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Graphene, an atomic-thin carbon sheet with carbon atoms tightly packed honeycomb-like
lattice, has attracted enormous interest due to its unique chemical and physical properties.
However, the intrinsic zero bandgap characteristic of graphene has so far prevented graphene
from building effective electronic and optoelectronic devices. To address this concern, different
functionalization methods have been proposed to modify the electronic properties of graphene.
This thesis focuses on different graphene surface functionalizations and their applications in gas
detections and superlattices.

First of all, the surface cleanness of graphene plays a crucial role in the performance of
graphene devices. To achieve a controlled removal of polymer residues on graphene surface,
a facile solvent based method has been proposed, which can drastically improve the charge
carrier mobility of graphene devices by a factor of 3, indicating a potential ballistic transport
of graphene under ambient condition. In addition, an electron beam induced fluorination cycle
is proposed to eliminate the airborne hydrocarbon contamination related to aging effects on
the graphene surface. Subsequent spectroscopic analysis confirms the long-term preservation
of graphene using such technique.

A similar technique, ion beam induced covalent functionalization has been used to locally
fluorinate graphene, which could enhance the sensitivity of NH3 sensing as compared to a
pristine graphene gas sensor by a factor of 8. The use of non-covalent, p-p stacking interactions
for the functionalization of graphene opens a pathway to bind the functionalizing groups from
nearly unlimited variety of p conjugated molecules. Here, we demonstrate that the use of BP2T
molecules functionalizing graphene leads to an enhanced sensitivity to NH3 by a factor of 3
comparing with that of pristine graphene.

This particle beam induced functionalization technique can be used for the fabrication
of graphene superlattices. Here, a direct nanostructuring technique by employing electron
beam induced etching with different precursor gases has been proposed to achieve localized
structuring of graphene/hBN structures. Suspended fluorinated graphene can be obtained by
using this dual-beam process, suggesting the capability of printing antidot superlattices where
graphene would be suspended in a controllable way. When functionalizing a graphene bilayer
by electron beam activated fluorination, a new type of moiré superlattice with rectangular
periodicity can be formed due to the crystalline mismatch between the topmost fluorographene
and underneath pristine graphene. Recently, rotational moiré superlattices of graphene were
shown to be superconducting. We believe that this unique structure has the potential to equally
reveal novel properties of 2D materials.
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1 Introduction 

Since the discovery of graphene in 2004 [1], a two-dimensional (2D) mono-
layer of densely packed carbon atoms, it has drawn much interest from the 
researchers due to its unique physical and chemical properties. The success-
ful exfoliation of monolayer graphene from highly oriented pyrolytic graph-
ite (HOPG) has overturned the previous common sense, since before this 
discovery,  it was believed that this theoretically predicted atomic-thick layer 
is thermodynamically unstable and thus cannot exist under ambient envi-
ronment [2, 3]. Inspired by the production of graphene, many more 2D mate-
rials such as hexagonal boron nitride (hBN) [4], transition metal dichalco-
genide (TMDs) [5], 2D topological insulator (TI) [6], black phosphorus [7] 
have been synthesized and studied during the past decade. The rapidly grow-
ing research on graphene and other 2D materials has boosted the understand-
ing of new physical phenomena and the potential applications in electronic 
and optoelectronic devices. 

Among many outstanding physical properties of graphene, the ultra-high 
charge carrier mobility has made graphene a promising material in microe-
lectronics and nanoelectronics. For exfoliated graphene on SiO2/Si substrate, 
it is reported that the charge carrier can reach to higher than 20 000 cm2

∙V-

1
∙s-1 at room temperature [1, 8]. However, for graphene synthesized by chem-

ical vapor deposition (CVD) method on SiO2/Si substrate, the charge charier 
mobility is comparably low. There are several factors that significantly affect 
the charge carrier mobility of CVD graphene such as surface contaminations, 
defects, metal contacts, graphene/substrate interactions [9-11]. Among them, 
surface contamination is widely accepted as a predominant reason for the 
limited charge carrier mobility. Although researchers have strived to elimi-
nate contamination effect from graphene surface by various methods, to 
obtain a high charge carrier mobility of CVD graphene is still challenging. 

The ultra-high charge carrier mobility has also enabled the observation of 
room temperature quantum Hall effect of graphene after 2D electron gas 
(2DEG) generated in other systems [12]. All these experimental observations 
arises from graphene’s unique electronic structure: the linear dispersive rela-
tion around Brillouin zone which promises the generation of massless Dirac 
fermions [13]. Despite the unconventionally high value of charge carrier 
mobility, the lack of band gap has significantly limited graphehe’s further 
applications as semiconducting material. Until now many approaches have 
been proposed to implement a considerable band gap in graphene such as 
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graphene nanoribbons [14], graphene superlattices [15]and surface function-
alization [16]. In addition, the all-surface characteristic of graphene enables 
its ultrahigh sensitivity for gas detection [17]. However, pristine graphene 
has shown rather low sensitivity towards target gases due to its inert surface 
characteristic. Moreover, the lack of intrinsic band gap implies graphene 
cannot be used as a semiconducting material to distinguish different gases. 
Both of these problems can be solved by artificially introducing functionali-
zation group onto graphene. Both covalent and non-covalent functionaliza-
tion approaches have been reported shwoing positive effect on the sensing 
properties of graphene [18-20]; however, the normal chemical strategies 
towards functionalization are challenging to be controlled owing to the high 
chemical stability of graphene. Therefore, a well-controlled methodology is 
highly desired to overcome such handle barriers in the functionalization pro-
cess of graphene. 

Graphene superlattice is also extensively studied as one of promising gra-
phene-based structures during the few years [21-23]. It is theoretically pre-
dicted that by superposing a periodic lateral potential on graphene, the elec-
tronic properties of graphene can be finely modulated. A sufficiently large 
band gap can be opened without significantly deteriorate the superior 
transport properties of graphene [24-26]. There are two types of commonly 
studied graphene superlattices: graphene antidot superlattices and graphene 
moiré superlattices. Graphene antidot superlattices are mainly fabricated by 
lithographic techniques [27] which inevitably introduce extrinsic contamina-
tions to graphene while graphene moiré superlattices require sophisticated 
alignment of graphene flakes to underneath substrate [28]. Therefore, there 
is a strong demand to develop new techniques to achieve fine fabrication of 
graphene superlattices.  

 

1.1 Motivation 
 
Covalent functionalization and modification of graphene can be reached by 
delivering an additional activation enabling chemical reactions that would 
otherwise not be possible or that would happen on much slower time scale. 
The motivation of the thesis is to functionalize the graphene in a controllable 
way by nanometric control of the surface properties using particle beam 
microscopes. The evolution of its physical properties of such modified gra-
phene structure is studied. First of all, as graphene surface cleanness plays a 
crucial role in the performance of graphene devices, the thesis work starts 
with the motivation to acquire an ultraclean surface of graphene. Different 
methods are made to improve the charge carrier mobility of graphene by 
controlled removal of surface contaminations. Moreover, the processing and 
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analyzing techniques used in these works also act as a basis for the subse-
quent studies.  

The all-surface characteristic has made graphene an ideal candidate mate-
rial for the gas sensing. However, the sensitivity of pristine graphene to 
many gases is low due to the chemical inertness. Graphene functionalization 
can be a promising method to improve the gas sensitivity of graphene. By 
properly choosing functionalizing groups, it also enables the possibility to 
achieve selectivity towards specific gas. Therefore, the motivation is to study 
the evolution of the gas sensing properties of graphene by applying both 
covalent and non-covalent functionalization. Although many studies have 
shown the enhancement of gas sensing properties with graphene functionali-
zation, a well-controlled functionalization process is still challenging to be 
achieved. To address this question, the ion beam induced functionalization is 
used to study the gas sensing properties graphene. Moreover, for non-
covalent π-π functionalization, the capability of attach arbitrary functionaliz-
ing groups to graphene surface has made it a fascinating method to study the 
evolution of gas sensing properties of graphene. Therefore, in this thesis, 
non-covalent functionalization of graphene by π-π interaction using BP2T 
molecules is also studied.  

To achieve a finely-controlled fabrication of graphene superlattices with 
high efficiency is an open challenge in the graphene superlattices community.  
Another motivation of this thesis is to achieve a fine modulation of electron-
ic structure of graphene superlattices. This calls for the novel techniques that 
can fabricate graphene superlattices in a controllable way. Therefore, in this 
thesis, electron beam induced etching/functionalization techniques are used 
to investigate the capability of fabrication of graphene superlattices to in 
order to tune the electronic structure of graphene.  

1.2 Objectives 
The main objective of the thesis is to investigate the evolution of physical 
properties of graphene by different functionalization/modification approach-
es. The applications in the gas sensing and graphene superlattices fabrication 
by using these methods are mainly addressed. The main topics are summa-
rized as below: 

1) Achievement of ultra-high cleanness of graphene surface to improve 
performance of graphene devices 

2) Investigation of gas sensing properties of graphene functionalized by 
the covalent beam induced modification and the non-covalent π-π 
stacking interaction 

3) Graphene superlattices fabrication and characterizations using beam 
induced techniques 
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1.3 Outline 
In the doctoral thesis, several approaches regarding graphene functionaliza-
tion/modification will be discussed. The property evolution and physical 
effects of graphene are characterized by means of methods analyzing struc-
ture, electronic structure and electrical properties. Studies on the gas sensing 
properties of functionalized graphene and fabrications of graphene superlat-
tices will also be discussed. 

Chapter 1 presents the background, motivation, and scientific objectives 
of this thesis. Chapter 2 presents the basic properties of graphene and its 
derivatives. Chapter 3 focuses on the graphene synthesis, processing, clean-
ing (Paper I) and characterization techniques. Chapter 4 focuses on the 
beam-induced functionalization of the graphene surface, including cleaning 
effect of electron beam fluorination/defluoriantion (Paper II), enhancement 
of gas sensing properties of both ion beam induced fluorinated graphene 
(Paper III) and BP2T molecules non-covalent functionalized graphene (Pa-

per IV). Chapter 5 focuses on the nanoengineering of graphene using beam 
induced modifications (Paper V).and fabrication of graphene superlattices, 
including graphene antidot lattices and bilayer graphene moiré superlattices 
(Paper VI). 
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2 Physical Properties of Graphene and 
Graphene Superlattices 

2.1 Physical Properties of Graphene  
Graphene is one allotrope of carbon which contains a monolayer of hexago-
nal honeycomb arranged carbon atoms. It has not only outstanding electrical 
properties, but also high mechanical stiffness and thermal conductivity. The-
se properties are all based on the unique electronic band structure of gra-
phene: the linear dispersion relation in the vicinity of the Dirac point. De-
spite the fact that graphene has an ultrahigh intrinsic charge carrier mobility 
due to the massless Dirac fermions, this high mobility is strongly limited by 
different scattering effects when it is transferred onto a substrate such as 
SiO2 [29, 30].  Moreover, by applying gated voltage, the charge carrier densi-
ty of graphene can be tuned and the transport properties can then be derived 
from a simple parallel capacitor model. 

2.1.1 Electronic Properties of Graphene 
Monolayer graphene consists of carbon atoms with hexagonal lattice struc-
ture on a plane. Each carbon atom is bonded with three nearest neighbor 
atoms in x-y plane, forming sp

2-hybridization. Such in-plane bond is named 
as σ-bond with an angle of 120° to each other [1, 31]. The rest one out of 
four valence electrons forms out-of-plane π-band. In contrast with the local-
ized σ-bonded electrons, the π-band electrons are delocalized due to the 
overlap of pz orbital, which can move freely as the two-dimensional electron 
gas (2DEG) [32]. This makes graphene different from other carbon allo-
tropes like diamond which has all sp

3-hybridized electrons [33]. In the band 
structure of graphene, valence and conduction band meet at 6 points. Two 
carbon atoms form a basis of the unit cell which leads to non-equivalent K 
and K’ points [34]. In the vicinity of the K and K’ points where the energy is 
low; the dispersion relation is linear which results in the unique physical 
properties of graphene as shown in Figure 2.1. 
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The band structure of graphene has been first calculated more than 50 
years ago by Wallace [33]. For a long time free-standing graphene is be-
lieved to be non-existent under ambient environment predicted by the well-
established theory that the thermal fluctuation in 2-dimensional systems will 
lead the displacement of the atoms [35]. This common belief has been over-
turned when monolayer graphene flakes weakly coupled on SiO2/Si substrate  
are successfully produced by Novoselov and Geim using so called “Scotch 
tape” method [1]. It is since then that researchers have experimental access 
to this material and investigates its phenomenal properties.  

 
Figure 2.1 3D plot of the electronic energy dispersion in graphene with its cone-like 

structure. (Adopted from the Ref [32], reproduced with the permission of APS). 

The hexagonally arranged graphene unit cell can be defined by a 2-atom 
basis (Atom A and B) arranged by lattice vectors as shown in Figure 2.2: 

������⃗ � � ��
� , √�

� �,                  ������⃗ � � ��
� ,  √�

� �,                    (2.1) 

where � is the lattice constant. The corresponding reciprocal lattice remains 
hexagonal and the symmetry points of most interest in the Brillouin zone are 
Г, M, K and K’. K and K’ are at the border of first Brillouin zone. Most of 
the calculations concentrate on the band structure in the vicinity of theses 2 
points in reciprocal space. Tight-binding approach is applied concerning the 
low energy around K and K’ in order to simplify the formulation. By a sim-
ple first order approximation, the energy dispersion can be solved as below 
[32, 33, 36]: 

��������⃗ , ������⃗ � �  ����1 � 4 cos �√�� !
� " cos ���#!

� � � 4 cos� �√�� !
� ", (2.2) 

where kx and ky are two components of wavevector and γ0=3.2 eV is the hop-
ping integral. Since the electrical properties are mainly determined by the 
electronic states in the vicinity of Fermi energy, it is useful to apply an ap-
proximation to describe the relation around E = 0. The Taylor expansion can 
be applied to derive the dispersion relation in graphene: 
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� &��⃗ &.                             (2.3) 

 

 
Figure 2.2 (a) Lattice structure of graphene with base vectors; (b) The reciprocal 
lattice of graphene with high symmetry points. (Adopted from the Ref [32], repro-

duced with the permission of APS). 

2.1.2 Electrical Field Effect in Graphene 
The experiments on electrical field effect have been widely used to charac-
terize the graphene-based devices. By applying external electrical field via 
various ways, the charge carrier density of graphene can be finely tuned [37]. 
However, the absence of band gap in the vicinity of K point differentiates 
graphene from other 2-dimensional electron gas (2DEG) structure, which 
promises a high on-off ratio of field effect transistor (FET). More specifical-
ly, the electrical field effect can be realized by electrical contacted graphene 
on a SiO2/Si substrate. By applying a top gate or a back gate voltage on gra-
phene channel, the Fermi level of graphene can be shifted continuously in 
the vicinity of charge neutrality point (CNP) where the current flowing 
through graphene is minimized [38]. This point is also named as ‘Dirac point’ 
of graphene FETs corresponding to the intersection point of conduction band 
and valence band as shown in Figure 2.3. 

Figure 2.3 also shows a characteristic gated curve of monolayer graphene. 
The theoretical charge neutrality point should equal to zero when graphene is 
at an ideal state. However in reality, the CNP is always shifted due to the 
effects coming from the substrate as well as impurities which result in a dop-
ing effect to graphene. Depending on the type of doping which is either p-
doped or n-doped, the CNP is shifted positive or negative as a result. The 
current increases when the gated voltage is biased from the CNP indicating 
either hole or electron conduction. The finite resistivity at CNP can be un-
derstood by the effect of disorder of graphene. Some studies have also 
shown that the disorder of graphene is always inhomogeneous which leads to 
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electron-rich or hole-rich regions in graphene channel [38]. These two re-
gions can both contribute to the minimized conductivity in the gated curve. 
In addition, by analyzing the broadening of the peak located at CNP shown 
in Figure 2.3, the disorder-induced carrier density fluctuation can be derived. 
The disorder level then can be used as a well-established indicator for the 
graphene sample quality. 

To understand the gated curve in detail, a simple plate capacitor model 
can be applied to calculate the charge carrier density if the lateral dimension 
of graphene channel is much larger than the thickness of the underneath sili-
con dioxide layer. The charge carrier density '( on SiO2 layer can be written 
as: 

                                        '( � )%)*
+, -./  .0123,                                       (2.4) 

where 4� is the dielectric constant, 45 is the dielectric constant of the SiO2, 6 
is the thickness of dioxide layer, 7 is the elemental charge, ./  is the gate 
voltage, .012 is the voltage at the charge neutrality point. By applying con-
ductivity of free electron model, the conductivity 8 of graphene can be writ-
ten as: 

                                    8 � 7'(9 � )%)*
+ 9-./  .0123,                             (2.5)                      

where 9 is the charge carrier mobility of graphene. If the graphene channel 
has the dimension of length : and width ;, then the conductivity can be 
written as: 

                                                    8 � <
=

>?@
>A@,                                              (2.6) 

where BC and .C are drain current and drain voltage of the channel. There-
fore the charge carrier mobility of graphene can be expressed as: 

                                              9 � +<
=

>?@
>A@

�
ADEAFGH.                                      (2.7) 

It is worth to be noted that the method above is just one most commonly 
used method. This method can be invalid where the plate capacitor model 
cannot be applied such as graphene nanoribbons (GNRs) where the dimen-
sion of GNRs is smaller than the thickness of oxide substrate [39, 40].  
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Figure 2.3. The illustration figure showing the ambipolar electric field effect of 
graphene when positive/negative gate voltage is applied. (Adopted from ref [41], 

reproduced with the permission of NGP) 

2.1.3 Transport and Scattering Mechanism in Graphene 
As it has been mentioned above, defects and impurities have always been  
the common sources of scattering for transport in real graphene structures, 
especially in CVD graphene [30]. In addition, the interaction between gra-
phene and the substrates also brings complexity into the charge carrier 
transport behavior in graphene.  These factors mentioned above can signifi-
cantly deteriorate the quality of graphene due to increased scattering sources 
and spatial inhomogeneities [42]. These influences to graphene properties 
are normally inevitable and they are normally discussed based on two 
transport regimes of graphene.  These two typical regimes can be considered 
to understand the scattering effects according to the comparison between the 
channel length L of graphene and mean free path l. When l is comparable or 
larger than L, the transport is called ballistic transport and it is called non-
ballistic when l is smaller than L. 

When the regime of ballistic transport is satisfied, no scatter event hap-
pens when the charge carriers move across the graphene channel. This 
transport behavior can normally be characterized by the Landauer-Büttiker 
formalism [43, 44], where the conductivity of graphene can only be ex-
pressed as a function of charge carrier density. The minimum conductivity at 
the CNP can be also calculated at the Dirac point according to the evanes-
cent modes.  

For l < L, normally the charge carriers experience both elastic and inelas-
tic scattering and the diffusive transport starts to play a crucial part in 
transport. The charge carrier density in graphene will also be much larger 
than the inherent impurity density.  In other words, the classical Boltzmann 
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theory can be applied to describe the charge carrier density distribution. The 
conductivity can be regarded as a function of total relaxation time at low 
temperature and generally Coulomb scattering [29], short-range scattering 
[45], electron-phonon interaction [46] would be taken into consideration.  
Among these three factors, the interaction between electron and phonon is 
the most crucial one when the temperature is low.  

The situation is different for graphene as a 2D material comparing with 
other 3D bulk materials, where the transport regime is divided by the Debye 
temperature [46]; in graphene only a small number of phonons can scatter 
electrons and normally the momentum of phonon is considerably small, thus 
the scattering can be regarded as quasi-elastic [47]. Bloch-Grüneisen tem-
perature can be used to divide the transport regimes into two parts. Coulomb 
scattering originates from the long range interaction between charge carriers 
and charged impurities on the graphene surface, which is a common interac-
tion when graphene has residues, adatoms, or trapped ions between graphene 
and substrate [30, 48]. This interaction is frequently observed in CVD gra-
phene on the SiO2 substrate and a linear relation between the conductivity 
and the charge carrier density of graphene can be derived. In addition, short-
range scattering on the short ranged defects such as point defects, edges, and 
topographic defects will also bring linearity to the conductivity and charge 
carrier density. 

2.2 Physical Properties of Functionalized Graphene 
In comparison with other semiconducting materials, the semimetal and 
chemically inert properties of pristine graphene indicate its limited applica-
tions in microelectronics and nanoelectronics. Upon these challenges, re-
searchers have strived to modify the surface structure of graphene by imple-
menting functionalization groups in graphene. Due to the inertness of gra-
phene surface, covalent functionalization using substances with high chemi-
cal reactivity can be used to change the sp

2 hybridization to sp
3 hybridization 

which results in a local electronic structure change. Alternatively, the non-
covalent functionalization by the π-π stacking interaction between graphene 
and molecules with benzene rings can also be used to bring functionality 
onto graphene surfaces.   

2.2.1 Covalent Functionalized Graphene 
 

Graphene hydrogenation has been widely studied after the successful isola-
tion of monolayer graphene from HOPG [49]. The fully hydrogenated gra-
phene which is called graphane is expected to be a suitable candidate for 
semiconducting graphene derivatives with a direct band gap. The theoretical 
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calculation has predicted the band gap of graphane to be about 3.5 eV [50]. 
It is believed that the double-sided functionalized graphane is more thermo-
dynamically stable than the single-sided and thus the single-sided graphane 
has always with a convex surface assuming no diffusion of hydrogen along 
the graphane-substrate. 

Fluorographene is another emerging graphene derivative which is most 
frequently studied during recent years as it has better thermal stability than 
that of graphane [51]. The fluorine atoms attach to the monolayer carbon 
sheet from either one-side or two-side results in different configurations of 
fluorographene [52]. There are four periodicities of fluorine atoms in fluo-
rographene: chair conformation, boat conformation, stirrup conformation, 
twist-boat conformation which are illustrated in Figure 2.4 [53]. The binding 
energy per CF unit of different conformations is calculated to estimate the 
stability of different fluorographene. The chair conformation and boat con-
formation are believed to be the most stable status of fluorographene. More-
over, it is reported that the stirrup conformation which consists of a zigzag 
direction of fluorine arrangement is more stable than boat conformation. It 
has been widely accepted that fluorographene has a band gap at I point with 
a value of 2.96 eV-3.5 eV [54]. The band gap can be reduced by introducing 
disordering in real system. Several studies have experimentally measured the 
band gap of fluorographene, and it is found that the band gap is mainly mo-
notonously affected by the fluorine concentration.  For the transport proper-
ties, the fluorine atoms with high electronegativity contributes to the p-doped 
behavior of fluorographene and the charge carrier mobility is reduced as 
compared to graphene to be comparable to that of reduced graphene oxide 
[54].  

 

2.2.2 Non-covalent Functionalized Graphene 
In contrast to the covalent functionalization, non-covalent funtionalized gra-
phene promises the completeness of original structure and electronic proper-
ties of graphene [55]. There are massive methods to achieve the non-
covalent functionalization of graphene including π-π interaction, electron 
donor/acceptor complexes, van der Walls interactions and hydrogen bonding, 
etc [56]. In general, different substances are applied to the non-covalent 
functionalization of graphene in order to bring intentional properties to the 
materials such as biocompatibility, enhanced sensing properties, chemical 
reactivity and binding capacity.  

The π-π interaction has been applied in both graphene and graphene oxide 
to realize the functionalization by taking advantage of the J system of gra-
phenic nanostructure [57].  Although the majority of the studies use the gra-
phene as a platform for different applications, it has been shown that some 



 22

substances such as metallic porphyrins, phthalocynine can introduce a band 
gap opening of graphene up to 0.45 eV [58].  

 
Figure 2.4. Illustration figure of four conformations of fluorographene (Adopted 
from ref [53], reproduced with the permission of Wiley) 

 

2.3 Physical Properties of Graphene Superlattices 

2.3.1 Graphene Antidot Superlattices 
The most promising property of graphene is the ultrahigh charge carrier mo-
bility which exceeds 20 000 cm2/V·s under room temperature. Moreover, 
carbon as a light element generally exhibits small spin-orbit coupling proper-
ty. This characteristic makes graphene a suitable candidate material for 
quantum computing as compared to GaAs. Antidot lattices, one type of sem-
iconductor heterostructures, have many insteresting electronic and transport 
properties [21]. Based on the antidot lattices in a semiconductor, graphene 
antidot lattices have been proposed. It has been predicted that when the 
GALs are produced in a controllable manner, the desired optical or electron-
ic properties can be obtained by superposing holes or defects arrays with 
certain periodicity on the graphene surfaces.  

The tight-binding approach can be applied to calculate the electronic 
structure of the GALs. Figure 2.5 shows different unit cells of GALs with 
side length L and hole radii R denoted as (L,R). The calculation shows a 
band gap Eg opening in the vicinity of graphene Fermi level and when the 
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value of R/L is small, there is a simple scaling law between hole size and Eg 
as shown below [22, 26]: 

                                          �K  ∝  MNOPQ,/NS,QQ,                                       (2.8) 
where NOPQ, ∝ T� is the number of carbon atoms which are removed from 
intact unit cell and NS,QQ ∝ :� is the number of carbon atoms in a unit cell 
totally. The equation can be rewritten as: 

                                                  �K ∝ -T/:3/:.                                        (2.9) 
Showing that if there is a fixed value between R/L, the Eg increases as the 
side length L decreases. This means the decreasing of antidot pitch the band 
gap increases [59-61]. 

 
Figure 2.5 Unit cell of different GALs with different side length L and hole radii R 

(Adopted from ref [21], reproduced with the permission of NGP) 

Besides the theoretical prediction on the band gap opening of the GALs, 
there are also other predictions on the optical and spin-coupling properties of 
GALs. However, for now, with the lithographic technology, the atomic mod-
ification (controllable remove of tens of carbon atoms) is difficult to be 
achieved; as a result there is still no experimental verification on the theory.  

2.3.2 Graphene Moiré Superlattices 
The lateral superlattice is a common semiconductor heterostructures which 
has been studied thoroughly during the last century [62]. Many interesting 
physical phenomena originating from the lateral superlattices such as com-
mensurability, Hofstadter butterfly have been predicted and verified. The 
graphene moiré superlattice is first fabricated from the rotational misalign-
ment of topmost graphene and underneath hexagonal boron nitride (hBN) 
which is then observed by scanning tunneling microscopy (STM). The STM 
results also suggest that the moiré superlattice can impose a periodic poten-
tial on the graphene, which generates new type of Dirac femions at the edges 
of superlattice Brillouin zone. The band structures of moiré superlattice on 
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graphene/hBN can be different under different scenarios [28, 63]. While 
some of the experiments have shown a band gap decrease of moiré superlat-
tice with the decrease of wavelength, some transport experiments cannot 
observe a band gap opening in a moiré superlattice. The opening of bad gap 
of graphene can also be observed in both non-encapsulated and encapsulated 
devices without magnetic field and it can be attributed to the inhomogeneity 
of the systems or the edge states [23, 64]. Recently, researchers have pro-
posed another emerging graphene superlattices system with twisted bilayer 
graphene [65]. Two monolayers of graphene can be stacked upon each other 
under a twist angle between corresponding lattice directions. As the twisted 
angle is small, many exciting physical phenomena can be observed such as 
strong correlations, insulating states and superconductivity.  
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3 Synthesis, Transferring and 
Characterization of Graphene 

Monolayer graphene with a single atom thickness has been initially pro-
duced from graphite using exfoliation method. Since then, various synthesis 
methods have been developed during the recent decade. Depending on dif-
ferent scientific objectives, monolayer graphene can be produced by differ-
ent techniques. After synthesis, graphene based-devices are often needed for 
further characterization. Therefore, to transfer synthesized graphene onto 
insolating substrate is needed. In this chapter, a brief introduction will be 
given concerning different processing and analyzing aspects of graphene 
including graphene synthesis, graphene transferring, graphene device fabri-
cation and characterization methods. Moreover, the cleanness of graphene 
surface will also be introduced in this chapter to address the effect of clean-
ness on the performance of graphene devices. 

 

3.1 Synthesis of Graphene 
 
3.1.1 Exfoliation 
The first successful isolation of monolayer graphene is initially carried out 
by Geim and Novoselov in 2004 [1]. At that time, the scotch tape exfoliation 
is applied to highly oriented pyrolytic graphite (HOPG) for multiple times 
and the final monolayer graphene is pulled off from the bulk material. The 
exfoliated graphene flakes are then deposited onto SiO2 substrate and identi-
fied with light optical microscope. By using this method, monolayer, bilayer, 
triple layer graphene can be isolated depending on the pull-off number. In 
general, high-quality graphene with single crystal and minimized contamina-
tion can be produced by the exfoliation method, which results in excellent 
electrical properties. The charge carrier mobility can reach even more than 
20 000 cm2 V-1 S-1. Therefore the exfoliated graphene is normally preferred 
in dedicated transport experiments for the observation of specific electronic 
states and physical phenomena. Despite the fact that exfoliated graphene 
always maintains a superior quality, the small size of graphene flake, typical-
ly less than 20 µm  as shown in Figure 3.1 apparently hinders its application 
in large-scale applications in nanoelectronics. For common electronic appli-
cations, usually a number of devices are needed to meet the requirement for 
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certain functionality; yet the yield of exfoliated graphene can be extremely 
low and is considered to be unsuitable for such applications. Moreover, the 
exfoliation technique has also inspired the isolation of monolayer/multilayer 
of other transitional metal chalcogenides such as MoS2 [66], WSe2 [67], etc.  

 
Figure 3.1  A typical optical light microscopy image of exfoliated graphene on 
SiO2/Si substrate (the inserted scale bar is 10 µm). 

3.1.2 Epitaxial Growth 
Graphene synthesized by epitaxial growth has been widely studied on a vari-
ety of supporting substrates such as silicon carbide [68], Ru(0001) [69], 
Pt(111) [70], Cu(111). This synthesis method is effective to obtain large-
scale graphene with high surface quality comparable with the exfoliation 
method. The graphene growth mechanism can be different according to the 
different substrates and they are normally well-studied by the state-of-art 
electron microscopy and scanning tunneling microscopy techniques. For 
example, the superior surface status of SiC substrate has promised a uni-
formly distributed thickness and well-established flatness of as-grown gra-
phene. This enables a various dedicated experiments to study physical and 
chemical properties of graphene surfaces. Moreover, epitaxial graphene can 
serve as an ultra-flat platform to perform device characterization and materi-
als synthesis.  However, some studies have shown that other than directly 
growth on SiC substrate, the graphene is synthesized on a complex layer 
between the graphene and SiC which has rather high concentration of carbon 
[71]. The layer is normally bonded to the SiC substrate which makes epitaxi-
al graphene extremely difficult to be transferred to other specific isolating 
substrate such as SiO2 and hBN.  Even though nowadays researchers have 
strived to achieve direct synthesis of graphene on SiO2, the quality of as-
grown graphene is difficult to be controlled which is limited by the disconti-
nuity and disordering during the growth process. 

Since SiC is also semiconducting materials, researchers have also tried to 
fabricate graphene devices directly on SiC. However, the large charge trans-
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fer between topmost graphene layer and the underneath SiC can significantly 
deteriorate the electrical properties of graphene. In addition, the d orbital of 
SiC will bring significant modification on the electronic structure of gra-
phene which makes the epitaxial graphene more different from the other 
graphene [71]. 

3.1.3 Chemical Vapor Deposition 
 
Graphene synthesized by chemical vapor deposition has drawn much in-

terest during the past ten years both in the development of new graphene 
synthesis methods and large-scale applications [72-74]. Monolayer graphene 
with large scale can be directly synthesized on metal foils which serve as 
substrates during the deposition. Chemical vapor deposition technique can 
not only produce monolayer graphene with wafer-scale size, but also main-
tain relatively high quality of graphene as compared to other techniques. 
Nowadays, graphene of a size up to 1 m2 can be synthesized by the CVD 
technique and transferred onto target substrate. Despite the fact that most 
researchers on nanoelectronics of graphene have chosen CVD graphene as 
the source material, there are still several challenges on the usage of CVD 
graphene. Firstly, the uniformity of monolayer graphene sheet by CVD syn-
thesis is difficult to be controlled which results in the decrease the devices 
yield during afterwards fabrication. Moreover, during the growth the grain 
sizes and bilayer growth of graphene are difficult to be controlled due to the 
dynamic diffusion and the exhaustion of carbon source when it reacted on 
the metal surface.  Figure 3.2 shows a typical scanning electron microscopy 
(SEM) image of monolayer graphene synthesized by CVD method on 
SiO2/Si substrate. It is clearly to be seen that graphene is not single crystal-
line and the grain size of graphene is around 2-10 µm. There is also some 
bilayer graphene appearing dark islands in the image. The CVD graphene is 
mainly used in the thesis due to its large-scale and relatively high quality. 
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Figure 3.2 A typical scanning electron microscopy (SEM) image of CVD graphene 

on SiO2/Si substrate (the inserted scale bar is 5 µm). 

3.2 CVD Graphene Transferring and Cleaning 
It is widely accepted that CVD graphene is a suitable candidate for the po-
tential applications in microelectronics and nanoelectronics. It not only al-
lows the large-scale fabrication of graphene-based devices, but also has high 
production efficiency compared to other methods such as exfoliation and 
epitaxial growth. Nowadays, CVD graphene is the most frequently used 
graphene source by various studies [75, 76]. In general, it is difficult for 
graphene to be directly synthesized on the isolating substrate using CVD 
technique; instead metal foil such as copper is commonly used as the sub-
strate for the CVD growth [77, 78]. However, most graphene devices are 
fabricated by the supported graphene on isolating substrates. Therefore, a 
graphene transfer from the metal foil to a specific substrate is needed since 
the desired characterization of graphene needs different substrates. 
 
3.2.1 Polymer Assisted Graphene Transfer 
 
Since the successful fabrication of CVD graphene on metal substrates, re-
searchers have strived to transfer it onto SiO2 substrate which is also widely 
used in graphene devices research. Depending on weather a supported layer 
is needed during graphene transferring, all the methods can be further classi-
fied as transferring with a supporting layer [79-81], transferring without a 
supporting layer [82, 83] and direct growth of graphene on isolator substrate 
[84], respectively.  Among them, polymer-assisted wet transferring tech-
nique is most frequently used among other methods. This technique not only 
enables the large scale transferring of graphene with high reproducibility, but 
also can maintain the integrity of graphene by properly control of the trans-
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ferring parameters. A typical procedure of polymer-assisted transferring of 
graphene is shown in Figure 3.3: firstly, a thin layer of polymer is deposited 
onto graphene on the Cu foil, and then the backside metal is etched away 
using either plasma or chemicals. The polymer layer acting as the supporting 
layer for the graphene is normally deposited on the graphene surface with 
certain thickness using spin coating method, which is followed by a thermal 
annealing of the polymer to relax the stress force in the polymer layer.  The 
polymer/graphene stack after metal removal is then transferred onto the tar-
get substrate. After dissolving the polymer film on graphene using solvents, 
the CVD graphene transferr onto target substrate is accomplished. 

 
Figure 3.3 Illustration figure of polymer assisted wet transferring of graphene   

3.2.2 Graphene Cleaning 

It is explicitly accepted that the excellent performance of graphene devices 
generally requires ultra cleanness of the graphene surface, as the contamina-
tions play a crucial role in the quality of transferred graphene. There are 
many types of contaminations on graphene surface such as polymer residues 
[85], metal residuals [86] and airborne hydrocarbons, water vapor from the 
environment. There have been a large number of researchers working on the 
polymer-assisted transferring of CVD graphene, which leaves inevitable 
polymer residues on graphene surface. The polymer residues acting as the 
scattering center will significantly deteriorate the transport properties of 
graphene. To reach the ultra-cleanness of graphene surface, other techniques 
such as dry transferring, electrochemical bubbling, etc. can be used for the 
transferring of CVD graphene. They differentiate from each other matching 
the requirement of the various substrates and device applications. 

It is an essential request for the transfer methods that the integrity of gra-
phene structure remains intact. Crack-less and even defect-free transferring 
of large scale graphene is even of great importance in some studies for bat-
teries and membranes. In addition to the intactness in the transfer process, to 
obtain an ultra-clean surface after transferring remains another challenge. 
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For the polymer residues which are dominant on graphene surface after 
transferring, there are several treatments been applied such as: thermal an-
nealing [87], current annealing [88, 89], ozone treatment [90], chemical sol-
vent treatment [91, 92], plasma treatment, etc. And these methods have been 
experimentally proved to be able to efficiently reduce the amount of the pol-
ymer residues. Unfortunately till now the full removal of polymer residues 
still remains challenging. Figure 3.4 shows a typical atomic force microsco-
py (AFM) image of graphene on SiO2 substrate using polymer assisted trans-
ferring method, the polymer residues with the size of 10-50 nm are observed 
on the graphene surface. The distribution of polymer residue is random and 
not linked to the grain boundaries of the graphene.  

 
 Figure 3.4  A representative height contrast atomic force microscopy image of 

graphene after transferring.  

The other contamination on graphene is the hydrocarbon deposition on the 
surface once the sample is exposed to the ambient environment. It has been 
reported that the hydrocarbon contamination is initially generated on gra-
phene surface during synthesis process and accumulates after aging under 
ambient condition. The presence of hydrocarbon will have detrimental ef-
fects for both, microscopic and spectroscopic characterization of graphene 
[93, 94]. 

3.3 Graphene Device Fabrication 
In order to characterize the electrical properties of graphene and its deriva-
tives, the fabrication of different graphene-based devices is usually needed. 
A general fabrication of graphene devices with metal contacts often involves 
different lithographic techniques. Herein, we will introduce the most fre-
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quently used polymer assisted electron beam lithography to fabricate the 
graphene devices for the electrical characterization. 

 
3.3.1 Electron Beam Lithography 
In this thesis, the electron beam lithography (EBL) is mainly carried out in 
the Nanobeam NB5 system with an acceleration voltage of 80 kV. The high 
acceleration voltage not only enables the higher resolution for beam writing, 
but also can significantly reduce the proximity effect during the writing pro-
cess. For most samples such as CVD graphene, the surface is firstly spin 
coated with polymethyl methacrylate (PMMA, 495K, A4) with 6000 rpm for 
45s, followed by a soft bake on a hot plate with at 180oC for 2 min to evapo-
rate the Anisole in the PMMA solvent. The sample then is patterned in elec-
tron beam lithography system with the electron dose 4.0-6.0 A/m2 and devel-
oped by the MIBK/IPA mixture with a volume ratio of 1:3 for 1 min follow-
ing an IPA rinsing. The rest of graphene is removed by oxygen plasma with 
power of 80 W for 20s. Finally the sample is rinsed in acetone to remove the 
PMMA. 

3.3.2 Metal Lift-off 
The metal deposition is carried after EBL to fabricate the electrical contact 
of graphene channel. Physical vapor deposition in Lesker PVD 75 system is 
used to deposit the metal contact in the devices.  For CVD graphene devices, 
the electrical contacts are made with 5/50 nm of Ti/Au or Cr/Au. The Ti and 
Cr are firstly deposited onto graphene surface acting as adhesion layer to 
improve the further deposition of Au. After metal deposition, the graphene 
samples are rinsed in acetone for the lift-off process, leaving a contacted 
graphene channel as shown in Figure 3.5.   

 
Figure 3.5 Illustration image of graphene device with a back-gate and the corre-

sponding optical microscopy image. 
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3.4 Characterization of Graphene 
There are various techniques to characterize the surface status of graphene. 
These methods can generally be applied according to sample type, as long as 
the scale of the required information. Since the first exfoliation of graphene, 
light optical microscope is used for the robust identification of graphene 
flakes.  The thickness of graphene flakes on the SiO2 substrate can also be 
determined due to different contrast originated from different thickness. 
LOM is also partially used for the processing of graphene transferring when 
an hBN encapsulated graphene is needed. Comparing with LOM, electron 
microscopy provides more detailed information of the surface [95]. Despite 
the unwished hydrocarbon deposition, scanning electron microscope (SEM) 
remains a useful tool for inspecting the surface status of graphene at low 
acceleration voltage below 5 kV. However the dominant contaminations 
from polymer residue are difficult to be characterized under neither of the 
microscopic techniques above. The atomic force microscope (AFM) is an 
excellent tool to obtain nano-scale information from the graphene surface. 
The height resolution could reach picometer and the lateral resolution is in 
nanometer scale which makes AFM a widely used tool for the surface char-
acterization of graphene. Moreover, the peak force quantitative nanomechan-
ical (PF-QNM) mapping in AFM enables further investigation of physical 
properties of graphene by measuring the force-displacement curves between 
AFM tips and sample surface.  

In order to obtain the energetic information from graphene, two main 
spectroscopic characterization techniques are frequently used in this thesis. 
Raman spectroscopy is widely used to analyze different modes of phonon 
interactions from molecules. Different rotational, vibrational, etc. modes can 
be detected through photon/phonon interactions which results in the finger-
print signal for specific material. In the defect-free graphene, the highest 
energy shifts of the photon will result in two distinguishable peaks: G peak 
and 2D peak, corresponding to the in-plane carbon vibration and 2-phonon 
interaction of the vibration, respectively. Comparing with multilayer gra-
phene, the 2D band appears with high intensity and is also sharp due to the 
lacking of Bernal stacking. 
 
3.4.1 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is a versatile microscopy technique for 
materials characterization. A well-focused electron beam is used to scan 
across the sample surface and the electron beam interacts with the sample 
surface in the so called interaction volume. Depending on the scattering type 
of the primary electron with the material, different signals are generated such 
as: secondary electrons, back-scattered electrons, X-rays, Auger electrons. 
Different information of the sample can be obtained depending on the signal 
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that is used for the characterization.  The secondary electrons (SE) that are 
generated near the surface of sample can escape and are captured in a sec-
ondary electron detector. SE imaging is therefore a surface imaging tech-
nique. The SE image contains the detailed surface information about the 
sample such as edges and ripples. Since the kinetic energy of secondary elec-
tron is low and in high resolution SEM imaging, the objective lens is very 
close to the sample, in many modern scanning electron microscopes there 
are biased detectors which are locate inside the electromagnetic lens and 
which are called in-lens detectors. Therefore, the in-lens detector is used to 
maximize the signal in order and image the sample at highest resolution.   
The backscattered electrons are generated a few 10 nm to a few 100 nm be-
neath the surface of the sample. Since the yield is strongly correlated to the 
atomic number of the atom which scatters an electron, the backscattered 
electron signal contains information of the chemical composition of the 
sample. 

Although SEM can be a powerful tool for the surface characterization of 
different types of samples, for 2D materials such as graphene, there are sev-
eral disadvantages for using the SEM. For a graphene sample on the insulat-
ing surfaces, there will be possible charging effects which result in an elec-
tron beam drifting problem. In most of our experiments the insulating sub-
strate is mostly covered by the graphene therefore the charging effect can be 
negligible. There is also hydrocarbon deposition while the sample is irradiat-
ed with electron beam which results in a contrast difference in the SEM im-
age. The hydrocarbon deposition is also believed to affect the physical prop-
erties of graphene to some extent. Therefore, most of our graphene devices 
are imaged with SEM after electrical characterization to avoid the influence 
from electron beam irradiation.  

3.4.2 Atomic Force Microscopy 
Atomic force microscopy (AFM), known as one type of scanning probe mi-
croscopy techniques, is of particular importance for the characterization of 
2D materials [96-98]. The sub-nanometer height resolution of AFM can be 
easily realized with a sharp tip scanning across the sample surface. The tip 
attached to the cantilever is driven by a piezoelectric element which is con-
trolled by the input voltage. During the scanning a laser beam aligned to the 
cantilever is reflected to a well-positioned diode which gives a feedback 
signal to move the piezoelectric element accordingly. By controlling the 
distances between the tip and sample surface, the AFM can be operated in 
three different modes: contact mode, tapping mode and non-contact mode 
corresponding to the small, intermediate and large distances respectively. 
The derived interaction force between target samples can be further pro-
cessed to acquire different information from the surface such as surface to-
pography, surface phases, and surface conductivity. Since the height resolu-
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tion and lateral resolution in common AFM can reach sub-nanometer and 
few nanometers respectively, it makes AFM an ideal tool to examine the 
topography of the 2D materials. 

Besides the surface topography that is mostly used in the AFM, a quanti-
tative analysis of the graphene mechanical properties can be done in this 
thesis using the peak force quantitative nanomechanical (PF-QNM) mapping 
mode. This mode is operated in the Bruker Multimode 8 SPM system based 
on the force-displacement curve as show in Figure 3.6. The interaction force 
between the AFM tip and sample surface is displayed in the curve as the 
separation between these two varies. Several mechanical properties can be 
derived according to curve such as Young’s modulus, adhesion force, energy 
dissipation, peak force, etc.  

 
 
Figure 3.6 A typical force-displacement curve and corresponding mechanical in-

formation under PF-QNM mode 

3.4.3 Focused Ion Beam 
The focused ion beam (FIB) is a versatile tool to perform both processing 
and analyzing functions on samples at nanometer level. For the aspect of 
processing, FIB is normally a direct and maskless technique which is fre-
quently used in the nanoengineering. In this thesis, the FIB is combined with 
an SEM into one instrument which is named a dual-beam system (FEI Strata 
DB235 used in this thesis). It enables simultaneous analysis of the features 
during processing. The ion beam is usually focused by the electrostatic lens 
to scanning across the sample with beam deflectors and the shutter which 
enables the precise control of the dose of the ions interacting with the sample 
surface.  

One example for the sample processing using FIB is the graphene antidot 
fabrication. In this process, the smallest probe size of this focused ion beam 
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with a diameter of roughly 7 nm (1 pA beam current) at 30 kV acceleration 
voltages is scanning across the graphene surface with a controlled dose of 
1016 ions/cm. The pattern with a diameter of 10-50 nm is defined by using 
Autoscript language provided by FEI. The ion beam dose is tuned to achieve 
the clear observation of the antidot lattices of graphene. The process is illus-
trated in Figure 3.7.  

 
 
Figure 3.7 Illustration image of graphene antidot lattices fabrication by focused ion 

beam. 

3.4.4 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a useful technique to characterize 
the chemical status of sample surfaces. It can not only identify the unknown 
elements, but can also achieve quantitative analysis of different elements, 
bonding types. For XPS analysis, the sample is irradiated with X-ray beam 
with certain wavelength, and the core level electrons are then excited and 
some even escape from the sample surface. These escaped electrons with 
different kinetic energies Ek are called photoelectrons. They are further col-
lected and measured by a detector. By knowing the energy of  the primary 
X-ray Ep, the binding energy of the electrons Eb can be calculated as Eb= Ep- 
Ek, which represents the basic principle of XPS. The calculated binding en-
ergy can be regarded as the fingerprint information for the element therefore 
some fine chemical structures can be provided by using this method. 

For 2D materials such as graphene, XPS is an extremely suitable tech-
nique to obtain chemical information of the graphene surface [99-101]. The 
thickness of graphene is in nanometer size which is much shorter than the 
effective attenuation distance of the X-ray; therefore for monolayer graphene, 
the XPS analysis can acquire most of the surface information other than that 
from the bulk. Graphene being an allotropy of the carbon, the chemical shifts 
of the 1s core level carbon signal are most frequently used to analyze the 
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surface chemical status. Figure 3.8 illustrates a representative XPS spectrum 
of carbon 1s peak of monolayer graphene. The peak can be deconvoluted 
into 2 major peaks: sp

2 carbon and sp
3 carbon. The sp

2 carbon signal origi-
nates from the intrinsic graphene honeycomb lattices where the covalent 
electrons form the sp2 hybridization to bind with the other nearest 3 carbons 
in-plane with an angle of 120o. Since there are inevitable defects and carbon-
contained contaminations in graphene, there is always a small portion of sp

3
 

signal, especially in CVD graphene after transferring. There are also observ-
able C-O and C=O signals in the pristine graphene due to the polymer resi-
dues and airborne hydrocarbons. 

 
Figure 3.8 Representative C 1s XPS spectra of monolayer CVD graphene 

3.4.5 Raman Spectroscopy 
In Raman spectroscopy, a well-defined laser beam illuminates the sample 
surface and interacts with different vibration modes, e.g. phonons of the 
sample structure. During the interaction, the inelastic scattering events will 
result an energy shift of the incoming photons and the outgoing photons are 
collected by the detectors; while the majority of the photons undergoing 
elastic scattering forms the background of the Raman spectra.  

For graphene analysis, much information can be obtained by Raman spec-
troscopy in a simple and quick manner. In a Raman spectrum, peaks are 
normally characterized by their position/intensity and full width at half max-
imum (FWHM). Figure 3.9 has shown a representative Raman spectrum of 
graphene where the analysis was carried out in the Renishaw InVia confocal 
Raman microscope with a 532 nm laser source. The G peak often locates at 
1580 cm-1, corresponding to the in-plane optical mode at Γ point.  It is nor-
mally regarded as an intrinsic peak that originates from the graphene’s 
unique structure. The D peak locates at around 1350 cm-1 and corresponds to 
the inter-valley scattering of the photons between K point and K’ point. The 
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inter-valley scattering normally originates from the defects of the graphene 
therefore the D peak represents the defect-level of graphene. In addition, 
overtone of the D peak, corresponding to a 2-phonon process is called 2D 
peak which locates at 2700 cm-1. Many Raman spectra of graphene also con-
tains a D+D’’ peak (D’’ peak locates at 1100 cm-1 corresponding a longitu-
dinal acoustic phonon) that locates at 2450 cm-1 which is occasionally used 
[102]. 

Furthermore, the intensity ratio between the D and G peak is also exten-
sively used to analyze the disordering level of graphene. In general, the D 
peak will start to increase with the increase of defects intensity in graphene 
and the intensity of G peak remains a constant. Therefore the intensity ratio 
between D and G peak can be used to distinguish the slightly disordered 
graphene and highly disordered graphene [103].  

 
Figure 3.9 Raman spectrum of monolayer graphene  

3.4.6 Electrical Characterization 
The electrical characterization for graphene is essential to characterize the 
sample quality and also the properties of graphene derivatives. Since the 
contamination and functionalization groups of graphene act as doping 
sources of the graphene surface in most cases, the gated-measurement can be 
used to investigate the doping level of grahene. Moreover, according to the 
simple capacitor model proposed in Chapter 2, the gated measurement of 
graphene sample enables the robust calculation of charge carrier mobility 
under different electrical field. The electrical measurement in this report is 
mainly the 2-probe gated measurements using Agilent B1500 semiconductor 
analyzer with tungsten tips. A typical gated curve of graphene back-gated 
device is shown in Figure 3.10. In general, both electron mobility and hole 
mobility of graphene channel can be calculated by taking the derivate of the 
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drain current Id as a function of gate voltage Vg and then, the mobility can be 
calculated by substituting the parameters in to Equation 2.7. 

 
Figure 3.10 Representative gated curve of graphene with both forward and back 
sweep 

3.5 Controlled Removal of Polymer Residues on CVD 
Graphene (Paper I) 

As introduced in the previous chapter, the wet transferring method of CVD 
graphene with the help of polymer layer has been extensively studied to 
achieve large-scale transferring of graphene in real application scenario. 
However, to achieving the complete removal of the residual polymers on 
graphene surface is still challenging [89]. In addition, the typical lithography 
process which shapes the graphene into devices can also introduce extra 
impurities on graphene. The residual polymers can not only bring uncertain-
ty into the physical properties measurement, but also can degrade the electri-
cal properties of graphene. 

In this study, we propose an effective method to achieve controlled re-
moval of the PMMA residues on graphene by using IPA/H2O mixture with 
the volume ratios of IPA set to be 0% (I0), 25% (I25), 50% (I50), 75% (I75) 
and 100% (I100), respectively to investigate the optimized parameters. Gra-
phene samples are thus treated with those solvent mixtures with different 
volume ratios of IPA.  

The controlled removal of polymer residues is achieved by immersing 
monolayer CVD graphene on SiO2/Si substrate into IPA/water mixture with 
different volume ratios as shown in Figure 3.11. 

From the Raman spectra, it can be seen that after different treatments, the 
intrinsic G peaks (1580 cm-1) and disordering D peaks (1350 cm-1), remain 
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nearly unchanged [104-106], suggesting that the crystal structure of mono-
layer graphene is undamaged after treatment. The Raman characterization 
corresponds well with previous studies that the removal of polymer residues 
has rare effects on the Raman spectra of graphene [107]. Therefore, it can be 
concluded that the IPA/H2O mixture treatments have a negligible detrimental 
effect on graphene structure, and thus, the graphene is maintained intact. 

 

 

Figure 3.11 (a) Illustration figure of the IPA/H2O treatment of graphene sample on 
SiO2/Si substrate. (b) Raman spectra of graphene samples with different IPA/H2O 
treatment. From spectra from bottom to top are untreated reference sample, sample 
treated with mixtures with 25%, 50%, 75%, 100% of IPA, respectively. 

The XPS characterization was also performed on various graphene samples.  
Figure 3.12 shows a comparison of the XPS C 1s peaks before and after 
treatment. In the untreated sample, there are four main components from the 
C1s peak of the CVD graphene after spectrum deconvolution, i.e. sp

2, sp
3, C-

O and C=O peaks. It is widely accepted that the C-O and C=O peaks locat-
ing at 286.0 eV and 288.5 eV, respectively, are mainly ascribed to the poly-
mer residues of PMMA during the transferring of CVD graphene [108]. We 
observed a maximum decrease of C-O and C=O peaks after treatment with 
75% IPA and 25% H2O mixture from 35.1% to 7.2%,  and this approximate-
ly 5-fold of decrease indicates the amount of PMMA residues has been ef-
fectively removed after treatment.  

Moreover, the concentration of C-O and C=O for different samples treat-
ed with various mixtures is used to quantify the amount of PMMA residues 
on the surface. It can be seen from Figure 3.12 that with the increase of the 
volume ration of IPA, the oxygen concentration Co has decreased to reach 
the minimum. We have found that the mixture with 75% of IPA and 25% of 
water is surprisingly effective in the removing of the PMMA residues, while 
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the pure IPA has nearly no effect on the PMMA residues which is also in 
agree with other study [109]. 

 

Figure 3.12 XPS spectra of (a) untreated sample and (b) sample I75 treated with 
mixture of 75% IPA and 25% H2O. (c) Concentrations of carbon oxygen bonds Co 
(the add-on concentration of C-O and C=O peaks) of different samples with differ-
ent IPA/H2O treatment. 

 



 41

4 Graphene Functionalization for Gas 
Sensing Applications 

4.1 Graphene Functionalization 
 
The gapless characteristic of graphene as compared to other semiconducting 
materials hinders its applications in microelectronics and other relating field 
where the on/off behavior is needed to achieve certain function. This calls 
for the appropriate electronic structure modifications of graphene by intro-
ducing functionalization groups on its surface. However, the chemical reac-
tivity of graphene is quite low due to intrinsic inertness of graphene. In addi-
tion, by applying covalent functionalization group on the surface of gra-
phene, the reaction would prefer to be localized in the vicinity of defect and 
dangling bonds of graphene. This preference of functionalization would af-
fects effectiveness of the functionalization in the situation where the locali-
zation of graphene is needed. The graphene functionalization can be classi-
fied by the bonding type of functionalization group into covalent functional-
ization and non-covalent functionalization. In this chapter, two different 
strategies including covalent and non-covalent functionalization of graphene 
will be discussed. 

4.1.1 Covalent Functionalization 
Both organic and inorganic functionalization groups have been applied to 
achieve covalent functionalization of graphene during the past decade. 
Among them, the covalent attachment to graphene using hydrogenation and 
fluorination towards its derivatives are most commonly studied topics. 
Therefore in this section the hydrogenation and fluorination of graphene will 
be discussed. 

The idea to modify the electronic structures of graphene is firstly intro-
duced by covalently binding hydrogen atoms to the carbon structure of gra-
phene which is theoretically predicted as graphane. Since the functionaliza-
tion of graphene only experiences the hybridization change from sp

2 to sp
3, 

the lattice structure is maintained. According to the theoretical studies, a 
fully hydrogenated graphene is expected to have a relatively large band gap. 
To realize the hydrogenation, the most commonly used method is to intro-
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duce hydrogen gas during the synthesis of graphene under high temperature 
with the help of catalysis metals. Alternatively, the hydrogen plasma with 
certain energy can be used to achieve the hydrogenation of graphene. Unfor-
tunately the hydrogenation condition can be inevitably introducing defects 
into graphene and these methods are normally irreversible.  

As a counterpart of graphane, the fluorographene is also regarded as a 
promising derivative of graphene. It is firstly synthesized by introducing 
XeF2 during the chemical reaction of graphene fabrication under elevated 
temperature which a single-sided fluorination of graphene on metal foil can 
be synthesized. Other methods can also be applied by adding fluorine source 
onto the graphene surface such as plasma, and exfoliation of fluoride graph-
ite. It is predicted that with the capability to controlling the fluorine concen-
tration, one can modulate the electronic structure of graphene with a direct 
band gap. By applying efficient fluorination, the single sided fluorination 
can be saturated to C4F stoichiometry while the double sided fluorination can 
reach C2F stoichiometry.  

4.1.2 Non-covalent Functionalization 
Apart from covalent functionalization, the non-covalent functionalization of 
graphene is also studied with more diverse objectives. There are several non-
covalent interactions between graphene and functionalizing groups: gra-
phene-ligand interaction, nonpolar gas-π interaction, H-π interaction, π-π 
interaction, etc. Among them the π-π interaction is one of the most intriguing 
interactions: the electron clouds that are negatively charged are delocalized 
in the π systems, this leads to an attractive force between them. The π-π in-
teraction can be the main interaction under the condition that there are simi-
lar electron densities from both of the π systems. In that case the π-π interac-
tion exhibits the behavior of dispersion interaction. On the other hand, when 
the electron densities of both systems have a sufficient difference, then the 
interaction is predominated by an induction interaction. For instance, the 
induction interaction will happen if the electrons diffuse from the benzene 
ring to a fluorobenzene ring. The π-π interaction between two benzene rings 
has been widely investigated and utilized for the functionalization of gra-
phene.  
 

4.2 Electron Beam Fluorination for Long-term 
Preservation of Graphene (Paper II) 

In this project, we report an electron beam activated fluorina-
tion/defluoriantion cycle to achieve the long-term preservation of 
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CVD graphene sample.  We have shown that the electron beam fluori-
nation/defluorination cycle can eliminate the accumulation of airborne 
hydrocarbon on the graphene surfaces which as a result can restore the 
initial chemical status of graphene.  

CVD graphene inside a SEM chamber is fluorinated by using electron 
beam activated fluorination by exposing with electron beam while simulta-
neously injecting XeF2 gas. Then the as-fluorianted sample is kept under 
ambient condition (temperature 20 oC ± 1 oC and relative humidity 45% ± 
3%) for aging experiment. Finally the fluorinated graphene is irradiated with 
electron beam without precursor gas to perform the defluorination process as 
shown in Figure 4.1(a). The acceleration voltage of the electron beam is 5 
kV for both fluorination and defluorination process. It is clear to be seen that 
before fluorination, the C1s peak of initial graphene are mainly composed of 
sp

2 signal locating at 284.4eV and after fluorination there are 4 main compo-
nents: sp

3 peak (284.8 eV)  , C-F peak (287.4 eV and 289.2 eV), C-F2 peak 
(290.0 eV) and C-F3 peak (292.0 eV). After defluoriantion cycle the C1s 
peak is composed of sp

2 signal and the sp
3 concentration is relatively low as 

compared to one of the initial graphene sample. The XPS results have clearly 
illustrated the effect of the fluorination/defluorination cycle on eliminating 
the airborne contamination on graphene surface originated from the aging.   

The corresponding AFM analysis on the graphene surface at different 
steps are illustrated by Figure 4.1(e) (before fluorination), Figure 4.1(f) (after 
fluorination) and Figure 4.1(g) (after defluorination).  It can be observed 
there are a large number nano-sized fluorinated graphene clusters which 
have been reported before [110, 111]. The majority of these clusters disap-
pear after defluorination process indicating the restoring of initial status of 
graphene. In addition, the larger, most likely PMMA clusters that cover the 
graphene in the original sample, have disappeared.  
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Figure 4.1 (a) Schematic illustration figure of fluorination/defluorination cycle on 
graphene. The C1s core level spectra at different steps are shown in (b)-(d) corre-
sponding to initial graphene, fluorinated graphene and defluorinated graphene, 
respectively. (e)-(g) on the right show the height contrast AFM images corresponds 
to the graphene at different fluorination/defluorination cycle 

To further investigate the effect of the electron beam induced fluorina-
tion/defluorination cycle on graphene structures, the Raman spectroscopy 
and gated measurements have been carried out which are shown in Figure 
4.2. From the Raman spectra, an emerging D peak located at 1350 cm-1 can 
be observed after fluorination/defluorination cycle, which indicates the in-
troduction of disordering.  This could be attributed to the further etching 
around defects and grain boundaries. The gated measurements of pristine 
graphene and defluorinated graphene with the source-drain voltage of 50 mV 
shows a significant decrease of conductivity after defluorination and the 
charger carrier mobility drops from 5811 cm2 V-1 S-1 to 233 cm2 V-1 S-1. The 
substantial drop in conductivity and mobility has further provided the evi-
dence of the disordering after electron beam irradiation during defluorina-
tion.  As the transport behavior of graphene can be mainly affected by the 
grain boundaries [112], the decrease of mobility in this case can be attributed 
to the grain boundaries degradation after defluorination. 
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Figure 4.2 Characterizations of graphene after fluorination/defluorination cycle： 
(a) shows the Raman spectra of initial pristine graphene and defluorinated gra-
phene. The emerging D peak after defluorination suggests introduction of disorder-
ing as a result of the electron beam irradiation; (b) shows the gated curves of pris-
tine graphene (in black) and defluorinated graphene (in red). 

4.3 Ion Beam Induced Fluorination of Graphene for 
Ammonia Gas Sensing (Paper III) 

In this work, the ion beam induced fluorination method is employed in the 
FIB/SEM dual beam system. The original idea is that, by introducing fluo-
rine covalent functionalization, the physical absorption of ammonia gas mol-
ecules is enhanced on the graphene surface. We have shown that by intro-
ducing fluorination of graphene, the fluorinated graphene exhibits better 
selectivity to NH3 gas and also considerable enhanced sensing responses by 
a factor eight compared to that the pristine graphene under ambient pressure.  

Graphene channels and electrical contacts were fabricated by electron 
beam lithography (NanoBeam nB5) and low-power O2 plasma etching (Ad-
vanced Vacuum Vision 320) followed by a metal evaporation/lift-off process 
of Ti (5 nm)/Au (50 nm). Fluorinated grapheme is prepared by ion beam 
irradiation in the FEI DB235 dual beam system with simultaneous XeF2 gas 
injection. From the Raman spectra as shown in Figure 4.3, the D band ap-
pears after fluorination as compared to that of pristine graphene indicating 
the generation of disorder under ion beam irradiation. The presence of cova-
lent C-F bonds is further proved by a distinguishable F1s peak in XPS spec-
tra shown in Figure 4.3(b). In addition, the carbon loss can be estimated to 
be 5.9 ± 0.7 % from the intensity decrease of C1s core loss peak. We have 
noticed these two values are comparable which indicates the C-F bonds are 
preferably formed in the vicinity of defects. This can be further proved by 
STM analysis under vacuum condition. From the STM image of fluorinated 
graphene in Figure 4.3 (a) under low bias voltage of -75 mV, the brighter 
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features and surrounding standing waves can be observed which corresponds 
to fluorine and corrugation of pristine graphene respectively [113].  

 
Figure 4.3 (a) STM image of FG after ion-beam-induced fluorination. (c) XPS spec-

tra of F1s peaks of PG and FG. (d) Raman spectra of PG and FG. 

The gas sensing measurement is carried out in a home-built gas sensing 
station under ambient pressure. The I-V characteristics of the gas sensing 
devices are recorded by Keithley 6430 sub-femtoamp source-meter. The 
chamber is purged with dry N2 gas for at least 1h before introducing the mix-
ture of N2 and target gas in all measurements. The gas flow rate is kept to be 
150 ml/min by a mass flow controller. Figure 4.4(a) shows a normalized 
conductance change of pristine (PG), defected (DG) and fluorinated gra-
phene (FG) under the exposure of 10 ppm NH3 in N2 at room temperature. 
Here we define the sensitivity S of the sensor as the normalized conductance 
change as follows: 

                                      U � /GVW/GXY
/GV

Z 100 %.                                   (4.1) 

Where ]1� is the initial conductance of graphene after N2 purging, ]1^� 
is the final conductance of the sensor after target gas exposure. It can be 
shown that FG exhibits much better sensitivity of 16.2% than that of both 
PG with 2.1% and DG with 10.0% towards NH3 gas with a concentration of 
10 ppm. The gas flow time here is set to be 360s which is much shorter 
compared to other graphene-based ammonia gas sensors [114-116]. In addi-
tion, the recovery time is increased from 600s to 780s after fluorination with 
only N2 purging. It is worth noting that there is still 1.6% response while the 
NH3 concentration decreases to 500 ppb as shown in Figure 4.4(b), which 
shows the significant effect that the fluorination contributes to the sensitivi-
ty.  
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Figure 4.4 (a) Responses of PG, DG and FG to 10 ppm NH3 with same exposure 
time. (b) Responses of FG devices under different concentration of NH3 gas under 
ambient pressure. 

Furthermore, the fluorinated graphene shows almost the same response 
after 5 times of gas exposure as shown in Figure 4.5(a), indicating excellent 
stability of performance of the sensor. The selectivity of the FG has also 
been investigated by using CO which is an acceptor-like gas molecule [117] 
as NH3.The experimental condition is kept unchanged and the concentration 
of CO is fixed to be 10 ppm. Figure 4.5(b) shows that PG and FG exhibit 
nearly negligible response to CO at room temperature, indicating a high se-
lectivity to NH3 from a practical perspective of view.  

 
Figure 4.5 (a) Repeatability of FG device to 10 ppm of NH3 gas. (b) Responses of 
PG and FG sensors to NH3 and CO gases with the concentration of 10 ppm. 

 

4.4 BP2T Functionalization of Graphene for Ammonia 
Gas Sensing (Paper IV) 

In this part, graphene is functionalized by π-π non-covalent interaction. The 
5,5′-Di(4-biphenylyl)-2,2′-bithiophene (BP2T) molecules are chosen for the 
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functionalizing molecules due to the  strong π-π interactions between the 
aromatic structures of BP2T and basal plane structure of graphene. After 
confirming the successful non-covalent functionalization of graphene with 
BP2T molecules by different characterization techniques,  we have per-
formed gas sensing experiment showing that the as-functionalized graphene 
has a potential for the NH3 detection with a three times higher sensing re-
sponse as compared to that of the pristine graphene.  

The functionalization is achieved by immersing graphene into a 
BP2T/toluene solution (10 mg BP2T dissolved in 10 ml of toluene) with the 
time of 1h, 2h, 3h, 4h and 5h respectively. The comparison of the XPS spec-
tra of S 2p peak of the pristine and non-covalently BP2T functionalized gra-
phene are shown in Figure 4.6. The existence of BP2T on graphene surface 
is clearly to be confirmed by the S 2p peak. To further investigate the thick-
ness of graphene as a function of immersing time, the C1s XPS spectra are 
recorded and the coverage of BP2T can be evaluated due to the fact that the 
carbon signal comes only from graphene and BP2T molecules. The graphene 
thickness _ on top of SiO2 substrate can be expressed as [118, 119]: 

                                 _ � ` cos-a3b'-1 � ?c/dc
?e/de3.                                     (4.2) 

Where ` is the mean free path of the photoelectrons, a is the emission an-
gle, BS and BP are the intensities of C 1s peak and O 1s peak from the sub-
strate, and US and UP are the XPS elemental sensitivity factors of carbon and 
oxygen. As shown Figure 4.6(b), with the increase of the immersing time, 
the BP2T thickness increases linearly. If we assume a uniformly distributed 
molecular layer on the graphene surface, then the molecular coverage of the 
BP2T on graphene surface can be estimated as 21%, 24%, 45%, 52% and 
62% of a monolayer for the immersing time of 1h, 2h, 3h, 4h and 5h, respec-
tively.  

 

 
Figure 4.6 (a) XPS S 2p comparison of pristine graphene and non-covalently BP2T 
functionalized graphene (after 5h) with fitting curves. (b) Evolution of the BP2T 

molecular thickness as a function of immersing time. 
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The as-functionalized graphene is then electrically contacted by 5 nm/50 
nm of Cr/Au electrodes as illustrated in Figure 4.7(a) to investigate the gas 
sensing properties towards ammonia. The chamber is purged with dry N2 gas 
before any gas sensing experiments to avoid the influence from environ-
ments and residue gases. Here, the conductance response U of the gas sensor 
can be defined as the same as in Equation 4.1. Figure 4.7(c) shows a normal-
ized response of different graphene sensors with different immersing times 
under the exposure of 10 ppm NH3 at room temperature. With the increase of 
the immersing time, the response of the graphene sensor to ammonia gas 
increases and the sample with 2h immersing time shows the largest response 
which is 3-fold higher than that of the pristine graphene. When the immers-
ing time is longer than 2h, the response is decreasing significantly and the 
sensor gradually loses the sensing capabilities. There is merely response for 
a 5h graphene device. Meanwhile, it is worthy to be mentioned that the re-
covery process of all graphene gas sensors is also very fast, around 200s, and 
does not require any external treatment such as high temperature annealing 
or UV light illumination, showing unique sensor properties compared to 
conventional NH3 sensors. 

 
Figure 4.7 (a) Schematic illustration of the a back-gate graphene device. (b) Light 
optical image of the graphene gas sensor device. The graphene channel (40 µm long 
and 10 µm wide) is electrically contacted by Au/Cr pads. (c) Comparison of gas 
sensing experiments on graphene sensors with different non-covalent BP2T func-
tionalization time. (b) Summarized conductance response (%) with standard deriva-
tions as error bars as a function of non-covalent BP2T functionalization time. 
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4.5 Conclusion 
 
In this chapter, both covalent and non-covalent methods are utilized to 
achieve the functionalization of graphene. The electron beam induced fluori-
nation/defluorination cycle on graphene shows the successful elimination of 
airborne hydrocarbon on graphene surface by XPS analysis, enabling the 
long-term preservation of graphene under ambient pressure. The covalent 
ion beam induced fluorination on graphene significantly enhances the gas 
sensitivity of graphene to ammonia by a factor of 8 and the sensor reaches 
the detection limit of 65 ppb. The non-covalent functionalization using π-π 
interactions between the BP2T and graphene also shows an enhancement of 
sensitivity towards ammonia by a factor of 3 as compared to that of pristine 
graphene. 
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5 Graphene Nanoengineering and Fabrication 
of Graphene Superlattices 

As it is firstly raised by Esaki, the superlattices in 2D electron gas systems 
have been extensively studied in the 1980s [62, 120]. The superlattices sys-
tem has triggered much interest due to its unique electronic structures. Gra-
phene, a 2D material with ultrahigh charge carrier mobility, has attracted 
much attention in the graphene superlattices (GSLs) studies. To date, many 
exciting physical phenomena have been observed in the graphene superlat-
tices system such as quantum hall effect [121], Hofstadter’s butterfly [28], 
superconductivity [122]. For many years, researchers have strived to achieve 
novel structures of graphene superlattices by various methods. Graphene 
antidot lattices are first raised up for their potential applications for the new 
type of semiconducting material since the well-defined potentials in gra-
phene can potentially open a band gap in the electronic structure. By tuning 
the antidot geometry, the band structure can be tuned. Another type of gra-
phene superlattices is named graphene moiré superlattice which is generally 
fabricated by aligning the twisted angle of the graphene/hBN heterostruc-
tures. Here in this chapter, we mainly focus on beam induced process for the 
realization of the controllable fabrication of graphene superlattices.  

5.1 Electron Beam Induced Nanoengineering of 
Graphene/hBN (Paper V) 

Comparing with graphene transferred on the insulating substrate, encapsulat-
ed graphene by hBN is an emerging system in which the ultrahigh charge 
carrier mobility of graphene can be realized. Therefore, graphene/hBN het-
erostructure has attracted considerable interests in the quantum technologies. 
In this project, we address a direct-writing of nanostructures in graphene and 
hBN using electron beam induced etching with both water vapor and XeF2 as 
precursor gas. We have shown that these two different precursor gases can 
be used for the electron beam etching of graphene/hBN system with different 
etching rates, which also enables the fabrication of suspended graphene 
structure by locally irradiation of ion beam on graphene. 

To investigate the etching rates of water vapor on graphene and hBN 
sample, the graphite and hBN flakes are exfoliated and deposited onto the 
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SiO2/Si substrate. Different doses of electron beams with different accelera-
tion voltages have been applied to pattern the graphite and hBN sample with 
simultaneously introducing water vapor by a gas injector in the SEM/FIB 
system. As shown in Figure 5.1, the rectangular patterns are produced with 
different electron doses and imaged with AFM to characterize the etching 
process of both graphite and hBN under an acceleration voltage of 5 kV. The 
etching rates of graphite and hBN can be calculated to be 1.16 ± 0.07 Å C-

1 cm2 and 3.57 ± 0.13 Å C-1 cm2, respectively.  
 

 
Figure 5.1 Atomic force microscopy line profiles of electron beam induced etched (a) 
graphite and (b) hBN using water vapor as precursor gas.  Inserted are the corre-
sponding height contrast AFM images. 

To demonstrate the localized nanostructuring of graphene/hBN, a series of 
pores are fabricated on the graphene/hBN structure with different electron 
doses as shown in Figure 5.2. It can be observed that the local etching hap-
pens after the electron dose of 22.5 C/cm2. With the increasing of electron 
dose, the diameter of holes increases due to the sputtering effect during the 
etching and the graphene on top disappears due to the etching which is in 
accordance with the previous calculated etching rate since the graphene is 
monolayer. The resolution of the feature can easily reach sub 100 nm which 
has further proved the capability of the nanostructuring of graphene/hBN by 
using this method. 



 53

 

Figure 5.2 SEM image of a series pores (1-9) by EBIE using water vapor as precur-
sor gas on graphene/hBN with the electron dose increasing from 20 C/cm

2
 to 

40 C/cm
2
 with step of 2.5 C/cm

2
. 

When using XeF2 as precursor gas, we have shown that the etching rate of 
hBN is with a high value while the graphene is only fluorinated rather than 
being etched away. Therefore, we have proposed a suspended fluorinated 
graphene (FG) structure on hBN that can be locally fabricated. Figure 5.3(a) 
illustrates the process in the dual-beam system to fabricated suspended FG 
on hBN. Firstly, the area of interests is irradiated with Ga+ ions to generate 
defects on graphene samples [123]. Then the sample is irradiated with elec-
tron beam using XeF2 as precursor gas. Figure 5.3(b) shows the SEM image 
of suspended graphene after etching a circular pattern on the graphene/hBN 
sample. The underneath hBN is etched away since the XeF2 can easily pene-
trates from the topmost graphene layer after ion beam irradiation and leaving 
the graphene suspended [124]. Moreover, a suspended FG channel with the 
dimension of 1 µm in width and 0.5 µm in length can be fabricated by apply-
ing another water vapor assisted EBIE on the other part of suspended FG 
channel as shown in Figure 5.3(c), indicating the great potential of this tech-
nique in application of nanoelectronics. 
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Figure 5.3 (a) Schematic illustration of the dual-beam process for fabrication of 
suspended graphene. (b) SEM image of suspended FG on hBN (scale bar 100 nm). 
(c) SEM images of suspended FG channel with the dimension of 1 µm in width and 
0.5 µm in length (scale bar is 200 nm). Both (b) and (c) are acquired at a tilted 

angle of 52
o
. 

5.2 Graphene Antidot Lattices Fabrication with 
Focused Ion Beam  

In this project, we have proposed a mask-less fabrication technique of gra-
phene antidot superlattices using focused ion beam. The monolayer graphene 
sample on SiO2/Si substrate is irradiated with the Ga+ ion beam with the 
acceleration voltage of 30 kV and current of 1pA (beam diameter ~7 nm). 
The antidot can be observed by SEM shown in Figure 5.4 when the ion dose 
is large than 1016 ions/cm. The geometry of the antidot is significantly affect-
ed by the profile of the ion beam and the sub 50nm resolution of antidot 
lattices can be easily reached. It can be observed from the SEM image that 
there is a brighter rim around the antidots which appear darker which is 
caused by the swelling effect where the atomic distances of SiO2 have been 
increased by the interaction between ion beam and substrate. Moreover, the 
Raman spectra have shown that after ion beam irradiation, there is a broad-
ening of both D and G peak and the 2D peak disappears even near the anti-
dot area. This has suggested a crystal damage of graphene after irradiation 
due to energetic Ga+ ions.  



 55

 
Figure 5.4 (a) Scanning electron beam microscopy image of graphene antidot lattic-
es fabricated by ion beam milling (scale bar is 50 nm). (b) Raman spectra of pristine 
graphene, graphene antidots and areas near the antidot lattices. 

5.3 Bilayer Graphene Moiré Superlattices using 
Electron Beam Fluorination (Paper VI) 

In this project, we have proposed a reversible electron beam activated fluori-
nation (EBAF) technique for graphene in the scanning electron microscope. 
The graphene is irradiated by a well-defined electron beam with simultane-
ously flowing of XeF2 gas along the surface. The electron beam can decom-
pose the XeF2 that is absorbed on the surface to produce fluorine radicals 
locally. The fluorine radicals then can react with the graphene to achieve the 
localized fluorination of graphene. This method enables the fine control of 
fluorination concentration of graphene and the saturated single-sided fluo-
rographene can be synthesized. We have shown that by applying the EBAF 
technique on the bilayer graphene exfoliated from HOPG on SiO2/Si, the top 
layer of graphene can be fully fluorinated. Since the fluorinated top layer, 
due to the presence of sp

3 bonds, has a smaller lattice parameter than the 
bottom graphene layer, a new type of bilayer graphene moiré superlattices, 
misfit moiré superlattices can be synthesized due to the difference of crystal 
structures of fluorographene and pristine graphene. The moiré patterns can 
be observed using atomic force microscope under the PF-QNM mode with 
the peakforce is used as the imaging signal which is shown in Figure 5.5. 
The rectangular patterns shown in the figure suggests the boat configuration 
of the fluorographene structure. As the white dashed area being the unit cell 
of the superlattices, the lengths of a and b are 2.49 Å and 4.36 Å correspond-
ing to a mismatch of 1.2% and 2.3%, respectively, compared to pristine gra-
phene. 
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Figure 5.5 (a) AFM image of the fluorinated bilayer graphene.  (b) Zoom-in AFM 
image of the fluorinated bilayer graphene. The dashed line denotes the unit cell of 

the pattern. The right inset plane view of boat configuration of fluorographene.  

The observed moiré superlattices agree well with the simulated patterns by 
the boat C2F/graphene structure illustrated in the Figure 5.6. The rectangular 
moiré patterns are clearly distinct from the triangular moiré superlattices 
formed by the chair C2F/graphene structure. This new type of moiré superlat-
tices are believed to be firstly reported to best of our knowledge and can be 
with much potential for the further investigations. 

 

 
Figure 5.6 Schematic figure of the rectangular moiré pattern for C2F/graphene 
structure with exaggerated lattice mismatches (∼5% in x direction and ∼8% in y 
directions). The green rectangular shows the unit cell of moiré pattern with carbon 
(grey) and fluorine (blue) atoms. 

5.4 Conclusion 
In this chapter, electron beam induced process is mainly used to fabricate 
graphene superlattices. The electron beam induced etching process using 
water vapor and XeF2 as precursor gases is demonstrated to enable the local-
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ized nanostructuring of graphene/hBN. And the combination of ion beam 
sputtering shows the possibility of fabrication of suspended fluorinated gra-
phene on hBN, which has the potential to enable suspended graphene antidot 
superlattices. By applying electron beam activated fluorination on bilayer 
graphene, a new type of moiré superlattice can be fabricated due to the crys-
talline mismatch between the topmost fluorographene and the underneath 
pristine graphene. 
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Conclusion and Outlook 

The work presented in this thesis shows different routes towards surface 
functionalizations and modifications of graphene to: a) achieve controllable 
improvement of the transport and sensing properties of graphene; b) develop 
novel strategies for the nanoengineering of graphene and the fabrication of 
graphene superlattices.  
 
Improvement of physical properties of graphene 

The surface cleanness of CVD graphene has played a crucial role in the 
performance of graphene based devices. Surface contaminations originating 
from different sources can drastically decrease the charge carrier mobility of 
graphene under room temperature, thus hindering its further applications. A 
facile method has been proposed using IPA/H2O mixture to achieve control-
lable removal of polymer residues on graphene surface. A significant de-
crease of C-O and C=O signal can be observed in the XPS analysis suggest-
ing the removal of PMMA residues. Additionally, this optimized method can 
significantly improve the charge carrier mobility of graphene by a factor of 
3, reaching a mean free path to above 100 nm. This indicates potential ballis-
tic transport of CVD graphene under room temperature in devices that can 
easily be structured by standard nanostructuring techniques such as electron 
beam lithography. Moreover, an electron beam fluorination/defluorination 
cycle based on the electron beam induced chemistry inside an SEM has been 
proposed to achieve the long-term preservation of graphene under ambient 
condition. The recovery of the C1s XPS spectrum of graphene after fluorina-
tion/defluorination cycle has suggested the elimination of airborne hydrocar-
bon accumulation on the graphene surface during the aging process.  

Covalent functionalization of graphene using ion beam induced fluorina-
tion is applied to study the evolution of gas sensing properties of graphene 
towards ammonia gas. The fluorinated graphene has shown an 8-fold im-
provement of sensitivity to ammonia as compared to that of pristine gra-
phene and at the same time maintained outstanding selectivity. Moreover, 
the detection limit of fluorinated graphene to ammonia is found to reach 65 
ppb which makes this sensor part of the class of ultrasensitive gas sensors. 
Non-covalent functionalization has also been performed by using π-π stack-
ing mechanism between BP2T molecules and graphene. The functionalized 
graphene has shown an improvement of the sensitivity by a factor of 3 to 
ammonia gas by forming a thin molecular layer with the coverage of 24%.  
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Graphene nanoengineering and superlattices fabrication 

Gas-assisted electron beam induced etching has been regarded as a versa-
tile tool to achieve non-destructive, high-resolution nanostructuring of gra-
phene.  A direct electron beam induced etching technique is proposed to 
achieve localized nanostructuring of graphene/hBN using different precursor 
gas. For water vapor as precursor gas, the etching rate of hBN is larger than 
that of graphene by a factor of 3, indicating the simultaneous etching of gra-
phene/hBN to fabricate sub-100 nm features.  For XeF2 as a precursor gas, 
the etching rate of hBN high while graphene is fluorinated rather than being 
etched. Based on that, a dual-beam process is proposed to locally produce 
the suspended fluorinated graphene on hBN substrate. 

By the saturating the fluorination of bilayer graphene on SiO2/Si substrate 
using an electron beam activated fluorination technique, a new generation of 
rectangular graphene moiré superlattices can be produced. This structure can 
then be explained by the boat C2F/graphene structure due to the mismatch 
between fluorographene and underneath pristine graphene on a supported 
layer. This finding has not only proven the controllable fluorination of gra-
phene by using electron beam activated fluorination technique, but also sug-
gests the more stable state of boat configuration of C2F rather than that of the 
chair configuration.  
 

Outlook 

In the thesis, sensing properties of graphene to ammonia gas can be en-
hanced by ion-beam-induced functionalization. It is worth to be noticed that 
there will be inevitable structural changes of graphene by ion/electron beam 
irradiations, which may have different effects on the sensing properties of 
graphene. In order to better understand the sensing mechanism of graphene, 
the sensing properties of these structural features such as defects, edges, etc.  
need to be studied in a controllable way with different strategies.  Moreover, 
the electron beam-induced functionalization of graphene has enabled the 
direct ‘painting’ of functionalized groups with precise localization on gra-
phene, yet the chemical reactions on the graphene surface are unknown 
which is of great importance to understand the mechanism of the functional-
ization.  Therefore, the further analysis on the reaction products of function-
alization using other techniques such as secondary ion mass spectroscopy 
(SIMS) should be performed. Finally, the new generation of moiré superlat-
tices on bilayer graphene can be fabricated by electron beam induced fluori-
nation, yet the electronic properties of these structures remains unknown. 
New physical effects might be observed on this novel structure by the low-
temperature transport measurements in the future. 
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Sammanfatting På Svenska 

Den här avhandlingen behandlar huvudsakligen tillvägagångssätt för 
ytfunktionalisering och modifiering av grafen, dels för att kunna förbättra 
dess transport- och avkänningsegenskaper, dels för att utveckla nya metoder 
för nanostrukturering av grafen och för att tillverka supergitter i materialet. 
 
Förbättring av grafens fysiska egenskaper 

Renheten på ytan hos grafen producerat med chemical vapour deposition 
(CVD) spelar en avgörande roll för prestandan hos grafen-baserade 
komponenter. Föroreningar kan drastiskt minska laddningsmobiliteten hos 
grafen vid rumstemperatur, vilket minskar användbarheten. En skonsam 
metod föreslås: isopropanol blandat med vatten som kontrollerbart kan tvätta 
bort polymerrester från grafenytan. Röntgenfotoelektronspektroskopi, X-ray 

photoelectron spectroscopy (XPS), visar signifikant minskning av C-O och 
C=O signalerna, vilket indikerar att akrylatrester tagits bort. Dessutom kan 
den optimerade metoden öka laddningsbärarmobiliteten hos grafen trefalt, 
vilket ger en medelfriväg över 100 nm. Detta möjliggör ballistisk transport 
hos CVD-grafen vid rumstemperatur. Vidare har en metod för att uppnå 
långtidsstabilitet för grafenprover i luft utvecklats. Metoden är en 
fluorinering/de-fluorineringscykel som utförs i svepelektronmikroskop med 
elektronstråleinducerad kemi. XPS-spektrumet C1s visar att luftburna 
kolväten inte ackumuleras på ytan vid lagring.  

Kovalent funktionalisering av grafen med jonstråleinducerad fluorinering 
har använts för att öka känsligheten för ammoniak. Fluorinerat grafen visar 
en åttafaldig ökning av känsligheten för ammoniak, jämfört med obehandlad 
grafen, utan att selektiviteten försämrats. Den ultrakänsliga avkännaren har 
en detektionsgränsen som når 65 ppb. Icke-kovalent funktionalisering med 
π-π-växelverkan av oligomeren BP2T på grafen har också utförts. Här fås en 
trefaldig ammoniakkänslighet då ytan är belagd till 24%. 

 
Strukturering av grafen och tillverkning av supergitter 

Gasassisterad elektronstråleinducerad etsning anses vara ett användbart 
verktyg för att åstadkomma icke-förstörande högupplöst nanostrukturering 
av grafen. En sådan teknik visas här för att lokalt mönstra grafen på 
hexagonal bornitrid (hBN) med olika gaser. När vattenånga används som 
prekursor etsas hBN tre gånger fortare än grafen; det har använts för att göra 
strukturer mindre än 100 nm. Med XeF2 som prekursor är etshastigheten hos 
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hBN hög, medan grafen fluorineras istället för att etsas. Utifrån detta föreslås 
en metod med dubbla strålar för att lokalt skapa öar av fluorinerat grafen på 
hBN-substrat.  

Med mättad fluorinering av grafen-bi-lager på oxiderat kiselsubstrat med 
hjälp av en elektronstråleaktiverad metod kan en ny generation av 
rektangulära grafen-Moiré-supergitter tillverkas. Steriskt kan fluor och kol 
konfigureras på olika sätt i fluorografen, där de två mest kända är den boat 
och den chair konfiguration. Supergittret kan förklaras av att C2F/grafen-
strukturen är i konfigurationen boat, vilket gör att fluorografenet inte passar 
mot underliggande rent grafen. Tekniken verkar ge mer stabil fluorinering 
för C2F i boat-konfigurationen än i chair-konfiguration. 

 
Framtidsutsikter 

Den här avhandlingen har visat att känsligheten gör ammoniak hos 
grafenytor kan ökas med hjälp av jon- och elektronstråleinducerad 
funktionalisering. Det är värt att notera att metoden medför oundvikliga 
strukturförändringar i grafen på grund av bestrålningen, vilket kan ha olika 
effekter på avkänningsegenskaperna. För att få en djupare förståelse för 
mekanismerna för avkänning är det viktigt att kontrollerbart undersöka 
strukturförändringar så som defekter och kanteffekter med olika 
tillvägagångssätt. Elektronstråleinducerad funktionalisering möjliggör också 
att mycket exakt positionera de funktionella grupperna genom att de ”målas” 
på. Vilka kemiska reaktioner som äger rum är dock fortfarande okänt. För att 
bringa klarhet i det skulle reaktionsprodukterna behöva analyseras med till 
exempel Secondary ion mass spectromery (SIMS). På samma sätt är de 
elektroniska egenskaperna som ligger bakom den nya generationen Moiré-
supergitter på grafen-bi-lager okända. Ett sätt att undersöka dessa skulle 
kunna vara att utföra lågtemperatur-transport-mätningar. 
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