alignment mark is positioned 
around the flake. Magnification is adjusted such that the exposure area is out 
of the FOV. By using the external pattern generator, patterns can be written 
remotely. 

 Conclusions 
In this chapter, we discussed the fabrication techniques for our graphene devices, which 

comprises two parts: a well-established e-beam based process and the integration of 

helium ion beam milling technology. Both graphene isolation layer and metallisation 

layer are defined by the e-beam lithography. A third layer of AlOx top-gate can be added 

in the same manner for providing additional modulation and device passivation. A side 

gate approach made by etching was also demonstrated. The helium ion milling is applied 

for two purposes: irradiation and milling. The operation of a helium ion microscope was 

discussed along with principles of ion milling. Fine milling of several patterns were 

illustrated including a 20 nm graphene quantum dot. 
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 Raman study of damage extent in 
graphene nanostructures carved by 
HIM 

 Introduction 

Despite the high resolution and the ease of pattern choice, most of the fabrication 

achievement using HIM were carried out on suspended graphene, limiting its usefulness 

for many practical applications where a substrate is needed[160,161]. In addition, 

suspended graphene devices are difficult to handle and are not suitable for many practical 

applications, mainly because the variable range of gate modulation is restricted to ~5 V 

avoid electrostatic collapse. On the other hand, recent progress on the quasi-suspended 

graphene made by stacking with other 2D materials has shown superior properties 

implying that a structural suspension may no longer be necessary for many high 

performance devices[161–163]. The mechanisms at play during the carving of suspended 

graphene and supported graphene can be very different owing the complex interaction 

between ion/electron beams and the substrate material[148]. For instance, atomic 

simulation suggests that supported graphene has much larger displacement threshold (Td) 

compared to suspended graphene[164]. Lastly, due to the tininess of the device structures, 

there is yet an effective way to examine the damage on graphene after fabrication. TEM 

and imaging seems to be a good approach, but again requires the sample to be suspended. 

STM could potentially be an alternative, however we don’t have access to an STM in our 

lab. The AFM resolution depends on the tip size which is usually larger than atomic size. 

In this work, we investigate the extent of the damage in graphene after fine patterning 

with a highly energetic helium ion beam.  The patterned area and its surroundings are 
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systematically characterized using Raman spectroscopy. We show that backscattered ions 

and other dislodged substrate atoms are a major source of damage and we propose 

solutions to minimize the amount of defects in the useful areas of patterned graphene 

nanodevices.  

We show that milling will create defects of various degrees near the milling site by 

analysing the spatially resolved Raman mapping. We will focus on G, D, and D’ peaks 

because they contain information about defect density[72,81,165,166] and defect 

type[166,167]. By using the activation model mentioned in section 3.2, LD can be 

quantified locally. We will be using the following notations: 1) I(D), I(G) and I(D’) for 

absolute intensity of D, G and D’ peak, respectively 2) Γ(G) for the full width at half 

maximum (FWHM) of G peak 3) I(D)/I(G) for the ratio of I(D) to I(G) 4) I(D)/I(D’) for 

the ratio of I(D) to I(D’). 

 Experimental 

Graphene flakes were prepared by mechanical exfoliation of highly oriented pyrolytic 

graphite on a 300 nm SiO2 substrate. Single layer flakes were identified using both an 

optical contrast method and Raman spectroscopy[78].  As shown in Figure 5.1, the Raman 

spectrum show a G peak at ~1587 cm-1 and a sharp 2D peak at ~2680 cm-1 with a ratio 

I(G)/I(2D)~2.37 . No D peak at ~ 1344 cm-1 was observed in pristine samples. No 

significant shifts of all the peaks were observed. A Zeiss ORION scanning helium ion 

microscope (HIM) was used for precision patterning [13,29,32,35,38,142,144]. We 

consistently accelerated helium ions at 30 kV to obtain good image brightness and 

contrast. The beam current was maintained at 1 pA. The patterning resolution was 1 

pixel/nm2 and the dwell time on each pixel was 3 µs. Figure 5.1 shows the evolution of 

Raman spectrum of the same single layer graphene flake which was subjected to an 

increasing helium ion irradiation dose. The dose for rough imaging is around three orders 

of magnitude smaller than the dose used for milling and shows little damage on graphene 

as verified by Raman spectroscopy.  
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Figure 5.1 Raman spectra of a single layer graphene before and after the 
irradiation of 30 kV helium ions at various doses 

We first conducted milling tests at various conditions on bare SiO2 to minimize the 

substrate swelling/re-deposition as the sputtering of substrate atoms is a major source of 

indirect damage to graphene[164]. The milling profile was measured using tapping mode 

atomic force microscope (AFM) which has a tip diameter of ~87 nm. As mentioned in 

the 4.3.4, the swelling is only completely eliminated for tilt angle equal to or larger than 

40o. As a result, we chose a beam angle of 43o and irradiation dose of 6.24×1017 cm-2 to 

directly carve graphene. 

Raman spectrum was acquired using a confocal Raman microscope (RENISHAW 

inViaTM) with a ×100 lens (numerical aperture 0.8) and a 532 nm (2.33 eV) laser, giving 

a finite spot radius of ~400 nm. Raman map was obtained over a range spanning from 

1000 cm-1 to 2100 cm-1, covering the D peak, G peak and D’ peak. The distance between 

each data point is 100 nm. The laser power is maintained at 2mW to prevent thermal 

heating on the sample surface.  
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 Results and discussion 

Figure 5.2 (a) shows the AFM image of a single layer graphene with a 35 nm wide line 

carved by HIM with a beam-tilt of 43o and dose of 6.24×1017 cm-2. The measured 

graphene thickness is ~1nm, slightly thicker than clean graphene. This is mainly due to 

the moisture covering the surface since our measurement was conducted in ambient 

environment. We adjusted the beam focus at the edges of the graphene prior to milling in 

the bulk area therefore the corners are flatter owing to a beam-induced cleaning. The inset 

shows the cross section view of the milled line Figure 5.2 (a) that presents an asymmetric 

‘V’ shaped feature where the slope is less sharp on the left hand side (LHS) of the carved 

line (a dip at the centre). We attribute this to the structural change in the substrate at the 

LHS, as will be discussed at the end of this section. 

 
Figure 5.2 (a) AFM image of the graphene with a 30 nm line carved by HIM 
at 43o, 6.24×1017 cm-2 dose. The dark squares at the two corners indicate lower 
topology due to beam-induced cleaning and etching. Inset: the cross section 
profile along the white dashed line. Purple line indicates normal direction 
while the blue line indicates the beam direction. 𝛉𝛉 = 𝟒𝟒𝟑𝟑o is the tilt.  (b) The 
Raman spectra of a point near the milling site (the red dot in (c)) is fitted with 
three Lorentzian curves centered at corresponding peak positions. (c) Raman 
mapping on top of AFM image of the same area shown in (a). Outer and inner 
black dashed lines labelled the onset of I(G) and actual edge of the flake, 
respectively. White double-arrow indicates the inter-line distance of ~400 nm. 
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The red arrow pointed at the 30 nm carved line(d) I(G) values  along the yellow 
arrow across the graphene edge shown in (c). 

Raman spectrum at each data point was fitted with three Lorentzians centred at 

corresponding peak positions as shown in Figure 5.2 (b). We used the I(G) map, shown 

in Figure 5.2 (c), to determine the boundaries of graphene because I(G) does not depend 

on edge type unlike I(D) [83].  In Figure 5.2 (d) we plot the I(G) values across the edge 

along the yellow arrow shown in Figure 5.2 (c). The edge is defined as the position where 

I(G) is roughly half of its value inside the flake [83]. This position is ~400nm from where 

I(G) starts to increase, consistent with the spot size of our laser.  

Lastly the Raman map is scaled and aligned with the AFM graph to form a hybrid Raman-

AFM image (Figure 5.2(c)). Two observations can be made from Figure 5.2 (c). Firstly, 

I(G) is almost constant across the whole flake except an area of 300nm wide at the left of 

the carved line. I(G) should not change too much at Stage 1 disorder[167]. However at 

Stage 2, the intensity near the original G position increases due to 1) merging of G and 

D’ bands, as can be seen from Figure 5.2 (b) and 2) broadening of D band. Secondly, the 

high I(G) region (orange colour in Figure 5.2 (c)) does not centre at the carved line but it 

is located along the left edge. This is not due to the error caused by manual aligning since 

the method we described above is fairly accurate. Interestingly, the AFM data shows 

lower topology at the same location. Therefore, we attribute this asymmetric feature to 

our milling technique where a tilt beam is applied.  

We also observe that Γ(G) always increases with disorder[72,81,168,169]. Therefore we 

use Γ(G) map to partition the flake into five regions (A-E) for the convenience of analysis 

(Figure 5.3). Region A spans 300 nm to the left of the carved line. Region B covers the 

carved line and a 250 nm wide region to the right of it. Region C and D are where the 

beam focus is adjusted at high resolution (irradiation dose ~ 8×1015 cm-2).  E is far from 

the carved line where less irradiation was introduced. As can be seen from the coloured 

map, graphene in region A has the largest disorder as Γ(G)A ~ 60 cm-1. The graphene near 

the milling, i.e., region B shows overall less disorder: Γ(G)B ~ 40 cm-1. It is usually a good 

practice to focus the beam near the target site to achieve the best resolution for the actual 

milling. Focusing on the graphene creates moderate damage at C and D: Γ(G)C ~ 33 cm-

1 and Γ(G)D ~ 50 cm-1. Graphene lattice is much preserved in E as Γ(G)E is only around 

13 cm-1.   
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Figure 5.3 (a-d) Mappings of Γ(G), I(D), I(D)/I(G) and I(D)/I(D’) on top of the 
AFM image shown in Figure 5.3 (a) The unit of the Raman mapping axis is 
100nm. Scale bar is 1µm. White dashed lines define the following five regions 
of interest: A is a 300nm wide area at the LHS adjacent to the carved line. B is 
an 250nm wide region at RHS containing the carved line (pointed by the white 
arrow in (a)). C and D are regions where beam focusing was adjusted. 

Figure 5.3 (b) shows the map of I(D) whose evolution tracks the development of disorder 

in the graphene lattice. D should increase with the defect density in Stage 1 and starts 

decreasing in Stage 2 due to the loss the hexagonal rings, according to the local activation 

model [72,81]. In order to derive the LD in the defective regions induced by helium ion 

bombardment, the spatial map of I(D)/I(G) is obtained as shown in Figure 5.3 (c). Unlike 

the monotonic increase of Γ(G) towards region A, I(D)/I(G) near region A has a ‘ring’ 

shape. At the centre of the ring (i.e., region A), I(D)/I(G) reaches the lowest I(D)/I(G)A ~ 

1. At the body of the ring (i.e., region B), I(D)/I(G)B reads ~2.5. I(D)/I(G) has a peak value 

at region C, I(D)/I(G)C ~ 4. Combining this with the Γ(G) data, we can conclude that 

region B is in Stage 1 disorder while A and D are in Stage 2 disorder. C is near the 

transition between Stage 1 and Stage 2 disorder. This is done by finding the corresponding 

LD of each I(D)/I(G) using equation 5.1. 

 Figure 5.4 shows the plot of equation 5.1, with rS = 1 nm and rA = 3 nm. 𝐶𝐶j depends on 

excitation energy and is experimentally fit by 𝐶𝐶j = 160𝐸𝐸v:~ where 𝐸𝐸v= 2.33 eV being the 
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laser energy[81]. 𝐶𝐶p  has experimental values of 0.87 or 0, as was determined 

experimentally in reference[72] and reference[81], respectively. In Stage 1, 𝐶𝐶p  should 

account for less than 10% variation of, therefore it is safe to set 𝐶𝐶p = 0 for all defect 

types[166].  However in stage 2, 𝐶𝐶p has a more significant influence on I(D)/I(G) since it 

dictates the minimum value of I(D)/I(G) in this stage when LDà0. In our case, 

I(D)/I(G)>1 is always observed for the most defective region (i.e., region A) implying 

that CS has a finite value of ~1. This is because the physical meaning of Cs is the 

contribution of purely S regions to I(D)/I(G), which is the case for highly disorder.  As 

displayed in Figure 5.4, LD in different regions can be estimated: LD(A)~1.5 nm, LD(B)~8.5 

nm, LD(C) is either ~4.0 nm or ~7.0 nm, LD(D)~2.5 nm. Note it is not possible to 

unambiguously discriminate between the two disorder stages for region C due to the lack 

of data near the transition point.  

 

Figure 5.4 Plot of equation 5.1 with Cs = 0 ( green curve) and Cs = 1 ( violet 
curve). Stage 1 disordered regions are illustrated as yellow boxes while Stage 
2 disorderd regions are shown as orange boxes. The size of the boxes indicate 
the deviation of data in these regions. 

It is surprising that although the designed pattern is 30 nm wide, the defective region after 

milling extends to 300 nm to the left (region A) and 250 nm to the right (region B). 

However, the exact length scale cannot be determined owing to the resolution (~400 nm) 

of our Raman spectroscopy. Techniques such as tip enhanced Raman spectroscopy 

(TERS) can be employed where a much higher lateral resolution is provided by an AFM 

[170,171].  
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Reference [166,167] demonstrated that D’ depends on the disorder structure and thus 

I(D)/I(D’) can be used to experimentally determine the defect type in graphene. Figure 

5.3 (d) shows the I(D)/I(D’) map of the same sample. The value of I(D)/I(D’) is ~ 7 for 

vacancy-type defect created by Ar+ bombardment, 3.5 for boundary-like defects in 

graphite and 13 for sp3-type defect, as observed in reference [167]. In the map shown in 

Figure 5.3 (d) we see that the for the Stage 1 disorder regions (i.e. C, B and E), I(D)/I(D’) 

~5 is observed. Therefore, we deduce that in our case the graphene lattice near the milling 

(C, B and E) site may be presented with multiple types of defects, i.e. a mixture of 

vacancies (single, double and complex) and amorphous area[172]. However, it is not 

possible to attain information on defect type from I(D)/I(D’) values for Stage 2 disorder 

regions (A and D) because defect structure is no longer complete at extremely high defect 

density[167].  

To understand why helium ion milling caused such distribution of damage in graphene 

and more specifically, to find out the interaction between the helium ion beam and the 

substrate, a Monte Carlo simulation on the stopping range of ions using SRIM package 

[173]  was conducted. The simulator tracks the trajectories of 105 helium ion ions with 

30 keV energy incident 43o to the target. The target consists of a 0.35 nm thick carbon 

layer, 300 nm SiO2 and 700 nm Si. In order to mimic the graphene supported by SiO2, 

modifications have been made to the graphite layer. Since graphene binds weakly to the 

SiO2, we changed the surface binding energy EB to 15meV from previous first principle 

calculations[174]. We also changed the displacement threshold Td to 68 eV as more 

energy is required to displace C atom in supported graphene compared to suspended 

graphene [164]. Here we consider a stable configuration where an O atom on the SiO2 

surface (either O-terminated or OH-terminated) is below the hollow site of C hexagonal 

ring [164,174]. As shown in Figure 5.5 (a) where X and Y position indicate the lateral 

position and depth respectively, most helium ions stop at around 250 nm inside the oxide. 

Although only 3% of incident helium ions were backscattered to the surface, almost all 

of these ions escaped the surface from the LHS of the milled line within 100-300 nm of 

the ion incident location, consistent with the size of region A. This could be a potential 

source of defect formation in region A as these escaped helium ions remain energetic with 

a large scattering cross-section. In addition to backscattered ions, recoiled Si and O atoms 

that reach the surface should also be responsible for the indirect damage in graphene 

lattice [164]. Our simulation shows the sputtering yield for Si and O are 0.026 and 0.034, 
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respectively. Most of these recoil atoms have energy larger than 3 eV, being able to 

generate various types of defects[10]. Combining the 3% backscattered He+, 2.6% 

sputtered Si and 3.4% sputtered O atoms gives rise to the estimated dose received in 

region A of about 5.5×1016 cm-2. The simulation is repeated with a normal angle of 

incident as shown in Figure 5.5 (b). The insets show the ion distribution at the surface. 

Although the angled case shows large ion density at the LHS, the number of ions that 

stopped at RHS is significantly reduced in comparison to the non-tilt case. 

 
Figure 5.5 SRIM simulation of helium ions distribution inside the Graphene-
SiO2(300nm)-Si(700nm) volume with a dose equal to 6.27×1017 cm-2 for two 
different incident angles: (a) 43o tilt (b) 0o tilt. The white dashed lines indicate 
the interface between Si and SiO2. Green arrows point at the incident point 
following the beam direction. The insets show the backscattered ion 
distribution at the surface. The white rectangles outlines the distance 280 nm 
to the right of incident point showing distinct difference in the backscattered 
ion distribution. 

We repeated the above-mentioned angled milling (at 43o) technique on graphene with 

doses close to but smaller the threshold value we found for complete carving (~6.24×1017 

cm-2).  The line width is 5 nm. As can be seen from the AFM image (Figure 5.6 (a)), the 

tearing of graphene sheet has not developed thoroughly but the adjacent area has already 

shown wide structural change. Γ(G) and I(D)/I(G) measured at the LHS of the groove are 

plotted in Figure 5.6 (b) as functions of the irradiation dose. The increase of FWHM with 

the dose is attributed to the indirect damage by the sputtering of underlying SiO2 and 

backscattered helium ions. The I(D)/I(G) data shows a peak value of ~1.9 at 3.74×1017 

cm-2 where Γ(G) is around 29. This is in reasonable agreement with the maximum 

I(D)/I(G) of 4 where  Γ(G) is 33 as found in Region C shown in Figure 5.3 (a), implying 

the indirect damage caused by such dose level is comparable to the damage caused by 

direct exposure of helium ions at ~8×1015 cm-2.  
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Figure 5.6 (a) AFM image of this sample where a 5 nm groove (enclosed by the 
white dashed ellipse) starts to appear after irradiation of helium ions at 
4.4×1017 cm-2.  (b) I(D)/I(G) (cyan) and Γ(G) (purple) measured for another 
sample milled with a set of doses lower than the threshold value. 

It has been found that the as-fabricated down-scaled graphene nano-electronic devices no 

longer shows characteristics of graphene such as gate tunability, after being carved by a 

well-focused helium ion beam[29]. This is shown in Figure 5.7 (a) where a U-shape GNR 

channel was fabricated by helium milling. The I-V characteristic is linear showing a 

resistance of ~1 MΩ, but no gate modulation was observed (at negligible gate leakage). 

We attribute this to the highly disordered carbon network caused by milling at 0o angle 

of incident. We hereby propose a novel fabrication technique that dynamically tilts the 

beam in order to shift the damage of the backscattered ions and sputtered atoms to the far 

side of the active region, thus preserving the channel itself. This is schematically 

illustrated in Figure 5.7 (b). Also shown Monte Carlo simulation of incident ions 

trajectories. For instance, the beam will be tilted twice to mill at both sides of a GNR. As 

can be seen from Figure 5.7 (c), our method effectively avoids the damage in the centre 

channel region while milling from a normal direction has equal damage on both sides of 

the beam. 
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Figure 5.7  (a) The HIM image of a 50 nm wide U-shape channel carved on a 
GNR. Both scale bars are 200 nm. The inset is the drain-source IV curve.  (b) 
Schematic of a GNR device being carved by a tilt helium ion beam. (c) 
Schematic drawing of the helium carving of a graphene device using a tilted 
and a non-tilted beam.  Also shown the helium ions trajectories inside the 
substrate, calculated using Monte Carlo simulation. Green and red arrows 
point at the preserved graphene and highly damaged graphene, respectively. 

 Conclusions 

We performed controlled milling of graphene on SiO2 using 30 kV helium beam with a 

tilt angle of 43o. Spatially resolved Raman spectrum near the milling site indicates an 

asymmetric defect distribution where Stage 2 disorder (LD~1.5 nm) was found along the 

direction of incident beam and Stage 1 disorder (LD~8.5nm) on the other side. The 

defective region spans ~ 300 nm and ~ 250 nm on each side of the milling site. We 

attributed the formation of these damaged regions to 1) backscattered helium ions and 2) 

recoil substrate atoms. Although within Stage 1 disorder, it is not yet clear why the angled 

beam would generate a ~250 nm on the other side. It could be due to extended edge 

damage due to milling without He+ probe size optimisation[33]. Further surface 

characterisation method is needed to investigate this feature fully. Our work provides 

knowledge for the characterization of damage induced in ion-beam associated patterning 

of graphene, which is essential for the downscaling of electronic, spintronic and quantum 

devices on any 2D materials.  
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 Electrical characterisation of 
irradiated graphene devices  

 Introduction 

In this chapter we extend our discussion on irradiation-modified graphene with a focus 

on its electrical properties. The fundamental device structure used in this study is 

irradiated graphene nanoribbon (iGNR) with some variations such as dimension, number 

of terminals for different purposes. The major findings are revealed in a logical order in 

which experimental methods were improved step by step. We initially made two-terminal 

bilayer iGNR devices and observed suppression of ambipolar conductance dependence 

due to irradiation. Subsequently, we made similar structures using single layer graphene 

and irradiate them with increasing dose and a metal-insulator transition was observed. In 

order to clarify the mechanism behind, four-terminal iGNR devices of variable lengths 

were fabricated and displayed a signature of strong localization. This is followed by 

temperature-dependence measurement on iGNRs with patterned irradiation zones where 

the energy barriers were estimated. Lastly, an X-ray photoelectron spectroscope (XPS) 

was used to provide possible explanation of above-mentioned findings. 

 Suppression of ambipolar behaviour 

It is our interest to study any influence that HIM irradiation could potentially have on the 

transport properties of graphene devices. In order to examine this systematically, 

graphene channel of 200nm wide and 2µm long was fabricated using methods described 

in 4.2.3 on BLG (Figure 6.1). Defects created by helium ions under different dose was 

deliberately introduced to create point defects in the GNR.  
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Figure 6.1 Optical image of the GNR device contacted by source/drain 
electrodes. 

Graphene in ambient environment is usually hole doped due to O2 and H2O molecules 

adsorbed on the surface [156]. Besides, residues of e-beam resist are source of external 

scattering centres and degrade its electronic properties, e.g. electron/hole mobility [158]. 

Thermal annealing method was conducted to clean the graphene sample bringing the 

graphene back to intrinsic condition. However annealing at excessive temperature (>400 
oC) was found to increase the coupling between graphene and SiO2 substrate resulting in 

more hole doping [158]. Our device was annealed in forming gas (H2
6%/N2

94%) at 350oC 

for 1h30mins before the irradiation of helium ions and also prior to the electrical 

measurement. This cleaning procedure should assist the irradiation process as it ‘burns’ 

some of the PMMA/MMA residue which somehow ‘protects’ the graphene surface from 

ions bombardment. Figure 6.2 shows (a) the Id-Vg curves for different bias voltage Vd and 

(b) the resistance against Vg swept in two directions. The asymmetric Id-Vg curve observed 

in (a) and resistance hysteresis in (b) indicate that the hole doping is probably due to the 

trapped charges near the graphene-oxide interface rather than the resist residue or air 

molecules since the sample was annealed just before the measurement.  

 
Figure 6.2 (a) Id-Vg plot at different source-drain voltage showing bipolar 
characteristic of graphene. (b) Resistance of the GNR as a function of Vg. 
Hysteresis is probably due to charge traps in the substrate.  
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Figure 6.3 shows the measured conductivity against Vg – VNP for the same nanoribbon 

device under three radiation doses. The black lines are the linear fitting of Boltzmann 

expression	  𝜎𝜎 = 𝑛𝑛𝑛𝑛𝑒𝑒, where carrier density is proportional to back-gate voltage by	  𝑛𝑛 =
^ù
ã
𝑉𝑉Éi − 𝑉𝑉üà , where 𝑉𝑉üà  is the voltage neutrality point. Three findings can be 

summarised form Figure 6.3. 1) There is a clear sub-linear bending at large carrier density 

in the hole conduction for pre-radiation and moderate irradiation. 2) The conductivity 

approaches to linear for the highest dose. 3) The irradiation decreases the carrier mobility 

( 𝑛𝑛 = (𝐶𝐶A ∙
†
v
):; ∙ Hi

HÑù
) and broadens the minimum conductivity plateau which is 

consistent with previous theoretical work [175] The minimum conductivity decreases 

with the irradiation dose (inset).   

 
Figure 6.3 Conductivity as a function of Vg-VNP. Sublinear bending in 
conductance was found at the negative side where holes are majority carriers. 
Inset: minimum conductivity σ0 as a function of dose. 

At lower carrier density, the linear dependence before the radiation is more likely due to 

the charge impurities rather than short range scatterers since we annealed our sample, 

although both of which result in linear dependence [41]. The sublinear bending at large 

carrier density certainly cannot be explained by these two scattering mechanism. Neither 

the phonon scattering nor rippling in BLG can contribute to the sub-linearity to such 

extent. However, if we take into account of the finite width of the BLG ribbon, the sub-

linearity emerges as a result of diffusive transport at the edges (see discussion below). 
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The transition from sub-linear bending to linear is also in contrast with the findings in 

previous experimental work [176], in which the conductivity dependence is always sub-

linear at large carrier density for BLG in the presence of charged impurities.  

Point defects are created when graphene is subject to irradiation as some of the carbon 

atoms are sputtered by high energy helium ions. This is justified by Raman spectroscopy 

[167] on the radiated sample where a D peak indicating the defects is found around 1360 

cm-1(Figure 6.4). Most of the helium ions penetrate deep (~300 nm) inside the oxide 

therefore we deem that they are remote and do not contribute significantly to the screened 

Coulomb scattering which also brings the dependence back to linear[50]. Instead, 

vacancy-like point defects are resonant scatterers which gives rise to linear dependence 

in BLG [177].  

 
Figure 6.4 Raman spectroscopy of the irradiated GNR. Defect peak at ~ 1370 
cm-1

 was detected. 

Here the finite width (w) of our iGNR must be taken into account since it is comparable 

with the electron mean free path (𝑙𝑙°0à~10𝑤𝑤 ) due to the diffusive scattering at the 

lithographically defined graphene edges. An approximation of the resistivity for 

𝑙𝑙°0à/𝑤𝑤 ≤ 10 is given by	  𝜌𝜌 = 𝜌𝜌L(1 +
~
}t

Z¶ß®
©
) [134], where	  𝜌𝜌Lis the resistivity of infinite 

large graphene sheet considering other scattering mechanism (e.g. impurities, short range, 

etc.). The mean free path is related to conductivity by  𝑙𝑙°0à =
™´

7ãu[ß
[39,134,178], where 

𝑘𝑘0is the Fermi wave vector in BLG 𝑘𝑘0 = 𝜋𝜋𝑛𝑛. The conductivity prior to the irradiation 

is given by 	  𝜎𝜎L =
~ãu

t™
S

S¨≠Æ
= 𝜌𝜌L:; , only taking into account the scattering of charged 

impurities (proper approximation for annealed sample). After some simple substitution, 

an explicit form of conductivity can be obtained, which is valid when	  𝑙𝑙°0à ≤ 10𝑤𝑤: 
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The 𝑛𝑛-term and the n term (in the bracket) result in the linear dependence and sub-linear 

bending in the conductivity, respectively. When subject to helium ion radiation, the 

impurity concentration 	  n∞±≤ is replaced by 	  𝑛𝑛=@G = 𝑛𝑛=@G + 𝑛𝑛H(𝑛𝑛H = 0 for pre-radiation 

case), where 𝑛𝑛H	  is the defect concentration. One finds the dependence on GNR width 

vanishes when 𝑛𝑛H is too high and the linear dependence prevails, which is the case for the 

strongest radiation case in our experiment.  

Both 𝑛𝑛=@Gand 𝑛𝑛H can be extracted from the fitting of equation 6.1 to experimental data 

(Figure 6.5). The impurities concentration is found to be 𝑛𝑛=@G ≈ 7.36×10äcm:7 from 

the fitting to the pre-radiation data. This value is inserted back to determine the defects 

concentrations which are shown in Table 6.1. 

 
Figure 6.5 The hole conductivity of same GNR after irradiation. Blacklines are 
the fitting of equation 6.1. The irradiation doses are as labelled.   

 

Table 6-1 The defects densities (nd) and mean free path (lMFP) extracted from 
the data fitting. Defects density increases with irradiation dose.  

Irradiation dose (×1013 ion/cm2) 1.41 2.34 4.16 

𝑛𝑛H (×109 cm-2) 3.40 6.53 52.0 

𝑙𝑙°0à (nm) at 𝑛𝑛 = 1.5×10;;𝑐𝑐𝑐𝑐:7
 ~129 ~98 ~23 
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In conclusion, the sub-linear bending in the conductivity has been observed in BLG. Point 

defects are generated by helium ion bombardment. The sub-linearity before irradiation is 

attributed to the edge scattering owing to the finite width of the GNR. As irradiation 

generates more defects into the channel, the mean free path is largely reduced and the 

conductivity is dominant by the initial charged impurities and irradiation-induced point 

defects, which give rise to a linear dependency, hence the transition.  

 Metal-insulator transition 

The electronic properties of graphene are highly affected by the presence of defects such 

as vacancies and adsorbed molecular species [56]. Hence deliberate introduction of these 

defects can be an effective method to tune graphene electronic properties, such as opening 

band/transport gaps [13]. From single-vacancy to multi-vacancies, and to amorphous 

carbon, defects can be created step by step by electron/ion irradiation as demonstrated in 

[76]. Our motivation here is to generate a highly disordered carbon lattice and characterise 

its room temperature transport properties. As a result, we carried out our previous 

experiment (6.3) further by irradiating samples with doses two orders of magnitude higher. 

We measured two-terminal iGNR devices which shown a transition into insulating phase. 

This study opens possibilities for precision-engineered graphene nanoelectronic devices 

such as two-dimensional heterostructures and quantum dots, two-dimensional Anderson 

insulators and etc. 

Single layer graphene flakes were obtained by micro-cleavage of HOPG onto Si/SiO2 

substrate. The highly doped Si substrate is used as a back gate. GNRs were patterned 

using E-beam lithography and oxygen plasma etching. The nanoribbons were 1 um long 

and 200 nm wide. Ti/Au contacts were defined by EBL and depositor by PVD. The 

devices were then loaded into a HIM for irradiation. The exposure doses were precisely 

delivered to the GNR channel using a built-in pattern generator allowing for deliberate 

introduction of point defects in the channel. For the present study we irradiated the whole 

GNR in high vacuum chamber (~10-7 Torr) with doses ranging from 1 x 1015 to 6 x 1015 

ion/cm2 at normal incident angle. The samples were taken out from the HIM chamber for 

electrical measurement at ambient environment (ex-situ). 

The Id-Vg characteristic is shown in Figure 6.6. Pre-irradiated and moderately irradiated 

graphene channel show a usual ambipolar behaviour. The current varies linearly with the 
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carrier concentration near the charge neutrality point (CNP) and shows a sub-linear 

behaviour far from the CNP due to scattering with charged impurities [41]. Up to 2 x 1015 

ion/cm2 the drain current decreased with dose with well-defined NP. However, above 2 x 

1015 ion/cm2(Figure 6.6) the device no longer displays the usual ambipolar Id-Vg curves 

but rather a flat characteristic on the electron side and a super-linear behaviour in the hole 

side. 

 

 
Figure 6.6 a) Id-Vg curves for non-irradiated and moderately irradiated 
graphene nanoribbons. b) Id-Vg curves for heavily disordered graphene 
resulting from applied large doses. Here the drain voltage is Vd = 5 mV. Top 
image: highly irradiated graphene nanoribbons used in the current 
experiment. The false-colour areas are the metal contacts. The scale bar is 200 
nm. 

This behaviour becomes pronounced as the dose increases.  A decrease in the drain 

current is also noticeable to a level of few tens of pA for largest dose of 6 x 1015 ion/cm2. 

We calculate the field effect mobility 𝑛𝑛 from the transconductance:   

 𝑔𝑔@ =
𝜕𝜕𝐼𝐼H
𝜕𝜕𝑉𝑉A Ñå∑∏çπqé

= −
𝑊𝑊
𝐿𝐿 . 𝑛𝑛. 𝐶𝐶A. 𝑉𝑉A − 𝑉𝑉 üà , 6.2 

where 𝐶𝐶Ais the capacitance per unit area is while W and L are the width and the length of 

the channel, respectively, while 𝑉𝑉üà is the voltage at the neutrality point. In Figure 6.7 

the electron and hole mobility are plotted as a function of the irradiation dose for a set of 
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Vg. The mobility decreases abruptly from irradiation dose of 2×10;Ä	  cm:7  which 

separates a conductive phase from an insulating phase. For instance, the electron mobility 

dropped by more than five orders of magnitude for the largest dose, from its value 

corresponding to a non-irradiated channel.  

 

 
Figure 6.7 Logarithmic scale electron (left) and hole (right) mobility versus 
irradiation dose for several values of the gate voltage. 
  

 
Figure 6.8 TEM images of non-irradiated (a) and irradiated (b) CVD graphene 
showing different atomic arrangement for irradiated graphene. This image 
was taken at moderate dose (~1014cm-2). The scale bar is 2 nm.   

To gain more information about the atomic structure of irradiated graphene, a suspended 

CVD graphene sheet irradiated by my colleague Mr. Jamie Reynolds was sent to our 

collaborators at JAIST for TEM imaging[179]. The result is shown in Figure 6.8 where a 

clear difference in atomic arrangement is observed. Irradiated graphene loses its 

crystallinity and atoms rearrange themselves into more amorphous-like structure. This 

observation correlates well with our transport measurements, which are also consistent 

with theoretical predictions where quantum interferences and Anderson localization 

dominate the carrier transport in highly disordered graphene [4].    
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We conclude that irradiated graphene manifests as insulator when irradiated above certain 

levels of dose. TEM images show that irradiated graphene becomes a highly disordered 

two-dimensional carbon network where Anderson localization may be responsible for the 

insulating behaviour.  

 Signature of localisation  

Anderson localization, also known as strong localization, is the absence of diffusive 

propagation of electrons in highly disordered medium, where the electron wave function 

localizes rather than propagating causing the increase in the resistivity. It has been widely 

observed that low dimension carbon materials that are subject to high level irradiation 

can enter the strong Anderson localization regime showing a decrease in conductivity and 

a further metal-insulator transition (MIT) [13,180,181]. In particular, the localized density 

of states (LDOS) at the edges is the possible cause of conductivity scaling in GNR[181]. 

In our case, GNRs bombarded by helium ions becomes insulating as a result of highly 

disordered edge and high defect density in the channel. 

Here we extracted the localization length change by monitoring the conductance as a 

function of the channel lengths. Multi-terminal GNRs (see Figure 6.9) of different widths 

and lengths are fabricated using EBL based methods. The non-invasive four-probe 

configuration rules out the contact resistance allowing for more accurate measurement 

[182]. The channel length is varied by using probes locating at different points on the 

GNR. Here we denoted the three lengths on one GNR by L1, L2, and L3. The measurement 

is carried out on one GNR with width of 1 µm, length L1 = 500nm, L2 = 1µm and L3 = 

2.3µm.  
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Figure 6.9 HIM image of a smaller five-terminal GNR, where L1 = 100 nm 
(white), L2 = 200 nm(red) and L3 = 400 nm(green). Scalebar = 500 nm 

Resistance was measured prior to and after the irradiation (Figure 6.10).  Although there 

are only three lengths, the data at different hole concentrations (𝑛𝑛G) can be fitted well 

with an exponential decay, i.e.  𝐺𝐺~𝑒𝑒:v/ª , where 𝜉𝜉  is localization length and can be 

extracted by fitting (Figure 6.10). The exponential behaviour for non-irradiated sample 

suggests that the sample was already in strong localisation regime possibly due to the 

resist residue and moisture from the ambience. The localisation length of the non-exposed 

GNR has a value of 𝜉𝜉 = 2.1	  µμm at	  𝑛𝑛G = 2	  ×	  10;7	  cm:7, and for the exposed GNR, 𝜉𝜉 =

1.82	  µμm at same concentration.  
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Figure 6.10 Resistance measured before (a) and after (c) irradiation as a 
function of carrier density for GNRs with various lengths. (b) Conductance 
measured before irradiation plotted as a function of channel length at different 
hole concentrations. The solid colour lines are fitted with an exponential 
function. (c) Resistance of the same GNR after helium irradiation (dose = 
1x1015 cm-2) as a function of carrier density for GNRs with various lengths. (d) 
Conductance measured after irradiation (dose = 1x1015 cm-2) plotted as a 
function of channel length at different hole concentrations. The solid colour 
lines are fitted with an exponential function. 

The sample was exposed further to a total dose of 2×1015 cm-2. The conductance show a 

strong suppression of the ambipolar characteristics in the electron branch (Figure 6.11(a)), 

which is consistent with the findings stated in the section 6.2. Apart from a decrease in 

mobility, 𝜉𝜉  was found to increase with 𝑛𝑛G . The extracted 𝜉𝜉  versus 𝑛𝑛G  for three level 

irradiation are plotted in Figure 6.11 (b). The localisation length 𝜉𝜉 slightly increases with 

𝑛𝑛G  for both non-irradiated and irradiated sample. Counter-intuitively, the device 

irradiated with	  1	  ×	  10;Ä	  cm-2 shows smaller 𝜉𝜉  than the non-irradiated sample. This is 

because the initial irradiation actually cleans the sample surface before damaging the 

graphene itself. For the dose of 2	  ×	  10;Ä cm-2 it also increases with hole density (np). As 

the neutrality point is not well defined for the third dose, the localisation length is plotted 

as a function of the gate voltage in Figure 6.11 (c). The monotonic increase of 𝜉𝜉 with 𝑛𝑛G 

may be explained by the screening of potential well near the defects by holes. However, 

more work is needed to investigate this relationship in more detail. 
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Figure 6.11 (a) Conductance versus the gate voltage for exposed multi-probe 
nanowires for different lengths (width = 1 um) with a dose of 2×1015 cm-2. 
These characteristics are different from the typical graphene ones.  They show 
a conduction band pinned Fermi level which results from high density of 
defects induced by irradiation. (b) Localisation length plotted as function of 
hole density for samples before and after irradiation. (c) Localisation length 
plotted as function of gate voltage for dose of 2×1015 cm-2 

 X-ray photoelectron spectroscopy analysis 

In order to explain the origin of the transport behaviour of our irradiated devices described 

in section 6.2, 6.3 and 6.4, in particular, the suppression of ambipolar behaviour, we 

proposed a scenario based on the pinning of graphene’s Fermi level (Figure 6.12). The 

flatness of electron branch observed in our iGNR devices indicates large density of states 

near the Dirac point and consequent Fermi level pinning. This can possibly be attributed 

to the unsaturated dangling bonds due to irradiation. 

 
Figure 6.12 Proposed band-structure of our iGNR devices. Fermi level pinnng 
is attributed to large DOS near the Dirac point. 
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In order to verify our hypothesis, X-ray photoelectron spectroscopy (XPS) was employed. 

The XPS measures the chemical composition of a material, which can be used as a 

complementary method to examine the bond changes in irradiated graphene. This work 

was primarily conducted by Dr. Zakaria Moktadir, the first author of reference [183]. 

The XPS measurement was performed on a transferred CVD graphene sample which was 

freshly transferred onto Si/SiO2 substrate, using a Theta Probe Angle-Resolved X-ray 

Photoelectron Spectrometer, from Thermo ScientificTM[183]. The system uses a 

monochromatic, micro-focused Al K-Alpha source delivering a spot size between 15 µm 

and 400 µm. For our samples a spot size of 100 µm was chosen for optimum 

measurements. The graphene was divided into small square areas and each of them was 

irradiated in HIM with increasing dose from 1 to 6×1015 cm-2 in steps of 1×1015 cm-2. 

A survey across binding energy [0, 1200] eV identified the different atomic species in the 

sample: oxygen, silicon and carbon. The former two are due to the SiO2 substrate. Figure 

6.13 shows the C1s core level spectrum for different defect concentrations. The spectrum 

was fitted with Gaussian and Lorentzian peaks corresponding to three chemical bonds: 

C-C (284.4 eV), C-O (286 eV) and C=O (288.5 eV). Note that although the C1s core level 

binding energy varies depending on the substrate material for up to hundreds meV, we 

used the value for graphite for the sp2 line, i.e. 284.4 eV as a reference. As defect density 

increases, the FWHM of this main peak broadens.  

 
Figure 6.13 XPS spectrum of C1s core level for different defect concentrations. 
Inset shows the close-up of spectrum near 288 eV. 

The sp3 to sp2 ratio can be determined by the D-parameter which is the distance between 

the Auger electron 1st derivative spectrum’s minimum and maximum[184]. The D-
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parameter has a value of 21 eV for graphite (only sp2) and 13 eV for diamond (sp3). It 

was found out to be ~18 eV for the both non-irradiated and irradiated samples which 

however, did not vary much for the range of defect densities in our study. Neither can our 

XPS spectrum be able to resolve the tiny shift of C1s level for different types of defects 

such as single vacancy (-0.64 eV), double vacancy (-0.49 eV) and Stone-Wales defect (-

0.34 eV), as predicted by previous DFT calculations[185]. This might be due to the fact 

that the dangling bonds were already largely saturated in the air during the transfer from 

the high vacuum chamber of HIM to the XPS. The measured D-parameter also suggests 

the presence of sp3 component which is attributed to out-of-plane structures and are 

mainly oxygen groups attached to the dangling bonds induced by defects, as observed in 

the XPS spectrum. Further improvement on experimental procedure such as introducing 

in-situ bond-termination with hydrogen gas is needed to investigate the problem fully. 

 Temperature dependence measurement 

One of the major challenges in modern electronics is the reduction of power consumption. 

Many device-level solutions have been proposed, among which single electron transistor 

(SET) realised in semiconductor quantum dots is a promising platform owing to its 

capability of transporting individual electron due to Coulomb blockade[186,187]. One 

important component of an SET is a tunnel barrier, which is the energy barrier that limits 

the current flow. Graphene is also a candidate in this direction owing to the long spin 

coherence time in carbon atoms[25,188]. Lithographically defined graphene SET has 

been demonstrated, however the downscaling remains a challenge since the etching 

process results in very random edge disorder. Here we proposed a tunnel barrier formation 

method based on irradiation-induced metal-insulator transition which have been 

discussed in previous sections. The device schematic is shown in Figure 6.14 where the 

whole channel is covered with polymer layer but a small opening. By using modern EBL 

patterning, the gap width can be well defined. The channel is subsequently irradiated with 

helium ions. This effectively creates an insulating region in the channel which act as a 

tunnel barrier. By fabricating multiple barriers, one can produce more elaborated 

structures such as a quantum dot with at least two barriers. The advantage of our device 

is that the graphene underneath the polymer mask is well protected from undesired ion 

bombardment. The primary parameters of interest are the gap width and irradiation dose. 
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Figure 6.14 Device Schematics. The GNR is covered with polymeric mask 
(light blue) except a small opening is exposed to helium ion beam. 

A pair of as-fabricated devices prior to irradiation is shown in Figure 6.15 where the 

graphene channel is covered with 300 nm thick PMMA protection layer. The resist layer 

should be thick enough to stop most of the incident helium ions but thin enough to retain 

the minimum feature size, hence why we choose 300nm as the PMMA thickness. The 

HIM irradiation process is shown in Figure 6.16 where the yellow rectangle depicts the 

irradiation pattern and the dark region indicates the PMMA due to charging. 

 

Figure 6.15 A pair of as-fabricated iGNR devices. The graphene channel is 
outlined by white dashed lines.  
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Figure 6.16 The helium ion irradiation on the exposed channel. The images 
shows the area outlined by the yellow dashed box in Figure 6.15. The graphene 
channel is indicated by violet rectangle with length L and width W. The 
irradiation channel is indicated by the yellow vertical bar. Scalebar is 2 µm. 

Two single layer devices, labelled device 1 and device 2 have been irradiated with 

different dose sets: n×1015 cm-2 (n = 1, 2, 3, 4, 5) and n×1016 cm-2 (n = 1, 2, and 3), 

respectively. This means Stage 2 disorder should be created for both cases[38]. The defect 

levels corresponding to theses doses can be roughly estimated by assuming a linear 

dependency of defect density on irradiation dose and estimated the defect density for each 

device 1 and device 2 to be n×0.068% (n = 1-5) and n×0.68%(n = 1-3), respectively. The 

irradiation pattern width on device 1 and device 2 are 200nm and 50nm, respectively. The 

dimension of device 1 and device 2 is L = 2.5 µm, W = 0.5 µm. 

We first monitored Id-Vd for device 1 and device 2 at room temperature after each 

irradiation, as shown in Figure 6.17 and Figure 6.18, respectively. Although the Id-Vd 

measurement for the pre-irradiated sample and first irradiation run did not extend to large 

Vd range, it can be seen that Id is very linear. The non-linearity of the Id-Vd curve increases 

with increasing defect concentration, which can even be seen at voltage range below 1V. 

The observation of non-linearity is the first step towards observing quantum 

tunnelling[135,189]. However, we did not see significant suppression of current at low 

Vd at room temperature. Note that sweeping across large Vd effectively provides current 

annealing for our device improving both metal-graphene contact and surface cleanness. 

The non-linear Id-Vd characteristic without Id suppression also indicates no current-

induced rupture of the GNR which may form unintentional quantum dots[190]. 
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Figure 6.17 Id-Vd characteristic of device 1 at increasing defect densities. 

 
Figure 6.18 Id-Vd characteristic of device 2 at increasing defect densities. 

We subsequently conducted temperature dependence measurement on the two irradiated 

devices down to 4.2 K. The measurement was conducted in a fully sealed vacuum 

chamber (~10-8 kPa) in a cryogenic prober (see Figure 6.19). The sample was loaded at 

least one night prior to measurement allowing for full desorption of surface impurities.  
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Figure 6.19 The cryogenic probe station used for this experiment. 

The logarithmic-scale conductivity of device 1 and device 2 is plotted in Figure 6.20 and 

Figure 6.21, respectively. The conductance saturates at a finite value of ~37 nS and ~30 

nS for device 1 and device 2, respectively. Since no suppression of conductivity at low 

temperature, no strong localisation is probed at the present device. We attributed the 

absence of localisation to the limited pattern width we used for HIM irradiation which 

has generated a significantly smaller amount of defects compared the case described in 

section 6.4 where the whole graphene channel was irradiated. Similar temperature 

dependence was observed on device 2. Device 2 was irradiated in the same manner except 

that the exposure area was only 50 nm wide but with a ten times higher dose.  

The conductance of the irradiated GNR can consists of two parts: band conduction and 

hopping conduction. The former is facilitated by carriers excited across the mobility 

edge[191] into non-localised states and usually is dominant at high temperature (i.e., 

thermal activation), while the latter is by carriers excited into localised states via hopping 

and is the main mechanism at low temperature[192]. These two mechanisms dominate at 

different temperature range and contribute in parallel[193,194] to the conductance. We 

first extracted the activation energy 𝐸𝐸j  by fitting the conductance with the thermal 

activated transport scheme 𝐺𝐺 ∝ 𝑒𝑒𝑒𝑒𝑒𝑒	  (− ør
7[Ö¿

)  from 71 K to 295 K, where kB is 

Boltzmann’s constant and EA is the activation energy. We obtained the value of EA by the 

following relation: 

 
HZS(i)
H(;/¿)

= − ør
7[Ö¿

, 6.3 



93 
 

where  HZS(i)
H(;/¿)

 is the slope of the ln(G) v.s. (1/T) plot. EA was 10 meV and 11 meV for 

device 1 and device 2, respectively.  

 

 
Figure 6.20 ln(G) as a function of 1000/T for device 1. The dashed line shows 
the linear fitting of thermal activation model on temperature range 105 
K<T<240 K 

 
Figure 6.21 ln(G) as a function of 1000/T for device 2. The dashed line shows 
the linear fitting of thermal activation model on temperature range 105 
K<T<295 K 

The conduction of highly disordered material at low temperature can be described by 

variable range hopping (VRH)[195], in which the tunnelling of carriers between localised 
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states is dominantly responsible for the conduction. In particular, VRH conduction was 

observed in a wide range of disordered graphene samples including reduced graphene 

oxide(rGO)[196,197], hydrogenated graphene[95,198] , bilayer graphene[193,199] and 

irradiated graphene[13,200]. In the limit of zero bias, the hopping process is essentially 

phonon-assisted tunnelling where the energy is provided by phonons which is dependent 

on temperature. The hopping conductance is given as follows: 

 

 𝐺𝐺 = 𝐺𝐺L𝑒𝑒𝑒𝑒𝑒𝑒 −
𝑇𝑇L
𝑇𝑇

G

, 6.4 

where G0 is a weak T-dependent pre-factor, T0 is a characteristic temperature (so-called 

“Mott coefficient”) and p is the exponent which differs depending on hopping 

mechanisms. In “Mott-VRH”, p = 1/1+D, where D is the dimension of the system. For 

2D system p = 1/3 and	  𝑇𝑇L =
;}.¡

[ÖAßªu
, where kB is Boltzmann constant, gF is the constant 

density of states (DOS) near Fermi level and ξ is the localisation length. Efros and 

Shklovskii [201]pointed that at low-enough temperature p = 1/2 for all dimensions as a 

result of vanishing DOS at Fermi level due to Coulomb electron-hole interaction. In this 

so-called “ES-VRH”, 𝑇𝑇L =
Ç.7ãu

~t¬√¬[Öª
, where 𝜀𝜀L, 𝜀𝜀  are the permittivity of vacuum and 

relative permittivity of the material (in our case, 𝜀𝜀=2.4 for graphene[202]). ES-VRH is 

dominant if the sample is very disordered due to high Coulomb gap ECG, whereas Mott-

VRH is observed if the disorder is relatively low. 

The conductance from 43 K to 105 K for both device 1 and 2 deviated from 1/T to (1/T)p 

which implies VRH conduction over the measured temperature range. We fitted ln(G) 

with both T-1/3(Mott) and T-1/2(ES). If Mott-VRH is dominant, the hopping coefficient T0 

is 12.1 K and 16.0 K for device 1 and device 2, respectively. If ES-VRH dominates, T0 = 

17.8 K and 27.54 K for device 1 and device 2, respectively. In either case, device 1 shows 

a smaller T0 than device 2. Since T0 is inversely related to the localisation length 𝜉𝜉, device 

1 is more disordered than device 2, which is in accordance to the fact that the irradiation 

pattern on device 1 is 4 times wider and albeit a stronger dose was delivered to device 2. 
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Figure 6.22 ln(G) of device 1 as a functions of T-1/3(blue) and T-1/2(red) from 43 
K to 90 K . Inset shows the G vs T plot. 

 
Figure 6.23 ln(G) of device 2 as functions of T-1/3(blue) and  T-1/2(red) from 43 
K to 90 K . Inset shows the G vs T plot. 

As can be seen from Figure 6.22 and Figure 6.23, ln(G) fits well to both Mott- and ES-

VRH, as somewhat expected [95]. In order to differentiate between two mechanisms, a 

method called resistance curve derivative analysis (RCDA)[203] can be used to explicitly 

find the exponent p. However, this method requires a large change in 

resistance/conductance with temperature by at least two orders of magnitude, to obtain 

enough accuracy. However, our data showed fairly moderate change of conductance, 

therefore the accuracy is limited to some extent.  A reduced activation energy w is defined 

as follows: 

 𝑤𝑤 = HZS(i)
HZS(¿)

, 6.5 

where G has the form of 6.4 and subsequently w can be expressed as: 
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 𝑤𝑤 = 𝑒𝑒×(¿√
¿
)G, 6.6 

As a result, p can be found by: 

 𝑒𝑒 = HZS©
HZS¿

, 6.7 

Due to the limited resolution of our data, we could only obtain a lnw versus lnT plot for 

device 1 and found that p ≈ 0.58 indicating possible existence of ES-VRH (see Figure 

6.24), which was also experimentally observed in disordered graphene samples [95,196].  

 
Figure 6.24 ln W versus ln T for device 1 

Assuming the ES-VRH, the estimated localisation length 𝜉𝜉  is 2.4 µm and 1.6 µm, 

respectively. This is in good agreement with values obtained from conductivity 

measurement discussed in 6.2 and indeed suggests that our iGNR is not yet in strong 

localisation regime. This can also be seen from the saturation of G at temperatures down 

to 4.2 K where no significant suppression of current was observed, which is expected for 

graphene with large disorder. 

The current shows a transition from linear to non-linear dependence on Vd, i.e., from 

ohmic to non-ohmic conduction (shown in Figure 6.25) as temperature increases. This 

implies the interplay of three hopping regimes: thermally assisted VRH, field-assisted 

thermally activated VRH and field-driven VRH. 
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Figure 6.25 Id-Vd plot of device 1(a) and device 2(b) 

As the electric field increases to intermediate values, the VRH becomes field-assisted but 

still thermally activated and is described by the following equation: 

 𝐺𝐺 𝑇𝑇, 𝐸𝐸 = 𝐺𝐺L𝑒𝑒𝑒𝑒𝑒𝑒	  (−(
¿√
¿
)G)𝑒𝑒𝑒𝑒𝑒𝑒( ø

øƒ
), 6.8 

where G0 is a pre-factor, Ea is given by [Ö≈
L.;¡∆(≈)ã

 where r(T) is the mean hopping distance 

and e is the elementary charge.  

As the electric field further increases, the hopping becomes temperature-independent or 

“activation-less” where the energy difference is mainly supplied by electric field. Under 

this regime, the conductance is given by: 

 𝐺𝐺 𝐸𝐸 = 𝐺𝐺1𝑒𝑒𝑒𝑒𝑒𝑒(−(
𝐸𝐸L
𝐸𝐸 )

>), 6.9 

where G1 is the pre-factor and E0 is a field constant linearly related to T0. The exponent 

s is usually equal to p in equation 6.8. The crossover between the above-mentioned 

hopping situations has been studied in detail in reference [204]. 
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Figure 6.26 ln(G) vs Vs for device 2 for 31 K, 53 K, 79 K, 198 K and 295 K . 
Black solid lines denoted linear dependence of ln(G) on Vs for intermediate 
voltages. 

 
Figure 6.27 ln(G) vs Vs for device 1 for31 K, 52 K, 76 K, 175 K and 240 K . 
Black solid lines denoted linear dependence of ln(G) on Vs for intermediate 
voltages. 

 
Figure 6.28 The cross-over voltage Vc for device 2 as a function of T. Solid line 
is the power fit. 
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Figure 6.26 and Figure 6.27 show the Vs-dependent ln(G) of device 1 and 2 for different 

T values. The linear dependence reflects the field-assisted nature of VRH, i.e., the second 

exponential term in 6.8. Note that at high temperature, thermal activated VRH always 

dominates such that the linear behaviour remains even at large VS for T>110 K. A 

transition from field-assisted thermal activated VRH to activationless VRH occurs for 

relatively low T (<79 K) at high field where the ln(G) deviates from the linear regions. It 

can be seen that the T-independent activationless VRH is obvious for device 2 whereas 

conductance remains T dependent for device 1 even at high field. In Figure 6.28, the 

cross-over voltage VC of device 2 is plotted against T shows a linear trend, which is in 

good agreement with the criteria for activationless hopping, that is, 𝐸𝐸^.«. ≡ 𝑘𝑘É𝑇𝑇/𝑒𝑒ξ [197], 

where 𝐸𝐸^.«. is the cross-over field . For device 1, 𝐸𝐸^.«. is much larger indicating a much 

smaller	  𝜉𝜉, reflecting a larger extent disorder caused by irradiation. 

 
Figure 6.29 ln(G) of device 1 as a function of Vs-1/2 for 31 K, 76 K, 175 K, 207 
K, and 240 K. Solid lines are linear fit over Vs>70 mV. 
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Figure 6.30 ln(G) of device 2 as a function of Vs-1/2 for 31 K, 79 K, 149 K, 198 
K, and 295 K. Solid lines are linear fit over Vs>70 mV. 

As shown in Figure 6.29, the high-field conductance of highly irradiated device 1 indeed 

shows the exponential dependence on bias voltage described in equation 6.9 where s = 

1/2, indicating the onset of activationless VRH.  

 Conclusions   
In this chapter, we demonstrated the electrical characteristics of our irradiated graphene 

nanoribbon devices (iGNR). The simple two-terminal devices showed decrease in 

conductance mobility with irradiation while the sub-linear to linear transition is attributed 

to both edge disorder and channel defects. Metal-insulator transition was observed for 

iGNRs with heavier exposure to helium ions which causes sharp mobility decrease at 

dose of~2×1015 cm-2, which was attributed to amorphisation of carbon network. This was 

supported by TEM image on irradiated CVD graphene sheet where disordered atomic 

arrangement was observed. Furthermore, multi-terminal iGNRs showed exponential 

length-dependence leading to signature of Anderson-like localisation. The estimated 

localisation length decreased from ~2.1 µm in non-irradiated sample to ~1.8 µm in 

moderate irradiated sample. The suppression of electron conductance is related to Fermi 

level pinning. The XPS spectrum implies that the observed Fermi level pinning is possibly 

due to unsaturated dangling bonds introduced by irradiation. Furthermore, the GNR with 

irradiation pattern behaves as disordered material with ES-VRH dominated at low 

temperature. The localisation lengths extracted from hopping temperature showed good 

agreement with that from length-dependent conductance described above. 
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 Conclusions and outlook 

 Conclusions 
Graphene has attracted enormous interests thanks to its extraordinary 

electronic[2,205,206], optical[207] and mechanical properties[5] since its discovery in 

2004[1]. The intrinsic properties of graphene strongly depend on its geometry owing to 

its unique 2D nature. One notable example is the band-gap engineering on graphene 

nanoribbons (GNR)[123]. Furthermore, lithographically defined quantum dots are 

effective structures for building a spin qubit, the building block for quantum information 

technology[8,22,26,130]. 

In this thesis, we investigated the defect engineering of graphene by introducing point 

defects using helium ion irradiation. We first explored the fabrication possibilities with 

the established e-beam lithography and a new helium ion milling technology, particularly 

for graphene devices. Extremely small but well-defined structures such as 20 nm quantum 

dot were illustrated not only as a standalone pattern but also as an integrated device thanks 

to the hybrid EBL-HIM approach.  

We then systematically studied the extent of beam damage in graphene for both 

irradiation and milling using spatially resolved Raman spectroscopy. The tilt beam 

created an asymmetric defect landscape where Stage 2 disorder (LD~1.5 nm) was found 

along the direction of incidence and Stage 1 disorder (LD~8.5 nm) on the other side. The 

damage region spans ~ 300 nm and ~ 250 nm on each side of the milling site. The 

formation of these regions is attributed to backscattered helium ions and recoil substrate 

atoms.  
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Subsequently we studied the electrical properties of defect-embedded graphene devices 

in order to understand the impact of helium ion irradiation and to explore its applications. 

Transport measurement of two- and multi-terminal iGNRs were conducted. The observed 

sub-linear bending in conductivity in iGNRs can be explained by considering both point 

defects scattering and reduced electron mean free path which is comparable to the channel 

width. Irradiated GNRs showed dramatic mobility decrease compared to non-irradiated 

ones indicating a metal-insulator transition (MIT) Another important observation is the 

increasing unipolar behaviour in the conductance implying the Fermi level pinning for 

the electron branch. The exponentially length-dependent conductivity of four-terminal 

iGNR revealed presence of strong localisation. The estimated localisation length 

decreased from ~2.1 µm in non-irradiated GNR to ~1.8 µm in moderate irradiated GNR. 

The XPS spectrum implies that the observed Fermi level pinning is possibly due to 

unsaturated dangling bonds introduced by irradiation. Lastly, the GNR with irradiation 

pattern behaves as disordered material with ES-VRH dominated at low temperature. The 

localisation lengths extracted from hopping temperature showed good agreement with 

that from length-dependent conductance. 

In conclusion, the presented work provides knowledge for the characterisation of damage 

induced in ion-beam associated patterning of graphene, which is essential for the 

downscaling of electronic, spintronic and quantum devices on 2D materials. 

 Future work 
The two basic topics discussed in this work are graphene and helium ion fabrication 

technology. Based on methods and techniques we have developed, it is possible to extend 

our current research to several other directions. We discuss potential improvement to our 

current work and then we consider other research topics that may benefit from our results. 

7.2.1 Atomic visualisation of irradiated graphene surface 
Although the beam-induced damage in irradiated graphene is evident from Raman 

spectroscopy, the detailed surface landscape is yet directly visualised. With the help of a 

scan tunnelling microscope (STM), one can obtain more information about the damage 

in the lattice. To our best knowledge, this type of examination has not been reported. The 

contribution from various sources, i.e. primary ions, backscattered ions, recoils and etc. 
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to the damage is still not clear until atomic images are available. This would be greatly 

beneficial for other supported 2D material platforms. 

7.2.2 In-situ hydrogenation 
It was mentioned in 6.6 that the oxygen group attached to the dangling bond may be the 

cause of Fermi level pinning, which is generally observed for iGNR devices. In order to 

avoid such issue, it is desired to immediately saturate the dangling bonds created by beam 

irradiation with hydrogen atoms. This can be achieved by injecting hydrogen inside the 

HIM chamber while milling or irradiation is conducted. The proposed approach also 

minimises the beam-induced deposition of other contaminant. 

7.2.3 iGNRs with variable irradiation doses and widths 
In section 6.6 only two irradiation widths and five doses were used. A complete study on 

the width-dose combination of irradiation effect requires a number of values for the 

irradiation width as well as immediate measurement after each irradiation, which was not 

possible in our case due to the limitation of experimental set-ups. Future work may 

include a broader tuning on these parameters. 

7.2.4 Other device structures 
The hybrid EBL-HIM fabrication method we developed opens possibilities for more 

advanced device structures such as lithography-defined double quantum dots (DQD), a 

building block of spin qubit. Our method has already achieved 20nm dot size which 

surpasses the smallest QD fabricated with EBL [22]. Such quantum dot devices exploits 

phenomena such as Coulomb blockade and electron tunnelling. The tininess of the 

structure allows for quantum operations at higher temperature.  

Furthermore, our work on irradiation-modified GNRs pave the way for nano-scale defect 

engineering, which could in turn, benefit many other researches such as quantum 

electronics, DNA sequencing using nano-pores. However, further work is needed to get 

better control on delivering the dose to the desired location. Finally, different beam types 

( e.g. hydrogen, nitrogen etc.) could be employed for different purposes, which is already 

a topic attracting intensive interests. 
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