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CHAPTER Ӏ 

INTRODUCTION

 In this chapter, the motivation for my thesis was presented as the first topic. 

Then, my thesis objectives were displayed in the second topic. The last topic in this 

chapter is the outline of my thesis. 

 

1.1 Motivation 

 Two-dimensional materials, e.g., graphite/graphene and transition metal 

dichalcogenides (TMDs), are interesting materials because their electronic properties, 

such as band gap, will be changed by the number of layer variations. Because of this 

property, they are very promising for a wide range of applications, including chemical 

and biosensors, energy storage, and optoelectronic devices such as solar cells. For solar 

cell applications, the band gap of materials is very important. It needs to be matched 

with the solar spectrum in the NIR to UV range. The bandgap of TMDs has been 

observed in this range. Graphene has no bandgap, which is its main disadvantage. 

However, its band gap can be opened by applying strain (Ni et al., 2008 and Cocco et 

al., 2010) electric field (Castro et al., 2007) and quantum confinement effect (Sk et al., 

2014; Eda et al., 2010; Peng et al., 2012 and Kim Sung et al., 2012). Moreover, 

graphene has an outstanding property for optoelectronic devices: the carrier 

multiplication (CM) property, which can improve the light conversion efficiency of the 

solar cell. Therefore, it is very important to understand and find a new way to tune the 

electronic structures of these layered materials. The electronic properties and 
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mechanism of bandgap engineering of these materials are essential for solar cell 

application. Many researchers have used layered materials to make solar cells, but the 

efficiency is still low when compared with silicon solar cells. Moreover, silicon solar 

cells that are made from monocrystalline silicon are more efficient than polycrystalline. 

It shows that a monocrystalline is more efficient as a device than a polycrystalline. 

Therefore, in this work, we would like to study the electronic structure, especially 

bandgap engineering, of crystalline layered materials by cutting them to the nanoscale. 

The nanoscale crystalline layered materials such as graphene and TMDs will be 

prepared by the focused ion beam (FIB) technique. Their electronic structures will be 

investigated and studied using photoemission spectroscopy and microscopy. 

 

1.2 Objectives of research 

 1.   To prepare the nanoscale  single crystal graphite-base material  

2. To study the electronic structure of the single crystal graphite-base material 

by angle resolved photoemission spectroscopy 

 

1.3 Outline of thesis 

 The thesis is separated into 6 chapters. Chapter I is the introduction part, which 

includes the motivation, approach of the electronic structure engineering of bulk and 

nanoscale crystalline layered materials studies, and thesis objective. Chapter II presents 

photoemission spectroscopy, which is the main technique for electronic structure 

observation. This chapter consists of the introduction of photoemission spectroscopy 

with the original view of the photoelectric effect. Then, the technique that was called 
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"ARPES" is presented. The additional sections on photoemission spectroscopy include 

energy gap analysis, PEEM, and sample preparation for ARPES measurement. Other 

related theoretical aspects consist of layered material details, nano pattern preparation, 

Raman spectroscopy, and engineering of the electronic structure of layered material. In 

chapter IV, we will demonstrate the process of preparing a nanopattern and measuring 

techniques including angle resolved photoemission spectroscopy (ARPES), Raman 

spectroscopy, and how to calculate bandgap as a tensile strain induced by using density 

functional theory (DFT). Chapter V: Discussion and Results consists of the following: 

morphology of nanoscale crystalline layered materials; electronic structure of 

nanoscale crystalline layered materials; Raman spectroscopy observation; and energy 

gap opening discussion. Chapter VI includes the conclusion and future directions. 



CHAPTER II 

THEORY AND LITERATURE REVIEWS 

 Photoemission spectroscopy is a key method used in this study for observing 

electronic structures. As a result, this chapter established the theoretical basis for 

photoemission. This chapter begins with the principle of the photoelectric effect, 

followed by the photoemission spectroscopy theory. Then, the technique that was called 

"ARPES" is presented. Raman spectroscopy was also presented later. Because we are 

interested in the electronic structure of nanoscale crystalline layered materials, this 

chapter discusses the engineering of the electronic structure of layered materials and 

nanopatterning for device manufacturing. 

 

2.1 Photoelectric effect 

The photoelectric effect, which is electron leave from a material phenomenon, 

was discovered by Hertz in 1887 (Hertz, 1887). In 1905, Einstein explained that 

Photoelectric phenomenon is a quantum characteristic of light. Photoelectric effect is 

directly related to work and function, which is an intrinsic property of a material. Figure 

2.1 exhibits photoelectric phenomena. When a material is stimulated by photon with 

energy (hν) that has more energy than the material's work function (Φ). Electrons are 

kicked out from the surface of the material by kinetic energy (Ek) where their relation 

can be written as 

Ek	=	hν	−	Φ      (2.1) 

Photoelectric effects are used in studies in condensed matter and solid-state physics to 
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analyze the properties of atoms, molecules of materials. The technique that applies this 

phenomenon is called photoemission spectroscopy. 

 

Figure 2.1 Photoelectric phenomena for simple explanation (Hertz, 1887). 

 

2.2 Photoemission spectroscopy 

 Photoemission spectroscopy (PES) is the technique used to probe the electronic 

structure of the materials based on the photoelectric effect. PES is able to locate an 

electron that has escaped from its atomic structure by its kinetic energy. The kinetic 

energy of the ejected electrons is related to the binding energy (EB) of the electrons in 

the atom as shown in the equation below. 

Ek	=	hν	−	ΦA	−	EB    (2.2) 

Normally, the work function of the analyzer (ΦA) is more than the work function of 

Electron (Ek)Photon energy (hν)

Material: Work function (Φ ) 
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material. Therefore, ΦA is normally considered to be the reference functionality 

associated with the Fermi level in all experiments. (using the same analyzer). 

Photoemission mechanism is described by three-step model and the one-step model. 

 2.2.1 Three-step model 

  The three-step model is often used to explain the photoemission process 

in its simplest form. Figure 2.2 (left) depicts the three essential processes and an 

explanation of this approach. The photoelectron's photoexcitation, transportation, and 

escape are shown here. 

  I) Electron photoexcitation inside the sample 

  This process happens when a photon excites an occupied electronic state 

(initial state) to an unoccupied state. The photon is then adsorbed, resulting in the 

formation of an electron-hole pair within the crystal with the transition probability 

specified by the Fermi golden rule. This regulation will be discussed in more detail in 

the next section. Due to the low momentum of photons, the electron momentum is 

similarly unaltered in this state. 

II) Photoelectron transport to the surface 

  This approach can be defined in terms of a mass-mean-free effective 

route for any material. This phrase refers to the likelihood that an excited electron may 

pass through a surface without being scattered. During this procedure, certain inelastic 

scattering electrons generate some unnecessary continuous background spectra, which 

are typically removed. 

III) The photoelectron's escape into the vacuum 

  To escape from the surface, the excited electron needs energy greater 

than the work function of the materials. The momentum perpendicular to the surface is 
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not preserved in this process, since it depends on the excited energy and the sample 

surface. As a result, this step gives information on the likelihood of transmission out of 

the surface as a function of the excited energy and work function. 

2.2.2 One-step model 

  The one-step model treats the whole photoemission process as a single 

step. The whole process may be summarized as follows: An excited electron moves 

from a Bloch starting state to a damped final state near the surface. This dampening 

condition of the electron ensures that the electron travels through the solid's surface 

with a short mean free path. In contrast to the three-step model, the one-step model 

combines the three artificial stages of the three-step model into a single cohesive 

process, as shown in Figure 2.2 (right). The photoemission process is corrected using 

Fermi's Golden Rule and appropriate functions for the starting and ending states. This 

is not an issue that can be addressed rigourously. The key to attempting the solution, 

however, is the simplification inherent in the sudden approximation, which is widely 

employed in many-body computations of photoemission spectra. This approximation 

works by assuming that there is no post-collision interaction between the photoelectron 

and the system and that there is no relaxation from the excitation. This approximation 

is adequate for photoelectrons with a reasonably large kinetic energy. 
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Figure 2.2 Illustration of three-step and one-step model crucially use for describing the 

possible photoemission process (Hu ̈fner, 1995). 

 

The types of photoemission depend on excitation photon energy, such as X-ray or UV. 

X-ray Photo-Electron Spectroscopy (XPS), which uses X-rays as a photon light source, 

was developed by Kai Siegbahn starting in 1967. XPS is used to study the energy levels 

of atomic core electrons, mostly solids. Ultraviolet Photo Electron Spectroscopy (UPS) 

uses ultraviolet (UV) as a photon light source and is used to study valence and chemical 

bond energy levels, especially the bond nature of molecular orbitals. In condensation 

physics, the location of valence electrons results in interesting novel properties. 

Therefore, the determination of the position of valence electrons in both their energy 

and momentum is important. The technique that can be performed is Angle-resolved 

photoemission spectroscopy (ARPES). 
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2.3 Angle-resolved photoemission spectroscopy 

 Angle-resolved photoemission spectroscopy (ARPES) was used to observe 

electronic structure of materials. ARPES data can be obtained for both the energy (E) 

and the momentum (k) of the electron, thus obtaining detailed information about the 

bands dispersion and fermi surfaces. Regarding the photoelectric effect, the electrons 

with different Ek, resulting from excited by photon energy, were analyzed as a function 

of the angle (θ) of the analyzer. This angle (θ) related with the in-plane momentum 

(k//) by this equation: 

𝑘// = ./0123
ℏ5

𝑠𝑖𝑛𝜃     (2.3) 

whereas me is effective mass of electron and ℏ is Planck constant. The results from 

ARPES measurement are expressed in photocurrent term (I (E,	kx,	ky)). We can gain 

information of in-plane dispersion of the occupied bands by tracing the peaks in the 

photocurrent. A plot of photocurrent for a fixed momentum is called “energy 

distribution curve (EDC)” while a plot of photocurrent with a fixed energy is called 

“momentum distribution curve (MDC)”. The out-of-plane or perpendicular momentum 

denoted as k⊥, cannot be directly measured from ARPES because the k⊥ is large relative 

to the vacuum level. 



 
 

 

10 

 

Figure 2.3 Schematic illustration of ARPES system, consisting of incident photon light, 

sample and analyzer. 

 

The ARPES system, as shown in figure 2.3, was set up using synchrotron rays and a 

UV lamp as the light source. Most of the time, synchrotron radiation is used because 

the photon energy can be adjusted. Synchrotron light radiation is generated by electron 

acceleration and then travels through a bending magnet and is stored within the storage 

ring. The resulting light has a range of energy covering electromagnetic waves. In 

ARPES, multi-wavelength light passes through a sieve for wavelength selection, 

creating a monochromatic photon. Ultraviolet (UV) photon energy is typically used for 

surface-sensitive ARPES because of the average-free path of the typical atomic layers. 

To increase the desired photon flux output and spot size, a large number of inserts, such 
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as wigglers or undulators, are installed along the storage ring. ARPES measurements 

require high-resolution data acquisition for reliable experimental results. The resolution 

of the ARPES measurement depends on the intensity of the light source and the electron 

analyzer, which is the main component in the ARPES system. Moreover, the 

development of the two components in conjunction with sample cooling and sample 

manipulating provides a 10 meV energy resolution that can be used to detect many 

interesting physics phenomena. The electron analyzer is one of the major components 

of ARPES, consisting of an electrostatic lens, hemispherical deflector, entrance slit, 

exit slit, and electron detector. Firstly, the traditional hemispherical analyzer is 

discussed in order to understand the simple view of electron collection. The excited 

electrons from the sample are focused and retarded by the electrostatic lens at the 

entrance slit. This allows some electrons with the right kinetic energies within a narrow 

range centered at 

𝐸?@AA =
B∆D
E5
EF
GEFE5

      (2.4) 

These electrons which satisfy this equation can reach the exit slit and then the detector 

without colliding with the analyzer wall. Where ∆V is a potential difference, R1 and R2 

are radius of two hemispheres. The energy resolution of measured electron can be 

calculated by 

∆𝐸@ = 𝐸?@AA(
MN
OP
+ R5

S
)   (2.5) 

where dw is the width of the entrance slit, 𝑅X =
OFYO5
/

, and α acceptance angle. The 

photoemission intensity can be recorded as a function of kinetic energy by scanning the 

electrostatic lens. 
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2.4 Raman spectroscopy 

 Raman spectroscopy is a spectroscopic technique that is primarily used to 

identify the vibrational modes of molecules, but it may also be used to examine 

rotational and other low-frequency modes of systems (Graves and Gardiner, 1989). 

Raman spectroscopy has been used in chemistry to create a structural fingerprint that 

may be used to identify molecules. Raman spectroscopy is based on the inelastic 

scattering of photons, commonly referred to as Raman scattering. Typically, 

monochromatic light is generated by a laser. When the laser light interacts with 

molecular vibrations, phonons, or other system excitations, the energy of the laser 

photons is pushed up or down. The energy shift that is the Raman shift provides 

information on the system's vibrational modes. Figure 2.4 illustrates the Raman 

scattering mechanism schematically. 

 

Figure 2.4 A basic diagrammatic representation of light scattering processes using a 

single molecule: Rayleigh scattering (blue) and anti-Stokes Raman scattering (red).  
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Raman shifts are often described in wavenumbers, which have inverse length units, 

since this value is linked to energy. The following formula may be used to convert 

between spectral wavelengths and Raman wavenumbers of shift: 

∇𝜐 = ( ]
^P
− ]

^F
)    (2.6) 

where ∇𝜐 is the Raman shift expressed in wavenumber,	𝜆X is the excitation wavelength, 

and 𝜆]  is the Raman spectrum wavelength. Raman spectroscopy is an extremely 

powerful technique for deciphering the intricate bonding structure of carbon-base 

materials. Raman spectroscopy has been essential in characterizing graphitic materials 

structurally and has developed into a useful tool for analyzing the behavior of electrons 

and phonons in graphene. Graphite's (graphene's) Raman spectrum is dominated by two 

Raman-allowed spectral characteristics. The G band is associated with the longitudinal 

optical (LO) phonon mode, which occurs about 1580 cm-1, and the G¢ band (or 2D band) 

is an extremely powerful second-order dispersive Raman characteristic. Raman spectra 

of multilayer graphene exhibit a range of spectral widths and relative intensities for G 

to G¢, indicating interlayer interaction between graphene layers. For example, the 

graphene Raman spectrum can be differentiated from other spectra by the observation 

that the G¢ band is stronger than the G band, but the G¢ band is broader and weaker in 

multilayer graphene as shown in figure 2.5 (Ferrari et al., 2006).  
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Figure 2.5 a) Comparison of the Raman spectra of bulk graphite and graphene at 514 

nm. b) The evolution of the 514 nm spectra as the number of layers increases (Ferrari 

et al., 2006). 

 

Graphene with a finite dimension involves irregularly shaped edges, stacking disorder 

between two layers, and atomic flaws inside the layer. The D-band characteristic arises 

at around 1350 cm-1 for such a disordered carbon. The ratio of D to G gives an excellent 

estimate of the in-plane crystallite size or the degree of disorder in the sample (Tuinstra 

and Koenig, 1970; Sato et al., 2006). 

 

2.5 Engineering of electronic structure of layered material 

  Two-dimensional materials (2D materials or layered materials) are matter with 

a thickness of a few nanometers or less. Normally, the atomic structure of 2D materials 

consists of six atoms arranged in a hexagonal lattice in each layer. Electrons in the 

layered materials can move freely in the two-dimensional plane, but they are confined 

in the third direction. Because of their exceptional properties and application potential, 

G¢
G

G¢
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2D materials piqued the interest of many researchers (Novoselov et al., 2004; 

Novoselov et al., 2005; Zhang et al., 2005 and Berger et al., 2006). The layered 

materials are promising for a wide range of applications, including chemical and 

biosensors, energy storage, and optoelectronic devices. Electronic properties of layered 

materials can be changed by quantum confinement effects (QCE), and we especially 

investigated transition metal dichalcogenides (TMDs) and graphene. When materials 

transition from bulk to nano scale, QCE occurs.Some of the 2D materials are graphite, 

graphene, and transition metal dichalcogenides.  

 Transition metal dichalcogenides (TMDs) are semiconductors of the type MX2, 

where M is a transition metal atom (such as Mo or W) and X is a chalcogen atom (such 

as S, Se or Te). The TMDs exhibit a unique combination of atomic-scale thickness, 

direct bandgap, etc. The electronic properties of TMDs, such as band gap and work 

function, are transformed when their number of layers is altered. The bulk of TMDs 

have an indirect band gap, but they exhibit a direct band gap when they become 

monolayer (Eknapakul et al., 2014) as shown in figure 2.6.  

 

Figure 2.6 a), b) Valence band measured along the Γ̅−K̅ direction for bulk and 

monolayer MoS2 and c) conduction band of monolayer MoS2 (Eknapakul et al., 2014). 
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In addition, other properties change as the MoS2 changes from bulk to monolayer. Kim 

and his co-worker studied the work function of MoS2. They found that the work 

function of 2-to-12 layers of MoS2 decreased when the layers were decreased. (Kim et 

al., 2015). Mak and his team trace the effect of quantum confinement on the MoS2’s 

electronic structure by using absorption, photoluminescence, and photoconductivity 

spectroscopy. They found that with decreasing thickness, the indirect band gap, which 

lies below the direct gap in the bulk material, shifts upwards in energy by more than 

0.6 eV. This leads to a crossover to a direct-gap material in the limit of the single 

monolayer. Unlike the bulk material, the MoS2 monolayer emits light strongly. The 

freestanding monolayer exhibits an increase in luminescence quantum efficiency by 

more than a factor of 104 compared with the bulk material (Mak et al., 2010). 

 

Figure 2.7 a) PL spectra for mono and bilayer MoS2 samples in the photon energy 

range from 1.3 to 2.2 eV. Inset: PL QY of thin layers for N = 1 – 6. b) Normalized PL 

spectra by the intensity of peak A of thin layers of MoS2 for N = 1 – 6. c) Bandgap of 

thin layers of MoS2. The dashed line represents the (indirect) band-gap energy of bulk 

MoS2 (Mak et al., 2010). 
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 Graphene is a 2-dimensional material made up of an atomically thin layer of 

carbon atoms arranged in a honeycomb lattice. The interesting property of graphene, 

which is important to optoelectronic devices, is carrier multiplication. That means a 

single photon generates charge carriers more than one by the Auger process (Winzer et 

al., 2010). Therefore, graphene can generate multiple charge carriers from the 

absorption of a single photon, as shown in figure 2.8. This can improve the light 

conversion efficiency of solar cells. Torben and his co-workers used microscopic 

calculations for carrier multiplication studies. They found that it is estimated that 

graphene can generate multiple carriers (CM = 4.3) when it was induced by the optical 

excitation (Torben et al., 2010). Plötzing and his team have been reported on the first 

direct experimental observation of carrier multiplication in graphene reaching a 

multiplication factor of up to 2 and persisting on a picoseconds time scale (Plotzing et 

al., 2014). 

 

Figure 2.8 Carrier multiplication (CM) process (Torben et al., 2010). 

 

In a photovoltaic device, carrier multiplication enhances charge carrier density, leading 

to high efficiency of the device. Furthermore, graphene has significantly increased the 
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photocurrent of photodetectors, resulting in high resolution devices.Normally, 

graphene is used in combination with other materials, such as graphene/semiconductor 

heterojunction for photodetectors. Shimatani and co-workers developed a 

graphene/indium antimonide (InSb) heterojunction photodetector for high-resolution 

mid-IR image sensors. They found that the carrier density modulation effect of 

graphene was amplified due to the carrier multiplication effect (Shimatani et al., 2020). 

Fukushima and his team also studied graphene-based field effect transistors that were 

fabricated on indium antimonide (InSb) substrates. They found that the InSb generated 

photo-carriers in response to incident IR light modulated the graphene channel gate 

voltage and induced a large photocurrent (Fukushima et al., 2018). Additionally to the 

previous, graphene exhibits exceptional capabilities for terahertz (THz) optoelectronics 

via the plasmonic effect (Li et al., 2020). Although graphene is a relatively new material 

system for THz optoelectronics, it has received much interest because of several of 

unique features (Low and Phaedon, 2014; Tassin, Koschny and Soukoulis, 2013). 

Therefore, graphene is a potential candidate for optoelectronic devices. Unfortunately, 

optoelectronic applications need a semi-conductor material, but graphene is a gapless 

material because the valence band and conduction band of graphene cross at the Dirac 

point in the Brillouin zone in the reciprocal space. Thus, the gap opening of graphene 

is essential to optoelectronic applications. Moreover, the energy gap should be intrinsic 

property of graphene. However, the bandgap of graphene can be opened by applying 

strain (Ni et al., 2008 and Cocco et al., 2010) electric field (Castro et al., 2007), but 

these effects are temporary bandgap, the bandgap closes when stop applying stain and 

electric field. There are many ways to create intrinsic gap in graphene such as substrate 

inducing (Zhou et al., 2007). In addition, the bandgap of graphene can be generated by 
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quantum confinement effect. By this effect, the bandgap of graphene depends on size 

in nano-scale of graphene such as graphene quantum dots (GQDs).  

 2.5.1 Electric field 

  Because the Fermi level of pure graphene correlates with its Dirac point, 

it may be deliberately controlled to constantly move up and down by doping electrons 

or holes, respectively. One efficient approach for doping electrons and holes is to apply 

a gate voltage on graphene, as seen in figure 2.9 a. When the Fermi level gets close to 

the Dirac point, graphene's conductivity drops as the charge carrier density drops. 

Additionally, the carrier density of graphene may be quantified quantitatively by Hall 

measurements, allowing for easy calculation of the mobility. The evolutions of ns and 

with graphene's gate voltage are shown in Figure 2.9 b. As can be observed, charge 

carrier density grows linearly with gate voltage absolute value (notice that positive and 

negative gate voltages correspond to electron and hole doping, respectively), and 

mobility rises rapidly as the shifted Fermi level approaches the Dirac point ( Zhan et 

al., 2012). Graphene's electrical properties also depend on its stacking geometry. The 

AB sequence stacks the most potentially favorable bilayer graphene (BLG). Unlike 

single-layer graphene (SLG), which exhibits just one linear band in the low-energy 

regime, BLG exhibits two groups of parabolic bands owing to the interlayer coupling 

effect. Thus, by modulating the electronic coupling between layers, the electronic band 

structure of these parabolic bands may be modified. 
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Figure 2.9 a) The conductivity of graphene as a function of gate voltage measured at 

10 K. The blue (A) and red (B) regions represent the hole- and electron-doped graphene. 

The insets show the electronic spectra of positively (left), neutrally (middle), and 

negatively (right) doped graphene at around the Dirac point. b) Charge carrier density 

ns (open circles) and mobility µ (solid circles) of graphene as a function of gate voltage 

( Zhan et al., 2012). 

 

Graphene electrons travel at near-light speed. Graphene's promise for electronics and 

photonics requires a bandgap. Ohta and colleagues report on the angle-resolved 

photoemission characterization of bilayer graphene thin films on insulating silicon 

carbide. The potassium doping increased the carrier concentration in each layer, 

allowing regulation of the valence-conduction band gap. Figure 2.10 illustrates the 

evolution of gap closing and reopening when the doping level is varied by potassium 

adsorption (Ohta et al., 2006). Zhang and colleagues engineered a bandgap in BLG that 

is perfectly controllable between 0 and 250 meV by tunable electric field. The electric 

field used in BLG and the bandgap opening are shown schematically in figure 2.11 a. 

As seen in figure 2.11 b, experimental results (red squares) are contrasted to theoretical 

predictions based on self-consistent tight-binding (Zhang et al., 2009). 
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Figure 2.10 Evolution of gap closing and reopening by changing the doping level by 

potassium adsorption. Experimental and theoretical bands (solid lines) (A) for an as-

prepared graphene bilayer and (B and C) with progressive adsorption of potassium are 

shown. The number of doping electrons per unit cell, estimated from the relative size 

of the Fermi surface, is indicated at the top of each panel (Ohta et al., 2006). 

 

 

Figure 2.11 a) Schematic of electric field that was applied in BLG and bandgap 

opening. b) Experimental results (red squares) are contrasted to theoretical predictions 

derived from self-consistent tight-binding calculations (black trace), ab initio density 

functional calculations (red trace), and unscreened tight-binding calculations (red trace) 

(blue dashed trace) (Zhang et al., 2009). 

a) b)
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 2.5.2 Strain 

  Because graphene is a two-dimensional material, both symmetrical 

strains that maintain hexagonal symmetry and asymmetrical strains that degrade 

hexagonal symmetry are generally considered. Strain is the material's deformation or 

displacement as a consequence of an applied force. The strain relationship is as follows  

𝜀 = aGaP
aP

     (2.7) 

where 𝜀 is strain, 𝐿 is length after applied force, and 𝐿X is original length. 

Tensile and compression strains are normally applied to the atomic structure of 

materials. Strain would distort the Brillouin zone correspondingly as the unit cell 

changed in real space. The symmetrical tensile strain crushes the unit cell of graphene 

uniformly, bringing the electronic bands closer to the Fermi level and modifying the 

band dispersion in the momentum space. The symmetrical compressive strain effect 

follows the inverse trend of the tensile strain effect. Tensile strains of up to 0.8 percent 

were applied to graphene deposited on a flexible substrate, resulting in significant red 

shifts in the Raman spectra of the 2D and G bands, as illustrated in figure 2.12 a .Raman 

spectra changes due to the elongation of carbon-carbon bonds. Furthermore, first-

principle simulations predict that graphene would have a bandgap opening when 

subjected to uniaxial tensile strain, as shown in figure 2.12 c (Ni et al., 2008).  
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Figure 2.12 a) The Raman spectra that are taken from the 2D band SLG. b) and c) 

Calculated band structure of unstrained and 1% tensile strained graphene (Ni et al., 

2008). 

 

Because the electronic band structure of layered graphene may be modified by the 

coupling between layers, strain also effects the band dispersion of layered graphene 

different single layers because of the coupling between layers. When tensile strain is 

applied in a zigzag direction, the bandgap of a single layer is greater than that of bilayers 

at the same percent strain, as seen in figure 2.13 (Wong, Wu and Lin, 2012). 

 

Figure 2.13 a) The band structure of single layer graphene at the K point under zigzag 

strain. b) The band structure of bilayer graphene at the K point when applied to a zigzag 

strain (Wong, 2012). 

a) b) c)

a) b)
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The following techniques for inducing strain have previously been shown to be 

practical and are now being used with layered materials: bending flexible substrates, 

elongating an elastic substrate, piezoelectric stretching, substrate thermal expansion, 

and controlled wrinkling as illustrated in figure 2.14 (Roldán et al., 2015). 

 

Figure 2.14 a) Scheme of the cross section of the flexible substrate before and after 

bending it. b) Scheme of the approach to apply uniaxial tensile strain by elongating an 

elastic substrate. c) Schematic diagram of the mechanical deformation of a piezoelectric 

material when an electric field is applied. d) Schematic diagram of the process to strain 

atomically thin materials by using substrates with strong adhesion and very large 

thermal expansion coefficient. e) Schematic diagram of the fabrication process of 

wrinkled nanolayers (Roldán et al., 2015). 

 

 2.5.3 Quantum confinement effect 

  In general, a bulk material's free electrons can travel freely in all 

directions. When a bulk material is decreased in one direction (two-dimensional 

materials) or in all directions (quantum dots), the electrons are also limited in their 

a) b) e)

c) d)
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movement. Electrons are described by quantum confinement effects in terms of energy 

levels, potential wells, valence bands, conduction bands, and electron energy band gaps. 

When the particle's size is too small to be equivalent to the electron's wavelength, the 

quantum confinement effect is observed. Essentially, the confinement of an electron 

and a hole in nanostructures affects their electrical and optical characteristics 

significantly. Size and shape have an effect on the electrical and optical properties of 

materials. Well-known technological breakthroughs, such as quantum dots, were 

obtained from size manipulation and theoretical confirmation of the quantum 

confinement effect. Quantum confinement is explained using the particle in a box 

paradigm, in which an electron is free to travel in a limited area. By reducing the volume 

or dimensions of the accessible space, the energy of the states is increased. The 

relationship between energy level and dimension spacing is seen in the following 

equation: 

𝐸cdcecf =
ℏ5g5

/0
[icd
ad
j
/
+ kce

ae
l
/
+ icf

af
j
/
]  (2.8) 

Where 𝐸cdcecf is energy level and 𝐿n, 𝐿o and 𝐿p are dimension spacing of x, y and z. 

The difference in electron energy level and bandgap between a nanomaterial and its 

bulk state is seen in figure 2.15. 
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Figure 2.15 Bandgap difference of nanoparticle and bulk material. 

 

By using density-functional theory (DFT) and time-dependent DFT calculations, 

Mahasin Alam Sk, et al. have found that the optical property of a GQD can be 

sensitively tuned by its size. Therefore, increasing the size resulted in an increasing in 

the emitted wavelength as shown in figure 2.16 a (Sk et al., 2014). Moreover, the study 

of Goki Eda using the DFT calculation found that bandgap of graphene dots (benzene 

ring) decrease when sizes of the dots increase as shown in figure 2.16 b (Eda et al., 

2010). 

 

Figure 2.16 a) Calculated emission wavelength (nm) using TDDFT method in a 

vacuum as a function of the diameter of GQDs (Sk et al., 2014). b) The bandgap of 

graphene dots (benzene ring) calculated based on DFT as a function of the number of 

fused aromatic rings (N) (Eda et al., 2010). 
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The bandgap of graphene quantum dots has received the most attention due to their 

photoluminescence (PL) property. Peng and co-workers synthesized GQDs with 

different sizes of 1-4 nm, 4-8 nm, and 7-11 nm by varying the reaction temperatures. 

They found that GQDs with different sizes of 1-4 nm, 4-8 nm, and 7-11 nm emitted 

different PL blue, green, and yellow, respectively, as shown in figure 2.17 (Peng et al., 

2012). This result revealed the different types of PL that depend on the size of GQD. 

Moreover, Kim also reported that the visible photoluminescence (PL) of GQD varied 

sizes from 5–17 nm, which is consistent with the quantum confinement effect (QCE) 

(Kim et al., 2012).  

 

Figure 2.17 Optical properties of the GQDs. (a) UV−vis spectra of GQDs 1-4 nm (A), 

4-8 nm (B) and 7-11 nm (C). Inset of panel a is a photograph of the corresponding 

GQDs under UV light with 365 nm excitation. (b) PL spectra of GQDs with different 

emission color excited. (c) Relationship between the energy gap and the size of GQDs. 

(d) TRPL decay profile of blue GQDs recorded at room temperature. The inset shows 

the lifetime data and the parameter generated by the exponential fitting (Peng et al., 

2012). 



 
 

 

28 

However, the bandgap of GQDs is not dependent on only the QCE because GQDs 

consist of graphene nanostructure and surface chemical groups that bond with the 

graphene nanostructure. These chemical groups may contribute to UV-visible 

absorption. (Wang et al., 2014 and Wang et al., 2013). So, the bandgap of perfect 

nanocrystalline graphene is interesting to study.  

 2.5.4 Edge 

  Perfect graphene crystalline is a candidate for a variety of applications 

and also requires band gap opening procedures. Cutting graphene to the nanoscale is 

one of the few methods for opening a band gap while retaining graphene's excellent 

mobility. The graphene edge is formed by shrinking the graphene to a smaller size. 

Localized electron distribution is determined by edge configurations, and so the 

crystallographic orientation of graphene is critical for determining its electronic 

characteristics in localized states. As seen in Figure 2.18, zigzag and armchair edges 

are the two primary forms of graphene edges along crystallographic axes (Zhang, Xin, 

and Ding, 2013).  

 

Figure 2.18 The red line are a) zigzag edge of graphene nano ribbon (GNR), b) 

armchair edge of graphene nano ribbon and c) arbitrary edge of graphene nano ribbon 

(Zhang et al., 2013). 
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The orientations of graphene flakes' edges might well be identified using a high-

resolution STM capable of producing atomic-resolution pictures of the graphene crystal 

lattice, allowing for unequivocal identification of armchair or zigzag edges. The 

electronic structure of the nanoscale graphite material is significantly influenced by its 

edge. Although the energy gap of graphene nanoribbons (GNRs) with comparable 

widths differs due to their opposed edges (zigzag and armchair), this impact is 

negligible when compared to the quantum confinement effect (Ritter et al., 2009). 

 2.5.5 Disorders in graphene structure 

  During the production process, disorder may also be induced in the 

graphene crystal structure. With a limited dimension, graphene's changed massively 

from unevenly formed edges, stacking disorder between two layers, and atomic defects 

inside the layer. Raman spectroscopy is useful for identifying structural defects in 

graphite-base materials. The oscillation mode of Raman spectroscopy that describes the 

disorder structure of graphite-base materials is the D-band, which arises at around 1350 

cm-1. By adding disorder to the graphene structure, the electronic homogeneity of the 

graphene would be broken. These disorders are capable of modifying the bond lengths 

of interatomic bonds and re-hybridizing the σ and π orbitals. Additionally, any 

imperfections may scatter electron waves and alter electron paths. The defect created 

by the borders between the intrinsic and N-doped areas can create a zero-energy gap in 

graphene of about 130 meV (Bai et al., 2014). 
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2.6 Nano patterning for devices fabrication  

 As I mentioned above, the nanostructure of layered materials is interesting 

because of the electronic structure engineering of these materials. Moreover, nano 

patterns of materials also affect the properties of devices. Normally, nano patterns are 

prepared by the lithography technique. As shown in Figure 2.19, Neu and his team 

fabricated single-crystalline diamond nanopillars on a (111)-oriented chemical vapor 

deposited diamond substrate as shown in Figure 2.20. They characterized single native 

NV centers in these nanopillars and found the highest reported saturated fluorescence 

count rates in single crystalline diamond in excess of 106 counts per second on this 

device. They show that their nano-fabrication procedure conserves the preferential 

alignment as well as the spin coherence of the NVs in our structures. (Neu et al., 2014).  

 

Figure 2.19 a) Scanning electron microscopy image of diamond nanopillars fabricated 

on a (111)-oriented single-crystalline diamond sample. b) Confocal fluorescence image 

of an array of diamond nanopillars (Neu et al., 2014). 

 

Refractive index property were investigated in nano pattern photonic devices. Pina-

Hernandez and co-worker fabricated two-dimensional (2-D) photonic crystals as well 

a) b)
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as 1D and 2D photonic nanocavities. They observed enhanced photoluminescence from 

the 2D photonic crystal and the 1D nanocavities (Pina-Hernandez et al., 2017). Neder, 

Luxembourg, and Polman fabricated silicon heterojunction solar cells integrated with 

arrays of light scattering dielectric nanoscatterers by using substrate-conformal soft-

imprint lithography. By using green spectrum as incident light, they found that this 

device exhibited high performance because of resonant spectrum nanoscatterers 

(Neder, Luxembourg, and Polman, 2017). 

 

Figure 2.20 a) Top-view SEM image of a square array of silicon nanoscatterers on a 

sapphire cover slide, made by SCIL. b) SEM image of a cross section of the silicon 

nanoscatterers on sapphire made using focused ion beam milling (Neder, Luxembourg, 

and Polman, 2017). 

 

Researchers have been attracted to graphene's pattern by the lithography technique. Ju 

and his team investigate plasmon excitations in arrays of engineered graphene micro-

ribbons as shown in figure 2.21. They reveal that by varying the micro-ribbon width 

and in situ electrostatic doping, graphene plasmon resonances can be adjusted over a 

broad terahertz frequency range (Ju et al., 2011). 

a) b)
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Figure 2.21 a) A typical graphene micro-ribbon arrangement from the top. b) A typical 

device with a graphene micro ribbon array on a Si/SiO2 substrate from the side. c) AFM 

image of a graphene micro-ribbon array sample (Ju et al., 2011). 

 

Furthermore, graphene can be improved by a periodic array of metallic nanoparticles. 

Tantiwanichapan and his team investigate the excitation of THz plasmon polaritons in 

large-area graphene samples on standard oxidized silicon substrates via diffractive 

coupling from an overlaying periodic array of metallic nanoparticles. They found that 

an array of Au nano particles enhanced surface-plasmon resonances at THz frequencies 

via array period decreased (Tantiwanichapan et al., 2017). 

 

Figure 2.22 a) The investigated device geometry is represented schematically. b) 

Optical microscope taken from the top of a device with an array period(Λ) = 6 µm. c) 

Calculated resonance frequency of grating-coupled GPPs, plotted as a function of 

carrier density N for different values of Λ (Tantiwanichapan et al., 2017). 

a) b)

c)
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Although lithography is a famous method for nano pattern preparation, but  it can also 

become contaminated with solvents through this process. The contaminated of layered 

materials are directly effect on their properties. Therefore, nanoscale layered materials 

require a technique that non-contact with solvents for high purity nanoscale layered 

materials. By the way, electronic and optoelectronic applications require single 

crystalline material, because it absence of imperfections such as grain boundaries, 

inhomogeneous strain, and dislocations (Zhang, Dong and Hu, 2018; Murali et al., 

2019). This absence gives single crystals unique characteristics, especially mechanical, 

optical, and electrical, which depend on the crystallographic structure. Therefore, the 

way to open a gap in single crystal graphene that is suitable for optoelectronic devices 

was investigated. The reason for this leads us to the selection of methods for preparing 

nanoscale layered materials for use in the study of electronic structure.  



CHAPTER ӀII 

MATERIALS AND METHODOLOGY 

 In this chapter, we will discuss layered materials, the process of preparing 

nanopatterns and measuring techniques including angle resolved photoemission 

spectroscopy (ARPES), Raman spectroscopy and how to calculate bandgap as a tensile 

strain induced by using density functional theory (DFT).  

 

3.1  Layered material  

 3.1.1 Graphene 

  Graphene is one kind of carbon structure which is made up of a single 

layer of atoms arranged in a two-dimensional honeycomb lattice. Once of atom in 

graphene is connected to three closest by a σ bond as shown in figure 3.1 a. Three of 

valence electrons of each atom in the graphene occupy three sp2 hybrid orbitals, which 

combine s, px and py orbitals. The remaining electron of valence is perpendicular to the 

plane and occupies a pz orbital. These orbits are hybridized into two semi-filled strips 

of free-moving electrons, π and π∗, which represent the majority of the remarkable 

electronic features of graphene (Cooper et al., 2012). Electronic structure of graphene 

exhibit a semimetal feature that conduction (pz orbital) and valence bands (pz orbital) 

overlap at the Dirac points, which are six locations in Brillouin zone, divided into two 

non-equivalent sets of three points (labeled K and K' in the Brillouin zone). The two 

bands touch at the zone corners where there is a zero density of states but no band gap 

as exhibited in figure 3.1 b. 
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Figure 3.1 a) Sigma and pi bonds in graphene. Sigma bonds result from an overlap of 

sp2 hybrid orbitals, whereas pi bonds emerge from tunneling between the protruding 

pz orbitals. b) Electronic structure of graphene. Valence and conduction bands meet at 

the six vertices of the hexagonal Brillouin zone and form linearly dispersing Dirac 

cones (Cooper et al. 2012). 

 

In low energies, the electrons can be characterized by a formally equivalent equation of 

the massless Dirac equation and even ignore the intrinsic spin. As a result, electrons 

and holes are referred to as Dirac fermions. This pseudo-relativistic description is 

confined to the chiral limit, i.e., to vanishing massless M0, which leads to additional 

features:  

𝜐#𝜎 ∙ ∇𝜓(𝑟) = 𝐸𝜓(𝑟)    (3.1) 

Here 𝜐#  is the Fermi velocity in graphene, which replaces the velocity of light in the 

Dirac theory; 𝜎 is the vector of the Pauli matrices; 𝜓(𝑟) is the two-component wave 

function of the electrons and 𝐸  is their energy. The mass of the charge carrier in 

graphene is of interest because it enables the development of novel properties. If the 

mass of graphene can be controlled, electrons can be limited to massless regions by 

a) b)
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enclosing them in massive regions, enabling the patterning of quantum dots, wires, and 

other mesoscopic structures. Additionally, it generates one-dimensional conductors 

parallel to the boundary. These wires would be impervious to backscatter and capable 

of carrying current without dissipating it. (Fuhrer, 2013) 

 Carrier multiplication, a mechanism that has been extensively researched in the 

aspect of increasing the efficiency of solar energy conversion, brings attention to 

graphene in optoelectronic applications. Multiple charge carriers are created as a result 

of a single photon's absorption by Auger processes. Auger processes are classified into 

two types: Auger recombination (AR) and impact ionization (II), as shown in figure 

3.2. (Winzer et al., 2010) 

 

Figure 3.2 a) Auger recombination (AR) b) Inverse Auger recombination or impact 

ionization (II) (Winzer et al., 2010). 

 

Figure 3.2 exhibits the linear energy dispersion of graphene around the K point. After 

an optical excitation (depicted by red arrows), the hot carriers relax toward equilibrium 

via Coulomb-induced scattering processes. As shown in figure 3.2 a, AR is a process 

in which one electron is scattered from the conduction band into the valence band while 
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transferring energy to another electron excited to a more energetic state inside the 

conduction band. Inverse Auger recombination is the inverse process of II. When an 

electron relaxes to a lower energy state, it excites a valence band electron into the 

conduction band, as shown in figure 3.2 b. As a result of II, the carrier density increases 

(carrier multiplication). 

 Graphene is attractive for optoelectronic applications due to its plasmonic 

properties. Plasmonics is typically based on so-called surface plasmon polaritons 

(SPPs), which are coherent electron oscillations traveling along the interface between 

a dielectric (e.g. glass, air) and a metal (e.g. silver, gold). Graphene has also 

demonstrated surface plasmon phenomena comparable to those of metallic thin films. 

The plasmonic characteristics of hybrid structures can be modified to improve 

optoelectronic device performance by engineering metallic substrates or nanoparticles 

(e.g., gold, silver, and copper) with graphene. Additionally, graphene exhibits 

plasmonis on its own. At low energies where the wavelengths surpass the damping 

length, graphene plasmons can also be isolated from their environment and generate 

real Dirac plasmons. The intrinsic graphene plasmons are strikingly different from 

noble metal plasmons in that they can be tuned by gated or doped graphene. Graphene 

plasmonic resonances may play a critical role in the development of robust and 

inexpensive terahertz photodetectors with significant security applications. 

 3.1.2 Highly oriented pyrolytic graphite 

  Highly oriented pyrolytic graphite (HOPG), ultra-pure graphite, has a 

high degree of preferred crystallographic orientation of the c-axes perpendicular to the 

surface of the substrate. HOPG was prepared by the deposition of a layer of graphene 

on a substrate at a high temperature in a vacuum, such as graphitization heat treatment 
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of pyrolytic carbon or by chemical vapor deposition at high temperatures. Although 

HOPG is the bulk of graphene, its conduction and valance bands still overlap at high 

symmetry points in the Brillouin zone and reveal a Dirac fermion as shown in graphene 

(Orlita et al., 2008; Luk’yanchuk and Kopelevich, 2006). The Fermi surface of 

graphene or graphite single layer shows small dots of high intensity located at the six 

corners of the hexagonal Brillouin zone. For the HOPG, the Fermi energy intensity map 

shows a perfectly circular pattern in contrast to what is expected for single crystalline 

graphite. This is attributed to the angular spread of the dots into a circle due to the 

azimuthal disorder of graphite, as shown in figure 3.3. Although HOPG's Fermi 

surfaces are significantly different from graphene, Zhou, et. al, observed an angular 

average of the calculated dispersions to prove the difference in the band dispersion at 

each azimuthal angle. They discovered that the band dispersion of azimuthal angles has 

no discernible angular dependence, indicating that this material has an azimuthally 

invariant electronic structure (Zhou et al., 2005). 

 

Figure 3.3 a) The hexagonal Brillouin zone dashed lines and Fermi surface shaded 

circles expected for single crystalline graphite are drawn schematically. b) Intensity 

map vs binding energy and in-plane momentum along the solid line in a taken at 60 eV 

photon energy. The inset shows energy distribution curve EDC at kF taken at 25 eV. c 

Second derivative of raw data in b with respect to energy (Zhou et al., 2005). 
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 3.1.3 Transition metal dichalcoginides 

  Transition metal dichalcogenides (TMDs) are the most investigated 

layered materials at the moment. TMDs are indicated by the chemical formula MX2, 

where M represents a transition metal (Mo, W) and X represents a chalcogen (S, Se). 

Each layer of TMDs is around 6 – 7 Å thick, comparable to graphene. Each in-layer of 

these materials is held together by strong ionic bonds, but surrounding planes are held 

together by a weak van der Waals (vdW) force that is many orders of magnitude less 

than the in-plane contact. Atomic structure of TMD demonstrate in figure 3.4. 

 

Figure 3.4 a) Side-view of atomic structure of transition metal dichalcogenides (TMD) 

where M represents a transition metal and X represents a chalcogen. b) Top-view of 

atomic structure of transition metal dichalcogenides (TMD). 

 

Layered TMDs are formed by stacking hexagonal packed planes containing three or six 

chalcogens around a central metal atom in a trigonal prismatic configuration. The low 

vdW force between each layer of TMDs results in an unique cleavage property 

perpendicular to the out-of-plane axis. There are around eighty different stacked TMD 

compounds with properties ranging from insulating to superconducting. Mo- and W-

based TMDs, in particular, are semiconductors with a tunable band gap of 1.5–2.1 eV 

M atom X atom

a)

b)
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(Frey et al., 1998; Kuc et al., 2011), and are the most extensively investigated materials 

apart from graphene. Two-dimensional semiconductors constructed from ultrathin 

TMDs have promising applications for novel electronic device applications; for 

example, a high emission in the visible frequency region is advantageous in 

optoelectronics (Wilson and Yoffe, 1969). 

 

3.2 Nano-pattern preparation 

 3.2.1 Focused ion beam 

  The technology of focused ion beam (FIB) was primarily developed in 

the late 1970s and early 1980s. Modern FIB systems are increasingly being used in 

semiconductor research and manufacturing settings, as well as in failure analysis and 

chip design centers. A FIB setup is a basic scientific device for a scanning electron 

microscope (SEM). While the SEM uses a focused beam of electrons to view the sample 

within the chamber, the FIB employs a focused beam of ions. Additionally, FIB can be 

integrated into a system that includes both electron and ion beam columns, allowing for 

the investigation of the same feature utilizing either of the beams. FIB really shouldn't 

be confused with direct write lithography, which utilizes a focused ion beam. A source 

of the ion beam is liquid metal ion sources (LMIS), especially gallium ion sources. 

When energetic ions hit the surface of a solid material, they lose energy to the electrons 

of the solid as well as to its atoms. The most important physical effects of incident ions 

on the substrate are: sputtering of neutral and ionized substrate atoms, electron 

emission, displacement of atoms in the solid, and emission of phonons. Chemical 

interactions include the breaking of chemical bonds, thereby dissociating molecules. 

When the gallium (Ga+) initial ion beam interacts with the sample surface, a small 
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quantity of material is sputtered. The most significant physical effects of incident ions 

on the substrate are the sputtering of neutral and ionized substrate atoms (which enables 

substrate milling), electron emission (which enables imaging but may result in sample 

charging), atom displacement within the solid (induced damage), and phonon emission 

(heating). FIB can be separated into three processes: i) imaging, ii) site-specific milling, 

and iii) metal deposition and patterning. Figure 3.5 shows the principles of FIB: a) 

imaging, b) milling, and c) deposition (Reyntjens and Puers, 2001). 

 

Figure 3.5 Principle of FIB a) imaging, b) milling and c) deposition. (Reyntjens and 

Puers, 2001). 

 

As seen in figure 3.5 a, FIB imaging involves raster scanning a tightly focused ion beam 

over a substrate, generating secondary particles (neutral atoms, ions, and electrons) in 

the sample. The electrons or ions are captured on a biased detector as they exit the 

sample. As a consequence, physical sputtering of sample material occurs, as 

schematically represented in figure 3.5 b. When high-energy gallium ions interact with 

the sample, atoms spatter off the surface. Additionally, gallium atoms will be implanted 

into the top few nanometers of the surface, resulting in an amorphous surface. As shown 

in figure 3.5, FIB enables the localized maskless deposition of both metal and insulator 

materials, as shown in figure 3.5. The main advantages of FIB are the high flexibility 

in the forms that may be created and the high resolution that can be achieved. The size 
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of the structures that may be created is limited by the processing time available. The 

downside of FIB is its poor processing speed. As a result, only very tiny structures 

(usually in the tens of micrometers) can be produced in an acceptable amount of time. 

The technology is best suited for post-processing or prototype manufacturing on a small 

scale. 

 3.2.2 E-beam lithography 

  Lithography is a technique for patterning multiple components on a 

surface, including conductors, semiconductors, and dielectrics. Nanopatterning enables 

the submicron-sized use of classic lithographic processes. A common patterning 

procedure involves the formation of several patterned thin films of metals, dielectrics, 

and semiconductors on a wide range of substrates. This kind of device is manufactured 

using a process called lithography, which involves the use of radiation-sensitive 

polymeric compounds called resists to create circuit patterns on the substrates. The 

sequence of the lithographic process is shown in Figure 3.6. 

 

Figure 3.6 Schematic representation of the lithographic process. 
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Electron beam lithography is the process of irradiating a resist-sensitive surface using 

an electron beam. The energy absorption in specified regions results in intramolecular 

processes that determine the polymeric layer's characteristics. Three steps compose this 

lithography process: irradiation of the sensitive material, resist development, and 

pattern transfer. It is necessary to keep in mind that these cannot be accomplished in 

isolation, and that the ultimate resolution is contingent upon the cumulative influence 

of each individual step in the process. In a direct-write EBL system, the designs are 

specified directly by scanning the energetic electron beam, and then the sensitive 

material is transformed physically or chemically as a result of the electron beam's 

energy deposit. As a result, the shape and characteristics of the electron beam, the 

energy and intensity of the electrons, the molecular structure and thickness of the resist, 

the electron–solid interactions, the chemistry of the developer in the resist, the 

development and irradiation conditions, from the structure design to the beam 

deflection and control, are all critical for the results. 

 3.2.3 Nanoscale crystalline preparation 

  The nanocrystalline was prepared from highly oriented pyrolytic 

graphite (HOPG) by SpectrumInstrument (HOPG YZA Quality, piece size 7x7 mm., 

thickness 0.8–1.8 mm.) by focus ion beam (FIB), which used Gallium liquid metal as 

an ion beam source. The FIB is inside the Field Emission Scanning Electron 

Microscope (FE-SEM) as shown in figure 3.7. In this work, we prepared the sample by 

using FE-SEM at the center for scientific and technology equipment at Suranaree 

University of Technology.  
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Figure 3.7 Field Emission Scanning Electron Microscope (FE-SEM) at the center for 

scientific and technology equipment, Suranaree University of Technology. 

 

The samples were sputtered under the FIB probe at 300 kV, 100 pA of the ion beam 

source and 30 nm of the ion beam size. The ion beam sputtered on the substrate at 300 

nm of depth and created an array of nano HOPGs. We used the array pattern shown in 

figure 3.8 a as a mask for the ion beam. We prepared a nano pattern under 700x 

magnification of FE-SEM and took 4 masks on the surface of the sample surface as 

shown in figure 3.8 b. An ion beam will sputter the sample surface following the mask 

lines. The ion beam operation takes approximately 2 hours for an area of approximately 

100 x 100 square micrometers. 
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Figure 3.8 a) array pattern of 50 x 50 lines as an ion beam mask for nano pattern 

preparation. b) 4 masks on the surface of the sample surface. 

 

3.3 Angle resolved photoemission spectroscopy measurement 

 3.3.1 Nanoscale layered material preparation for ARPES measurement 

  Sample preparation for measuring ARPES requires particular attention. 

The sample to be measured must be a single crystal and must have a clean surface 

because ARPES is a surface-sensitive technique. Typically, the surface cleaning of the 

bulky material is done under an ultra-high vacuum. For nanoscale layered materials, a 

nano pattern is created on the surface of the material, which cannot be cleaved off. A 

different method is required to clean the surface. There are several methods for cleaning 

the surface of the material, such as ion bombardment (or spattering) on the surface. This 

method is suitable for materials that have hard and dirty surfaces, such as transition 

metal oxide. The spattered surfaces also cause damage to the surface of the material, 

which makes it unsuitable for nano patterning. Non-destructive surface cleaning 

methods are annealing and exposing high-intensity UV rays on the surface under an 

Sample surface

a) b)
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ultra-high vacuum. The heat from these methods destroys the organic compounds 

attached to the surface, making the surface cleaner. 

 3.3.2 Electronic structure observation 

  The electronic structure of nano HOPG was observed by angle-resolved 

photoemission spectroscopy (ARPES). In this measurement, the beam must cover the 

area of the nano pattern that is approximately 100 x 100 micrometers. The sample 

surface has a nano-pattern, so it cannot be cleaned by cleaving. Therefore, the surface 

of the sample was cleaned up by heating or UV irradiation. The results that were taken 

by ARPES measurement consist of band dispersion at gamma and the edge of the 

hexagonal Brillouin zone of nano HOPGs pattern, near nano HOPGs pattern, and 

HOPG substrate. Firstly, we mapped the valence band dispersion to find the direction 

from gamma to the edge of the hexagonal Brillouin zone. Once the location and 

direction of the edge were known, we then performed the positioning of the 

nanopatterns on the surface of the sample. To point at the nano HOPGs array on the 

HOPG substrate, we specified the position by using the edge of the HOPG substrate as 

a reference point, then measured the ARPES around the nano array by 12 points as 300 

x 400 square micrometers and 100 micrometers as a step size for movement. Moreover, 

we also observed band dispersion of HOPG substrate that is far from the array by 1 

mm. We focused on the Dirac cone near the Fermi level to observe the sample's 

bandgap opening. The data were collected by three experimental beamlines using a 

process similar to the one described above. The conditions for the ARPES measurement 

of each station were as follows: 

 CASSIOPEE beamline, SOLEIL synchrotron, photon energy was used at 60 

eV, the beam spot size on the sample is 40 x 20 to 100 x 100 µm2, detector is a Scienta 
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R4000 with wide-angle lenses, sample temperature was set at 60 K, and energy 

resolution was held at 15 meV for all experiment. The sample was irradiated UV 

(synchrotron light) to remove organic compound on the surface. We evaporated 

potassium as electrons doping on sample surface to observe a top of Dirac cone. Figure 

3.9 show ARPES system at CASSIOPEE beamline. 

 

Figure 3.9 ARPES system at CASSIOPEE beamline. 

 

 Experimental station 5-2, Stanford Synchrotron Radiation Lightsource, photon 

energy was used at 60 eV, beam spot size on the sample is 40 (horizontal) x 10 (vertical) 

µm2, detector is a SCIENTA D80 Electron Analyzer, sample temperature was set at 60 

K, and energy resolution was held at 15 meV for all experiment. The sample was 

irradiated UV (synchrotron light) to remove organic compound on the surface. 

 At beam line 09U1 High Resolution and Wide Energy Range Photoemission 

Spectroscopy Beamline at Shanghai Synchrotron Radiation Facility, photon energy was 

used at 95 eV. Detector is Scienta analyzer. The sample was measured by uncleaved 

Analyser

K evaporation chamber

Manipulator

light trajectory

Measurement chamber
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surface and surface of sample was cleaned up by heating at 500 ºC under high vacuum. 

Since pattern area of nano HOPG is 100x100 µm2, we used beam spot 20 µm x 30 µm 

for all of measurement. During ARPES measurement, spectra were collected at 15 K in 

ultrahigh vacuum (UHV) with a base pressure better than 1 x 10-10 Torr. The energy 

resolution is better than 15 meV at 95 eV photon energy. 

 Energy dispersion curve (EDC) of the ARPES spectra were extracted across kF 

to compare between nano array and other point on HOPG substrate. To indicate 

bandgap opening on the sample, the EDC spectra were symmetrized by using Au’s 

Fermi level as a reference. 

 3.3.3 Symmetrized spectrum 

  A symmetrical spectrum is used for the probe of narrow energy gaps in 

materials for the measurement of ARPES. For symmetrical processes, The EDC 

spectrum is duplicated, and the energy axis is set to the opposite number, with the Fermi 

energy being the pins. These spectrums are combined. If there is an energy gap, the 

combined spectrums become a hole where the Fermi energy is compared to if there is 

no gap, the combined spectrums become flat as shown in figure 3.10.  



 

 

49 

 

Figure 3.10 The combined spectrums of the case of there are no energy gap and there 

is energy gap. 

 

Symmetrized spectrum is widely used in energy gap analysis from ARPES 

measurements, especially with super conductor and narrow gap materials. Yoshida and 

his team symmetrically analyzed EDC spectrums to observe the super conducting gap 

of the iron-based superconductor BaFe2(As1-xPx)2 at above and below Tc. They found 

that the complicated gap modulation can be theoretically reproduced by considering 

both spin and orbital fluctuations (Yoshida et al, 2014). Li and co-worker investigated 

energy gap of trilayer nickelate La4Ni3O10 by symmetrized EDCs as a function of 

temperature. They found that when moving toward higher temperature, the spectral 

Intensity

Energy
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weight within the energy gap gradually increases and the coherence peaks of the spectra 

are broadened. Moreover, the energy gap opening is consistent with the phase transition 

temperature (Li et al., 2017). 

 

3.4 Raman spectroscopy 

Raman spectra of nano HOPG and HOPG substrate were observed by using 

SENTERRA II Dispersive Raman Microscope from Bruker Optics as shown in figure 

3.11. Raman spectra were acquired under condition laser wavelength 532 nm, beam 

size 1 um, laser power 50 mW.  

 

Figure 3.11 SENTERRA II Dispersive Raman Microscope from Bruker Optics.  
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D band, G band and 2D band of Raman spectra were characterized and we focused on 

Raman frequency and FWHM of 2D band that indicated by Lorentzian fitting. Two 

Lorentzian peaks were used to fit the 2D band Raman spectrum. 

 

3.5 DFT calculation 

We carried out theoretical approach based on density functional theory (DFT) 

in implement of VASP 5.3 code. (Kresse and Furthmüller, 1996) All DFT calculations 

were taken account into the frozen-core projector augmented wave (PAW) method to 

correct the electron-ion interaction. (Blöchl, 1994) The exchange correlation functional 

was explained by Perdew-Burke-Ernzerhof (PBE). (Perdew, Burke and Ernzerhof, 

1996) The van der Waals force between graphene layers was considered by DFT+D3 

with Grimme approach. (Grimme et al., 2010) The kinetic energy cut off was set to 520 

eV for the plane wave basis set. The Brillouin zone integration via the Gaussian 

smearing method was set a broadening width of 0.001 eV. Note that the calculated band 

gaps of electronic band structure from PBE approach are systematically underestimate 

due to the DFT self-interaction error. However, tend of band gap opening based on 

applying strain are still available to study. The relation of energy gap and percentage of 

tensile strain was observed by using DFT calculation. Three layers graphene were used 

as a model for strain calculation. Tensile strain was applied on a top layer of the model 

in armchair direction. Moreover, two layers graphene was also used for the calculation 



 
 

CHAPTER IV 

RESULTS AND DISCUSSION 

 The contents of this chapter consist of the morphology of nanoscale crystalline 

layered materials that describe the characteristics of nanoscale crystalline HOPG. The 

electronic structure of nanoscale crystalline layered materials was mentioned in the 

second content, followed by Raman spectroscopy observations. The last content in this 

chapter is an energy gap opening discussion that will reveal the cause of the bandgap 

opening of nanoscale crystalline HOPG.  

 

4.1 Morphology of nanoscale crystalline layered materials 

 The purpose of this study is to fabricate nanocrystalline layered materials using 

a focused ion beam. The research focused on layered materials, particularly highly 

oriented pyrolytic graphite (HOPG). The nanocrystalline structure was created on a 

highly oriented pyrolytic graphite (HOPG) substrate from SpectrumInstrument (HOPG 

YZA Quality, piece size 7x7 mm., thickness 0.8–1.8 mm.) at Suranaree University of 

Technology's center for scientific and technological equipment. The nanoscale 

crystalline in this work is expected to have a square of island on the HOPG substrate, 

as shown schematically in figure 4.1. 
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Figure 4.1 Schematic of nano-scale HOPG on HOPG substrate. 

 

 Firstly, we used a mask of 100 lines x 100 lines to fabricate nanoscale crystalline 

on HOPG substrate. Figure 4.2 illustrates a SEM picture of nanoscale crystalline on a 

HOPG substrate at various magnifications (a is 2,000x and b is 5,000x). The form of 

nano HOPGs resembles a square or a dot varying size and array of nanoscales on the 

substrate covered an area of 50 × 50 µm2. 

 

Figure 4.2 SEM picture of nanoscale crystalline on a HOPG substrate as prepared by 

using a mask of 100 lines x 100 lines a) 2kx and b) 5kx of magnification. 

 

HOPG substrate

Nano HOPG

a) b)
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Due to the different shapes and sizes, we therefore used new conditions for the 

preparation of nanocrystalline. We applied a 50 x 50 line mask to produce nanoscale 

crystalline and placed it in four locations on a HOPG substrate. Figure 4.3 shows a SEM 

image of nanoscale crystalline on a HOPG substrate produced with the use of such a 

mask. By using such a condition, we can obtain a homogeneous pattern on the substrate 

as shown in figure 4.3 a. At the nanoscale, nano HOPGs have the shape of a square 

island, and the array on the substrate covers an area of about 100 x 100 mm2. 

Nanocrystalline structures with a diameter of 500 nm and 300 nm, as illustrated in 

figures 4.3 b and c, respectively, were produced using various FIB magnifications. For 

example, nanocrystalline size is dependent on FIB magnification; for example, 

nanocrystalline with a diameter of 500 nm requires 750 times magnification, whereas a 

diameter of 300 nm requires 1000 times magnification. Moreover, the array of nano 

HOPGs will still be in the same crystalline orientation as the original substrate. 



 

 

55 

 

Figure 4.3 SEM picture of nanoscale crystalline on a HOPG substrate as prepared by 

using a mask of 50 lines x 50 lines placed it in four locations on a HOPG substrate. a) 

The array on substrate cover area approximately 100 x 100 µm2. b) Nanocrystalline 

structures with a diameter of 500 nm. c) Nanocrystalline structures with a diameter of 

300 nm. 

  

 

 

 

 

2 µm 2 µm
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4.2 Electronic structure of nano scale crystalline layered materials  

 Angle-resolved photoemission spectroscopy (ARPES) was used to investigate 

the electronic structure of highly orientated pyrolytic graphite (nano HOPG). Because 

HOPG is azimuthally disordered, its Fermi surface is a circle (schematic red dash line) 

oriented on the Brillouin zone (blue solid line). While HOPG is more disordered 

azimuthally than graphite, its band dispersion is invariant with azimuthal angles (Zhou 

et al., 2005). As a result, the band dispersion along the red arrow in figure 4.4 a stays 

unchanged with azimuthal angle. Figure 4.4 b illustrates the valence band dispersion of 

HOPG as seen along the red arrow in figure 4.4 a. We focused on Dirac cone near Fermi 

level as show in insert figure in figure 4.4 b to observe bandgap opening of the sample. 

 

Figure 4.4 a) Electronic structure of highly oriented pyrolytic graphite (HOPG) consist 

of Femi surface map of HOPG. b) Band dispersion along black arrow in figure a) and 

insert figure is band dispersion near Fermi level in black solid box. 

 

 The electronic structure of nanoscale crystalline highly orientated pyrolytic 

graphite (nano HOPG) produced with a mask of 100 lines x 100 lines was observed at 

the CASSIOPEE beamline, SOLEIL synchrotron, France. We examined the bandgap 
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opening at the edge of the HOPG Brillouin zone. The HOPG sample was classified into 

two types: normal HOPG, which represents the crystalline HOPG substrate, and nano 

HOPG, which represents the nanoscale crystalline HOPG. The measurement was 

performed on an uncleaved sample that had been cleansed with UV irradiation. The 

samples were measured at 60 K, with a resolution of 15 meV and a photon energy of 

60 eV. The top of the Dirac cone cannot be found in its normal state, as shown in figure 

4.5 a. However, by evaporating Cs metal, electrons from Cs are donated to the HOPG 

surface, resulting in electrons filling up at the top of the Dirac cone. As shown in figure 

4.5 b, the Dirac cone of HOPG was detected 5 minutes after Cs was evaporated. 

 

Figure 4.5 a) and b) Band dispersion near Fermi level of HOPG which were evaporated 

Cs 0 minute and 5 minutes, respectively. 

 

Figure 4.6 a and b illustrate the Dirac cones of nano HOPG and normal HOPG, 

respectively. The energy dispersion curve (EDC) spectra of nano HOPG and normal 

HOPG were extracted throughout the kF of the Dirac cone and are shown in figure 4.6 

a) b)
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c. Normally, the density of state at the Dirac point is represented by the EDC spectrum 

of normal HOPG (blue arrow and text in figure 4.6 c, indicating that the bandgap 

remains closed). The density of state of the Dirac point vanishes in nano HOPG, 

indicating that the bandgap of nano HOPG has been opened to an estimated 0.285 eV. 

 

Figure 4.6 Dirac cone (a. and b.) and spectral weight of nano HOPG and normal HOPG 

(c.). EDC spectrum of nano HOPG exhibit bandgap opening 0.285 eV and Dirac point 

of normal HOPG indicated by blue arrow and text. 

 

The change of the Dirac point may be readily seen as a result of electron doping with 

alkali metals evaporation. However, such processes have a direct effect on the electrical 

structure of the layered material, such as the electric field induced by potassium doping 

in bilayer graphene (Ohta et al., 2006) or the indirect to direct bandgap transition of 

MoS2 caused by potassium intercalation (Eknapakul et al., 2014). Therefore, the 

measurements without alkaline metal evaporation can rule out the effects of alkali 

metals to band gap at Dirac point. Electronic structure of nano HOPG produced with 

four mask of 50 lines x 50 lines was observed at Experimental station 5-2, Stanford 

Synchrotron Radiation Lightsource for 500 nm of nano HOPG and 09U1 High 

Dirac point

Egap = 0.285 eV 
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Resolution and Wide Energy Range Photoemission Spectroscopy Beamline at 

Shanghai Synchrotron Radiation Facility for 300 nm of nano HOPG. To find nanoscale 

crystalline position on HOPG substrate, ARPES spectrums were measured as a position 

mapping. Figure 4.7 a. show position mapping on HOPG substrate in 100 x 100 µm2 

area per step. EDCs at kF of ARPES spectrum of each position were symmetrized to 

find bandgap opening as shown in figure 4.7 b. The symmetrized EDCs spectrum were 

used to observe gap opening in superconductor. (Yoshida et al., 2014) Symmetrized 

spectrums of position 5, 6 and 9 in figure 4.7 b show bandgap opening around 160 meV. 

This indicate that nanoscale crystalline position on HOPG substrate was indicated as 

position 5, 6 and 9.  

 

Figure 4.7 a) position mapping in 100 x 100 um per step and b) Symmetrization 

spectrums of EDCs at KF of ARPES spectrum of each position. 

 

Figure 4.8 a and b show symmetrized ARPES spectra of nanoscale crystalline HOPG 

with crystalline diameters of 500 nm and normal HOPG, respectively. The 

measurements were made at Stanford Synchrotron Radiation Lightsource Experimental 

Station 5-2. The bandgap is visible in figure 4.8 a but vanishes in figure 4.8 b. To 
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determine the size of the bandgap, EDC spectra across KF were extracted, as shown in 

figure 4.8 c. By comparing HOPG's Fermi level (EF) to gold, the Fermi level (EF) was 

adjusted. As illustrated in figure 4.8 d, the bandgap of nanoscale crystalline HOPG was 

found to be approximately 160 meV when the spectra were symmetrized. 

 

Figure 4.8 a) and b) Symmetrized ARPES spectra of nanoscale crystalline HOPG with 

crystalline diameters of 500 nm and normal HOPG, respectively. c) EDC spectra across 

KF of nanoscale crystalline HOPG and normal HOPG. d) Symmetrized of c) that Fermi 

level is referenced with gold.  

 

The electronic structure of nano HOPG with a diameter of 300 nm was observed by 

angle resolved photoemission spectroscopy (ARPES) at beam line 09U1: High 

Resolution and Wide Energy Range Photoemission Spectroscopy Beamline. ARPES 

spectra were explored in 3 different areas, consisting of HOPG substrate, near nano-

HOPG pattern, and nano-HOPG pattern. Figure 4.9 a, b, c, and d show ARPES spectra 

of the HOPG substrate, near nano HOPG pattern, nano HOPG pattern, and Au, 

respectively. Nano HOPG reveals the state below Fermi level that disappears in normal 

HOPG and this state was found for three measurements in different samples. This state 

was made clear by energy dispersion curve (EDC) spectra that were extracted across kF 

as shown in figure 4.9 i-l. Normally, graphene or graphite have a Dirac cone at the K 

a) b) c) d)
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point of the Brillouin zone, and the Dirac point is located at Fermi level. So, the state 

that occurred below Fermi level on nano array HOPG indicated that there was a gap 

opening on nano HOPG. The gap opening on the nano array HOPG is clearly seen by 

symmetrized ARPES spectra using Au’s Fermi level as a reference. Figure 4.9 e-h 

shows symmetrized ARPES spectra of HOPG substrate near nano HOPG pattern and 

nano HOPG pattern, respectively. The EDC spectra of these symmetrized ARPES 

spectra shown in figure 4.9 m-p revealed the gap opening is approximately 90 meV as 

shown in figure 4.9 m. 

 

Figure 4.9 a) – d) ARPES spectra of nanoscale HOPG pattern, HOPG substrate, near 

nanoscale HOPG pattern, and Au respectively. e) – h) symmetrized ARPES spectra of 

nanoscale HOPG pattern, HOPG substrate, near nanoscale HOPG pattern, and Au 

respectively. i) – l) Energy dispersion curve (EDC) spectra across kF of ARPES spectra 

of nanoscale HOPG pattern, HOPG substrate, near nanoscale HOPG pattern, and Au 

respectively. m) – p) Symmetrized energy dispersion curve (EDC) spectra across kF of 

ARPES spectra of nanoscale HOPG pattern, HOPG substrate, near nanoscale HOPG 

pattern, and Au respectively. 
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Bandgap openings can be seen on nano HOPGs of all sizes, as shown in the output 

above. We would like to know what is causing the nano HOPG bandgap. One of the 

things that we are interested in is the process of preparing the nano pattern and whether 

it affects the nano HOPG bandgap, which we will discuss in the next section. 

 

4.3 Raman spectroscopy observation 

 Researchers studied the effect of an ion beam that was irradiated on the sample 

surface on the crystallographic structure of HOPG. The ion beam created an edge of a 

nano hole or nano island that was dominated by a zigzag edge (Girit et al., 2009; Krauss 

et al., 2010). Moreover, the ion beam is the cause of the disordered structure that was 

directly observed by the Raman technique. The disorder structure depends on the 

density of ion dose, and the HOPG surface becomes amorphous at high ion dose 

(Archanjo et al., 2011; Rodriguez et al., 2019). There is work currently presenting a 

metallic-to-semiconducting transition in multilayer graphene by using an ion beam to 

create nano holes (Thiyagarajan et al., 2015). Therefore, the energy gap induced by the 

ion beam was considered. In this work, Raman spectra of nanoscale HOPG pattern, 

HOPG substrate, and near nanoscale HOPG pattern were observed as shown in figure 

5.10. As shown in the black spectrum, the Raman spectrum of the HOPG substrate 

reveals a perfect sp2 structure of graphite with no disorder peak. The Raman spectra of 

the nanoscale HOPG pattern (blue) and the near nanoscale HOPG pattern (red) clearly 

show a disorder peak caused by ion beam sputtering. The disorder peak and G peak of 

the nanoscale HOPG pattern are quite broad due to the high ion doses obtained during 
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nanoscale production, but the nanoscale remains crystalline, as shown by the shape 

peak at the top of the G peak in the inset image. 

 

 

Figure 4.10 Raman spectra of nanoscale HOPG pattern (blue), HOPG substrate (black), 

and near nanoscale HOPG pattern (red). Inset figure is zoom in D and G peak of nano 

HOPG Raman spectrum. 

 

In this experiment, we directly observed the energy gap of the nano array HOPG by 

using the ARPES technique. Normally, the ARPES data should come from a single 

crystal sample. Hence, disordered structure is not the cause of the energy gaps. 

Moreover, we also proved a relationship between disorder structure and gap opening. 

The disorder peak (D peak) of nano HOPG and the neighboring area, as shown in blue 

and red solid lines in figure 4.10, reveal disorder defects caused by ion beam sputtered 

but disappear in the HOPG surface, as shown in black solid line in figure 5.10. 

Symmetrized ARPES spectra of these regions, shown in figures 4.9 e-g, reveal that 

there is a gap of only nano HOPG and it disappears on the neighboring normal HOPG 
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surface. This result demonstrates that an ion beam can’t induce an energy gap in this 

work.  

 To carry out a thorough study of the Raman spectrum, the D mode, G mode, 

and 2D mode of the Raman spectra were characterized. Specific data such as peak 

location and FWHM are unreliable due to the broad spectrum of D and G modes. As a 

result, the 2D mode was utilized for specific data analysis in this study. Lorentzian 

fitting was used to characterize the 2D mode of Raman spectra.The 2D peak of the 

Raman spectrum was divided by two Lorentzian peaks according to the equation below 

(Ferrari et al., 2006)  

𝑓(𝑥) = 𝑦' + 𝑦)𝑥 + *
+,-,.

/(010,).2-,.
3 + * +.-..

/(010.).2-..
3  (4.1) 

whereas A	is amplitude, F is Full Width at Half Maximum (FWHM), x with subscript 

is peak position 𝑦' + 𝑦)𝑥 is linear background. The subscript numbers denote the first 

and second peaks of the 2D mode, respectively. Figure 4.11 shows a 2D Raman spectral 

mode fitted with the above equation. 

 

Figure 4.11 2D mode Raman spectrum with two peaks of Lorentzian fitting and linear 

background. 
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According to fitting, the first peak has a larger FWHM than the second and a lower 

amplitude than the second. The second peak is dominant in two-dimensional mode and 

was utilized to determine the peak location in two-dimensional mode. The peak point 

of the 2D mode Raman spectroscopy is a critical parameter for determining what is 

occurring at the nanoscale crystalline, as discussed in the next section. 

 

4.4 Energy gap opening discussion  

To discuss the gap opening on nanoscale crystalline HOPG, there are many 

effects that can be caused by this evidence. The quantum confinement effect is the first 

candidate to explain the gap opening because of the nano-scale of the sample. Normally, 

nano-sized graphite-based materials can be semi-conductor materials due to a bandgap 

caused by the quantum confinement effect. The shrinking of the bandgap depends on 

the size extension of the nanoparticle. This effect is dominant in the electronic structure 

of a few-nanometer particle (Kim et al., 2012). In Figure 4.12, the bandgap of graphene 

quantum dots (GQDs) is compared to the bandgap of nano HOPG. The red transparent 

squares show bandgaps of the nano HOPG from the experiment compared with the 

solid black lines based on the work of Ritter and Lyding, 2009. In their work, the energy 

gap of nano array HOPG is larger than other graphene-base nanoscale (GQD, GNR) at 

the same size, up to 1 orders of magnitude (Ritter and Lyding, 2009). Therefore, the 

quantum confinement effect is not mainly affected on gap opening of nano array 

HOPG.  
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Figure 4.12 Bandgap of graphene quantum dots (GQDs) is compared to the bandgap 

of nano HOPG (this graph was modified from Ritter and Lyding, 2009 ). 

 

 The second effect that we consider is the edge structure of nano-scale graphite 

material. The edge of nano-scale graphite material is significantly influenced by 

electronic structure. The energy gap of graphene nanoribbons (GNRs) of similar width 

is different as unlike edges (zigzag edge and armchair edge), but this effect is still minor 

when considered with quantum confinement efficiency (Ritter and Lyding, 2009). 

However, by the ion beam sputtered process, the edge or vacancies of the nano graphite-

base may be bound with some organic compound that causes a metallic to 

semiconductor transition (Thiyagarajan et al., 2015). The organic bounding of nano 

graphite-base has an effect on the vibrational frequency of molecules that was indicated 

by a shift in the Raman frequency of the vibrational mode. C-C bound in G mode and 

2D mode are in-plane vibrational modes. As has been observed in graphene oxide and 
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graphite, the wave number of G mode and 2D mode are shifted to a higher wave number 

due to the oxygenation of graphite (Perumbilavil et al., 2015). The Raman spectra of 

the nanoscale HOPG pattern (blue), the HOPG substrate (black), and the near nanoscale 

HOPG pattern (red) as shown in figure 4.13 a were characterized by Lorentzian fitting. 

The 2D peak of the Raman spectrum was divided by the first and second Lorentzian 

peaks. By Lorentzian fitting, the peak position of the second peak of the nanoscale 

crystalline HOPG is significantly redshifted, which is 4 cm-1 compared to the HOPG 

surface, as shown in figure 4.13 b. The redshift refers to the decreasing oscillation 

frequency of the 2D mode, which may confirm that the organic bonding is not 

dominated by nano HOPG. Moreover, there is a possibility that this redshift may come 

from the expansion of the carbon hexagonal ring, which is called tensile strain (Ni et 

al., 2008).  

 

Figure 4.13 a) 2D mode of Raman spectra of nanoscale HOPG pattern (blue), HOPG 

substrate (black), and near nanoscale HOPG pattern (red). b) Peak position of second 

peak of 2D mode Raman spectra of bulk and nanoscale crystalline HOPG. 

 

 To understand the strain dependence of the electronic structure of graphene-

base materials, we carried out first- principle electronic band structure calculations of 

graphene under a biaxial tensile strain. The relaxed structural unit cell of trilayer 
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graphene was used for simulation multi-layer effect of graphene in HOPG, as shown in 

figure 4.14 a. In order to study band-gap opening, we considered the electronic band 

structure of trilayer graphene compared with monolayer graphene in the presence of 

biaxial tensile strain varying from 0 to 2% according to the schematic as shown in figure 

4.14 b. From the experimental result, the Raman spectra of the 2D peak are shifted to 

lower frequency relating to the increase of the C-C bond length. In addition, the Raman 

2D band corresponds with the iTO (A1) phonon modes in D3h symmetry, in which all 

carbon atoms on the carbon ring move towards and move outward the Γ-center. 

Therefore, the biaxial tensile is a possible type of strain that corresponds with 2D band 

vibration mode and plays an important role in expanding C-C bond length in all 

directions. The comparative energy gap as a function of biaxial tensile strain is depicted 

in figure 4.14 c. Note that the calculated energy gaps of graphene with applied strain 

are lower than the experimental values due to the common self-interaction error of 

DFT-PBE calculation. The finding shows that the energy gap of monolayer graphene 

tends to linearly increase, whereas that of trilayer graphene is roughly increasing. The 

band structure of trilayer graphene in the absence of strain is shown in figure 4.14 e. 

During applied 0 to 2% strain, computational investigation reveals that the highest gap 

opening of trilayer graphene is under 1.1% strain with an energy gap of 93.0 meV, 

which is close to the measured energy gap of HOPG (112 meV). Meanwhile, that of 

monolayer graphene is equal to 80.9 meV, which is lower. The corresponding band 

structure at K-point is illustrated in figures 4.14 d and 4.14 f for monolayer and trilayer 

graphene at 1.1% strain, respectively. According to this computational result, it 

suggests that the biaxial tensile strain of trilayer graphene is likely responsible for the 

gap opening of HOPG. 
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Figure 4.14 (a) The geometric structure of trilayer graphene with corresponding C-C 

band distance and the interlayer spacing. (b) Schematic of biaxial tensile strain with a 

same strain value along x- and y-direction. (c) The comparative energy gap of 

monolayer, trilayer graphene, and nano HOPG. The corresponding band structure of 

monolayer graphene with applied 1.1% strain (d), trilayer graphene with no strain (e), 

and trilayer graphene with applied 1.1% strain (f). 
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 In this study, we found that the bandgap of nanoscale crystalline exists in the 

hundreds of meV range, which corresponds to the energy range from mid-infrared to 

terahertz. In comparison to previous research that found bandgaps in single crystal 

graphene, the bandgaps created by the various methods are identical in the hundreds of 

meV range. For example, an electric field generated in bilayer graphene results in a 

bandgap of 250 meV (Ohta et al., 2006; Zhang et al., 2009), whereas graphene grown 

on a SiC substrate has a bandgap of 260 meV for a single layer and decreases with the 

number of layers (Zhou et al., 2007). Additionally, it is effective when the tensile strain 

of graphene with a bandgap of 300 meV at 1% tensile strain is calculated, and the 

energy gap reduces as the number of layers rises with the same tensile strain (Ni et al., 

2008). As a result, the bandgap of nanoscale crystalline determined in this study is 

comparable to that of graphene crystalline determined in previous research 

investigations. 



CHAPTER V 

CONCLUSIONS

 

5.1 Conclusions  

 In summary, we need to investigate crystalline layered materials in this work, 

particularly carbon-based materials such as graphene and graphite, since they have 

shown tremendous promise for next-generation electrical devices. The fascinating 

property of graphene that is critical for optoelectronic devices is carrier multiplication, 

which means that a single photon may create many charge carriers through the Auger 

process. However, one of the drawbacks of this material is its lack of bandgap. We need 

to create a bandgap of carbon-base material by cutting it down to the nanoscale. The 

electrical structure of nanoscale crystalline highly oriented pyrolytic graphite (HOPG) 

was investigated in this study. HOPG is a two-dimensional carbon-base material that 

was produced by ion beam sputtering. The nanoscale crystalline HOPGs have the form 

of a square island on a 100 x 100 micrometer square substrate. Additionally, the array 

of nano HOPGs must retain the original substrate's crystalline orientation. The energy 

gap of nano HOPG was determined using angle-resolved photoemission spectroscopy 

(ARPES). The gap-opening energy of nanoscale HOPG was determined to be in the 

hundreds of meV range using a symmetrical ARPES spectrum. To demonstrate the gap 

opening, strain is a possible explanation for this outcome. A Lorentzian fitting of the 

Raman spectra of nanoscale HOPG reveals a substantial redshift in the peak location of 

the 2D mode relative to the HOPG surface. The redshift indicates a decrease in the 
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frequency of the 2D mode, indicating that organic bonding is not dominant on nano 

HOPG. Additionally, there is a hypothesis that this redshift is caused by the expansion 

of the carbon hexagonal ring, a process known as tensile strain. To better understand 

the strain dependence of the electronic structure of graphene-based materials, we 

calculated the electronic band structure of graphene under uniaxial tensile strain using 

first-principles calculations. The findings of this computation indicate that the 

likelihood of gap opening is very compatible with the experimental data. The bandgap 

of nanoscale crystalline was discovered to be in the hundreds of meV range, which 

corresponds to the energy range from mid-infrared to terahertz. As an outcome, the 

bandgap of nanoscale crystalline found in this work is similar to the bandgap of 

graphene crystalline already determined. This discovery demonstrates how to build a 

high-purity single crystalline nanopattern and also how to control the energy gap of 

single crystalline graphite-base materials in order to create high-performance 

optoelectronic devices. By the way, spintronic and optoelectronic applications need the 

use of single crystalline materials due to their lack of defects such as grain boundaries, 

inhomogeneous strain, and dislocations. This absence confers unique properties on 

single crystals, particularly mechanical, optical, and electrical properties that are 

dependent on the crystallographic structure. Additionally, single crystalline materials 

have a high degree of spin and charge polarization alignment, which is beneficial for 

optoelectronic and spintronic devices. 
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5.2 Future direction 

 The next interesting work will be to investigate the electrical structure of layered 

materials other than HOPG, such as transition metal dichalcogenide (TMDs) with a 

bandgap and MXenes material with outstanding supercapacitor characteristics. This 

involves the use of this nanopatterning method to other materials in order to improve 

their characteristics, such as transition metal oxide. 
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