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ABSTRACT 

 

Ever since many different types of two-dimensional (2-D) atomic crystals proved 

themselves as exciting materials with unusual properties, there have been a lot of efforts 

to form heterostructures based on these 2-D crystals to engineer unconventional material 

systems. While tremendous amount of research have been conducted on developing 

novel 2-D based heterostructures and finding out their intriguing properties, 

fundamental studies on microstructures of the system have not been done carefully yet. 

Investigation of microstructural properties is necessary to find out correlation between 

structural and corresponding physical properties, and thereby making it possible to 

engineer novel 2-D based heterostructures with desired properties in the future. In this 

thesis, we study microstructural properties of 2-D based homo- and heterostructures 

using transmission electron microscopy (TEM) based analysis including electron 

diffraction, dark field imaging, and spherical aberration (cs) corrected scanning 

transmission electron microscopy (STEM).  

First, we investigate the formation of microstructural defects at van der Waals 

interface between 2-D atomic crystals. With the aid of modern dry transfer technique, 

artificial bilayer graphene and MoS2 were prepared with controlled twist angle. 

Depending on the twist angle, the interlayer van der Waals interaction can cause 

structural phase transition at the interface, and we studied resulting structural properties 

of the systems such as alternating domain structures and arrays of partial dislocations. 

By applying classical Frenkel-Kontorova model to our systems, we try to understand the 

interlayer interaction in more systematical manner, and therefore we could identify 

microstructural origin that can cause the structural transition in the system. Furthermore, 

we could also verify that the domain structure and dislocation arrays at the interface and 



 

  ii 
 

even the type of symmetry elements in the materials can be tuned by controlling the 

twist angle between the two layers, indicating possibility of defect engineering for 

advanced properties. 

Hybrid system composed of compound semiconductor thin films with 2-D substrates 

is another 2-D based heterostructures of interest in this thesis. While 2-D substrates can 

offer advanced functionalities to the conventional thin film based devices, effects of 2-

D substrates on the formation of defects in thin films have not been understood 

thoroughly. Using classic TEM based analytical techniques such as electron diffraction 

and dark field imaging, we investigate microstructural defects in the GaN films grown 

on graphene layers and figure out their correlation with graphene substrates. Moreover, 

we study effect of the microstructural defects in the GaN films on luminescence 

properties by combination of electron backscatter diffraction and cathodoluminescence 

analysis. In order to further investigate the origin of the luminescence properties of the 

defects, we examined their atomic and electronic structures with the aid of state-of-the-

art cs-corrected STEM and density functional calculation.  
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CHAPTER 1 
 
Introduction 

 

1.1. Thesis overview 

 

Ever since many different types of two-dimensional (2-D) atomic crystals proved 

themselves as exciting materials with unusual properties, there have been also lots of 

efforts to form heterostructures based on these 2-D crystals to engineer unconventional 

material systems.[1-20] While tremendous amount of research have been conducted on 

developing novel 2-D based heterostructures and finding out their intriguing properties 

and usefulness in device applications, fundamental studies on microstructures of the 

system have not been done carefully. Investigation of microstructural properties is a 

prerequisite to find out microstructural origins of unusual physical properties, and 

thereby making it possible to engineer novel 2-D based heterostructures with desired 

properties. Here, we present two different categories of 2-D based heterostructures that 

requires deeper understanding of structural properties.  

First example is van der Waals heterostructures that represent vertical heterostructures 

where the different types of 2-D crystals stacked together with weak interlayer van der 
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Waals interaction. At the early stage of this research, it was basically assumed that the 

interlayer interaction is not strong enough to cause any atomic reconfigurations at the 

interface.[21-25] However, recent experimental evidence on graphene/hexagonal boron 

nitride (h-BN) vertical heterostructures exhibited possibility of the defect formation at 

the van der Waals interface in certain circumstances, which was contrary to previous 

postulation on structural properties of van der Waals interface.[26, 27] Thus, it is necessary 

to study the microstructural properties of the interface in more systematical manner and 

also understand what is underlying mechanism for the atomic reconfigurations that 

cause formation of interfacial defects. 

In addition, hybrid system composed of conventional thin film structures fabricated 

on 2-D crystals is another type of 2-D based heterostructure that attracted lots of 

attention recently. 2-D substrates with unconventional properties can offer additional 

functionalities to the conventional thin film based devices, opening up a new way to 

create material systems for advanced device application.[28-39] Nevertheless, 

microstructural properties of the thin films grown on new type of 2-D substrates have 

not been understood thoroughly, which makes it hard to verify their functionalities. 

Investigation of microstructural defects in the hybrid system and their comparison with 

those of conventional system is especially important to further exploit them in more 

sophisticated device applications. 

For this purpose, we performed transmission electron microscopy (TEM) based 

analysis including electron diffraction, dark field imaging, and aberration corrected 

scanning transmission electron microscopy (STEM) imaging. In association with 

electron diffraction analysis, dark field imaging is very useful technique that provides 
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crystallographic information of the specimen from a few tens of nanometer to a few 

micrometer scale. Aberration corrected STEM analysis is more recent imaging 

technique that can offer sub-angstrom scale resolution. Therefore, combination of these 

two different analytical techniques is advantageous in terms of identifying both the 

domain structures with defect arrays in microscale and local stacking configurations in 

atomic scale at the same time. 

In the next two sections, we will give brief introduction on each material system and 

specify detailed points we wish to tackle with TEM based analysis. We then describe the 

detailed background on how the TEM based measurements work in different types of 

material systems.  

For the following chapters, we discuss the detailed experimental scheme and results 

in a greater detail. In Chapter 2, experimental results obtained on van der Waals interface 

between two identical monolayers with controlled twist angle is discussed. We prepared 

two different model systems; artificial bilayer graphene and bilayer MoS2 were prepared 

using dry transfer method. TEM measurement allows to identify detailed microscopic 

pictures of the specimen that was formed as a result of interplay between van der Waals 

interaction energy and elastic energy of the individual layers. In chapter 3, we investigate 

microstructural defects in the GaN films grown on graphene layers. Two different types 

of graphene substrates were used; mechanically exfoliated graphene layers and large 

scale chemically vapor deposited (CVD) graphene were used for the growth of GaN 

films. By electron diffraction and dark field imaging, we examine different features of 

microstructural defects in GaN films grown on each graphene substrate. In Chapter 4, 

we study effect of the high angle grain boundaries in the GaN films grown on CVD 
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graphene on luminescence properties by combination of electron backscatter diffraction 

and cathodoluminescence analysis. High-angle grain boundaries in GaN films originate 

from the polycrystallinity of CVD graphene, and their physical properties have not been 

studied. In order to further investigate the origin of the luminescence properties of the 

defects, we examined their atomic and electronic structures with the aid of cs-corrected 

STEM analysis and density functional calculation. 

 

1.2. Van der Waals heterostructures and formation of defects at 

the interface 

 

1.2.1. Van der Waals layered crystals and their homo- and 

heterostructures 

 

Starting from graphene, many different types of 2-D atomic crystals can now be 

obtained by Scotch tape method and epitaxial growth process. Along with the 

development of sophisticated transfer technique to encapsulate graphene with h-BN 

which can act as ideal substrates as well as capping layer to measure extremely clean 

transport phenomena, we can now readily stack different types of 2-D crystals together 

to form vertical heterostructures. Since these 2-D crystals feature diverse electronic 

properties including semi-metallic, metallic, semiconducting, insulating, and 

superconducting properties, they can offer ideal 2-D building blocks with diverse 

electronic properties for engineers to design unconventional artificial heterostructures in 

layer-by-layer precision (Figure 1.1). Indeed, there have been tremendous amount of 



 
Chapter 1: Introduction 
 
 

  5 
 

research conducted on this topic, and a few of novel device concepts were successfully 

demonstrated based the artificial heterostructures including photovoltaic, optoelectronic 

and electronic devices.[1-20]  

 

 

Figure 1.1. Schematic diagram of van der Waals heterostructures.  

 

There is unique feature of these van der Waals heterostructures when it comes to 

bonding nature of the individual atoms constituting the materials. While they form 

strong covalent bonds within a layer, the interlayer interaction is relatively weak, due to 

the intrinsic properties of van der Waals interaction. This is contrary to the case of 

heterostructures formed by conventional way in which the bonding between the two 

different layers is very strong. The different aspect of bonding nature at the interface in 



 
Chapter 1: Introduction 
 
 

  6 
 

these two different types of heterostructures suggested following conceptual pictures on 

the formation of interfacial defect structures. We first schematically represented 

common way of fabricating heterosturctures in Figure 1.2 (a) where material is grown 

on heterogeneous substrates epitaxially. At the early stage of growth process, it often 

forms coherent interface by making strong chemical bond at the interface which is 

associated with preexisting dangling bonds on the surface atoms of the substrates. 

However, due to the lattice or thermal expansion coefficient mismatch between the two 

materials, it prefers to form defects at the interface to release strain energy. This type of 

defect formation sometimes become huge problem in an attempt to form high-quality 

heterostructures. On the other hand, extremely clean interface was expected to be 

formed at the interface between 2-D atomic crystals since their bonding nature of van 

der Waals interlayer interaction is very weak (Figure 1.2 (b)). This type of concept was 

known for a long time as ‘van der Waals epitaxy’ where you can expect to form defect 

free heterostructures regardless of any lattice constant mismatch or crystal orientation 

mismatch and so on.[21-25]  

 

 

Figure 1.2. (a) Formation of defects at conventional heterostructure interface. (b) Defect free van 

der Waals interface. 
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Nevertheless, recent report on van der Waals heterostructure composed of monolayer 

graphene transferred onto thick h-BN crystals claimed possibility of atomic 

reconfiguration at the interface which has not been expected so far.[26, 27] However, their 

claim mostly relies on indirect interpretation of experimental evidence such as local 

mechanical property measurement by AFM, transport property measurement and so on. 

Thus, in order to understand the microstructural properties of the van der Waals interface 

formed between 2-D crystals thoroughly, more systematical structural analysis along 

with the study on underlying mechanism is necessary. 

 

1.2.2. Van der Waals interaction between the two crystals: Frenkel-

Kontorova model 

 

 

Figure 1.3. (a) One dimensional atomic chain subjected to periodic potential. (b) Formation of 

commensurate domains with discommensurations.  

 

In order to understand the interlayer interaction between the 2-D crystals in more 

quantitative manner, we apply Frenkel-Kontorova model to our system. Frenkel-

Kontorova model is classic model that describes 1-D chain of atoms subjected to 

periodic potential as shown in Figure 1.3 (a).[40, 41] In general, lattice constant of 1-D 

atomic chain (a0) is different from periodicity of the substrate potential (as). Classically, 
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when the ratio of a0 and as (a0/as) becomes rational number, we call this system 

commensurate configuration, and the corresponding periodic unit can be defined for this 

system. On the other hand, when the ratio of a0 and as (a0/as) becomes irrational number, 

we call this system incommensurate configuration, and it is impossible to form any 

periodic unit. This is very general description for commensurate and incommensurate 

configurations, but we can think of the most simple case of commensurate configuration 

as the case where the ratio becomes 1. This indicates that all the atoms fall into every 

single potential minima. Assuming the system starts from incommensurate 

configurations to transit into commensurate configuration (a0/as=1), it requires changes 

in atomic bonding length at each position to form this commensurate configurations 

since in general the lattice constant and periodicity of potential are different each other. 

In terms of finding energetically stable position of atoms in regard to substrate potential, 

this commensurate transition is preferred, but it also requires additional elastic energy at 

the same time. This two different energy terms are well expressed in equation 1.1 as 

follows.[40, 41] 

 

∑ 	 	 	 	 	 	 	 	 	 	 	 	                 (1.2.1) 

 

where the potential V(x) is given by 

 

cos	                                            (1.2.2) 
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The first term in the equation represents elastic energy that prefers to stay as 

equilibrium lattice constant, and second term describes the substrate potential energy 

that prefers to form commensurate configuration. Thus, it is going to be determined by 

the competition between these two energy terms whether the commensurate transition 

occurs or not. Once the commensurate transition occurs, it shows multiple 

commensurate domain structures separated by discommensuration or soliton as shown 

in Figure 1.3 (b). 

Classic Frenkel-Kontorova model is originally designed to describe 1-D chain of 

atoms, but it has been recently tried to extend this model to 2-D systems.[26, 42] We can 

apply 2-D version of Frenkel-Kontorova model to describe our bilayer graphene and 

MoS2 specimen by considering atoms in top layer as 2-D chain of atoms subjected to 

periodic potential generated by bottom layer. More detailed description will be presented 

in Chapter 2.  

 

1.3. Hybrid systems composed of two-dimensional materials with 

semiconductor thin films and formation of defects 

 

Hybrid system composed of conventional semiconductor thin film structures with  

2-D crystals attracted lots of attention recently since the 2-D substrates with 

unconventional properties can offer additional functionalities to the conventional thin 

film based devices.[28-39] In particular, growth of high-quality GaN thin films on graphene 

layers has opend up a new field of transferable optoelectronics and electronics.[30, 33, 35, 

38] High-quality films are grown on graphene layers using ZnO nanowalls and a low-
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temperature GaN (LT-GaN) buffer layer as intermediate layers. Due to the layered 

structure of graphene, the GaN films can be easily transferred to foreign substrates, 

enabling the fabrication of transferable light-emitting diodes (LEDs). To further exploit 

GaN films in more sophisticated devices, such as transferable lasers or high-electron 

mobility transistors, films should be prepared with a low density of threading 

dislocations, which are reported to be critically deleterious to device performance.[43-47] 

Thus, microstructural defects in GaN films including threading dislocations should be 

thoroughly investigated in association with graphene substrates.  

Moreover, in order to exploit this hybrid system in practical application, the 2-D 

substrates should be prepared on a large scale; thus, CVD method is often exploited to 

achieve large scalability. In particular, graphene prepared by CVD method can now be 

fabricated even on a few tens of inch scale, but it exhibits polycrystallinity at the same 

time. It is believed that the polycrystalline nature of the graphene is inevitably required 

for obtaining large scalability.[48-50] Nevertheless, it has rarely been investigated how this 

polycrystalline nature of graphene affects the formation and behavior of microstructural 

defects in the epitaxial GaN thin films grown on top of it. Thus, we discuss 

microstructural defects in GaN films which are originated from polycrystallinity of CVD 

graphene. We also study the correlation of those microstructural defects with their 

corresponding physical properties such as luminescence properties to figure out their 

effect on device performance and discuss their atomic and electronic origins. 
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1.4. TEM based analysis on microstructural defects  

 

1.4.1. Electron diffraction and dark field imaging 

 

Electron waves projected onto the specimen in TEM are scattered by individual atoms 

consisting of the materials of interest. Particularly, elastically scattered electron waves 

from the materials interfere with each other, giving rise to formation of interference 

patterns in back focal plane of the objective lens in TEM. This phenomenon is called 

electron diffraction, which gives crystallographic information of the specimen. In this 

section, we discuss how to understand the electron diffraction in TEM and how to 

exploit it to investigate the microstructural properties of the specimen. We first start by 

presenting mathematical description for the electron diffraction from the perfect crystals 

and then discuss how to extend it to the crystals having microstructural defects. 

 

1.4.1.1. Electron diffraction from perfect crystals 

 

- Electron waves in TEM and atomic scattering factor 

 

Considering parallel electron beam irradiation onto the specimen, we can think of the 

incident electron beam having a plane-wave form. Neglecting time dependent term, the 

electron wave function for incident beam has a form as follows. 

 

ψ exp	 ∙ .                                           (1.4.1) 
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The incident plane wave of electrons get scattered by the specimen, and the scattered 

wave ψ  is given by 

 

ψ f ,
	

| |
                                     (1.4.2) 

 

where f ,  represents scattering length that varies with incident and scattered 

electron wave vector  and  (magnitude of f ,  is proportional to differential 

scattering scattering cross-section ).[51]. 

The scattered wave has a form of spherical waves that propagates outward from the 

scattering center position.  

 

ψ r V r ψ r ψ r                               (1.4.3) 

 

Solving time independent schrodinger equation shown in equation 1.4.3, the total 

electron wave function ψ becomes[51] 

 

ψ ψ ψ exp ∙ ψ r ,       (1.4.4) 

 

where we introduce two new parameters such as 
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	 , G r, r
	

| |
.                            (1.4.5) 

 

This is the exact solution of the schrodinger equation, and the far field approximation 

for the detector and the first Born approximation where the total electron wave function 

ψ is replaced with incident plane wave ψ  simplify the expression for the total wave 

function as[51] 

 

ψ r exp ∙
	 ∙

| |
exp i ∙     (1.4.6) 

 

Here, using the relation ∆k k , total wave function can be described as 

 

ψ r exp ∙
	 ∙

| |
exp i∆k ∙         (1.4.7) 

 

ψ r exp ∙
∙

| |
∆k                               (1.4.8) 

 

with the scattering factor f ∆k  defined by  

 

f ∆k exp i∆k ∙ .                         (1.4.9) 

 

We note that the scattering factor contains Fourier transform of potential V(r), and 

depending on what type of potential we use in this equation, the scattering factor has 

different meaning. Let us consider the case where V(r) represents electrostatic potential 
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which is generated by single atom, Vat(r). Then we get atomic scattering factor fat(∆k) 

as follows.[51] 

 

∆k exp i∆k ∙                       (1.4.10) 

 

Here, the atomic scattering factor fat(∆k) represents the angle dependence of scattered 

wave amplitude caused by atomic electrons. 

 

- Diffraction from perfect crystal and structure factor 

 

In order to describe the diffraction pattern from crystals, we put periodic potential of 

crystal lattice in V(r) in equation 1.4.7 or 1.4.9. The periodic potential of crystal lattice 

is given by 

 

∑ .                                       (1.4.11) 

 

Substituting the equation (1.4.11) into equation (1.4.7) yields[51] 

 

ψ ∆k, r exp ∙
	 ∙

| |
∑ ′ exp i∆k ∙ ′ ’.  

   (1.4.12) 

 

Neglecting the r-dependent incident beam term and spherical wave term in front of 

the integral in equation 1.4.12 and introducing new coordinates as r r , we 
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obtain expression for the scattered electron waves as[51] 

 

ψ ∆k ∑ , exp i∆k ∙              (1.4.13) 

 

ψ ∆k ∑ , exp i∆k ∙ exp	 ∆k ∙    (1.4.14) 

 

Comparing with equation 1.4.10, it can be given by  

 

ψ ∆k ∑ , ∆k exp	 ∆k ∙                     (1.4.15) 

 

In equation 1.4.15, exp	 ∆k ∙  indicates phase term for the scattered wave that 

gives wave vector difference ∆k with respect to the incident beam. Thus, the electron 

waves described in equation 1.4.15 can be thought of summation of scattered electron 

waves that have the amplitude  and phase term of exp	 ∆k ∙ . Here,  is the 

periodic sites that gives scattering events for incident electron beam. When it comes to 

real crystals, we can represent  as follows. 

 

                                              (1.4.16) 

 

, , and  stand for lattice vector, basis vector, and displacement vector, 

respectively. In this section we consider perfect crystals where 0 for the whole 

crystals. Equation 1.4.15 can be rewritten as 
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ψ ∆k ∑ ∑ exp	 ∆k ∙               (1.4.17) 

 

Using the relationship = , 

 

 ψ ∆k ∑ exp	 ∆k ∙ ∑ exp ∆ ∙          (1.4.18) 

 

Equation 1.4.18 can also be given by 

 

ψ ∆k 	 S ∆k F ∆k                                          (1.4.19) 

 

by defining shape factor S and structure factor F as 

 

S ∆k ∑ exp	 ∆k ∙ ,                                    (1.4.20) 

 

F ∆k ∑ exp	 ∆k ∙ .                             (1.4.21) 

 

- Laue condition 

 

Let us consider scattering factor described in equation 1.4.9 and the periodic potential 

given by general crystal solid has a periodicity of lattice translation vectors. Accordingly, 

V(r) can be written as Fourier series. 

 

V r ∑ exp	 ∙                                         (1.4.22) 
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where G is reciprocal lattice vectors for the crystal. Substituting equation 1.4.22 into 

equation 1.4.9 yields 

 

f ∆k ∑ exp	 ∙ ′ exp i∆k ∙ 	 	 	           (1.4.23) 

 

Here, the integration will not vanish only if G ∆k . Accordingly, the diffraction 

condition can be given by 

 

G ∆k,                                                      (1.4.24) 

 

and this condition is known as Laue condition. Figure 1.4 shows graphical 

representation for Laue condition from which we can deduce the relation between G and 

k0 as 

 

2 θ G                                                 (1.4.25) 

 

Based on the relation for the reciprocal lattice vector G and wave vector k such as[51] 

 

G  (n : integer),                                          (1.4.26) 

 

k ,                                                      (1.4.27) 
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Figure 1.4. Schematic diagram of incident and scattered wavevectors and the lattice planes with 

its corresponding reciprocal lattice vector 

 

equation 1.4.25 can be rewritten as  

 

2 θ                                                (1.4.28) 

 

2 θ .                                                 (1.4.29) 

 

which is known as Bragg condition for diffraction. 

 

- Deviation vector 

 

Deviation from the exact Laue condition can be mathematically described by defining 
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new parameter known as deviation vector s. 

 

s ̂ ̂ 	 	 	                                          (1.4.30) 

 

Then the scattering vector difference ∆k can now be represented as 

 

∆k g s                                                   (1.4.31) 

 

Figure 1.5 (a) shows graphical representation of Laue condition for thin TEM 

specimen with Ewald sphere construction. Here, the diffraction condition is satisfied 

anywhere the reciprocal lattice vectors overlap with Ewald sphere. Let us consider zero 

order Laue zone for the diffraction. As magnified in Figure 1.5 (b), those reciprocal 

lattice points do not exactly fall onto the Ewald sphere. However, the limited number of 

periodicity in the TEM specimen along the beam incident direction give rise to 

reciprocal lattice point broadening as shown in Figure 1.5 (a) and (b), which is closely 

related to the shape factor effect that we discussed earlier. This shape factor effect makes 

it possible to observe electron diffraction pattern in TEM, and the deviation from the 

exact Laue condition can be described by deviation vector s as shown in Figure 1.5 (b). 
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Figure 1.5. (a) Graphical representation of Laue condition for thin TEM specimen. (b) Diffraction 

condition for TEM measurement.  

 

1.4.1.2. Electron diffraction from crystals with microstructural defects 

 

- Representation of atomic displacement 

 

Mathematical description of atomic displacement was discussed in previous section. 

Substituting the equation of atomic position including local displacement shown in 

equation 1.4.16 and the expression for ∆k in equation 1.4.31 into equation 1.4.15 gives 

 

ψ ∆k ∑ , ∆k, , exp	 g s ∙ . (1.4.32) 

 

Expansion of the term g s ∙  yields 
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g s ∙ g ∙ g ∙ g ∙ s ∙ s ∙ s ∙ .  (1.4.33) 

 

Here, we can neglect the first term since g ∙ 2  (n : integer), making no 

difference in calculating ψ ∆k . Moreover, because we assume the case where the 

magnitude of deviation vector s is much smaller than that of g, the two terms of both	 s ∙

 and s ∙  are approximated to be zero.[51] Thus, equation 1.4.33 can be given by 

 

g s ∙ g ∙ g ∙ s ∙ .                      (1.4.34) 

 

So far, we have assumed the relation between real and reciprocal lattice vectors as 

 

∙
 with cyclic i, j, k                                   (1.4.35) 

 

such that the derivation of wave equation can be more simple. For the simplicity in terms 

of manipulating reciprocal lattice vectors, we now follow the relation between real and 

reciprocal lattice vectors as 

 

∙
 with cyclic i, j, k.                                   (1.4.36) 

 

Thus, equation 1.4.15 can be rewritten as 

 

ψ ∆k ∑ , ∆k exp	 2 ∆k ∙                    (1.4.37) 
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We note that additional factor of 2  is added to the terms inside the exponential 

function. Accordingly, the scattered wave function can be written as 

 

ψ ∆k ∑ exp 2 g ∙ s ∙ 	.                    (1.4.38) 

 

where  was defined in equation 1.4.21.  

 

- Diffraction contrast 

 

In the case of high energy electron diffraction, radius of Ewald sphere shown in Figure 

1.5 (a) becomes very large, making the deviation vector s nearly parallel with z direction. 

Thus we can assume[51] 

 

s                                                         (1.4.39) 

 

The lattice vector  along the z direction is given by n  (  : lattice constant in 

z direction), and then the equation 1.4.38 can be represented as 

 

ψ ∆k ∑ exp 2 g ∙ s ∙ n 	.                   (1.4.40) 

 

This equation indicates that the diffracted beam intensity  varies with the deviation 

vector s, specimen thickness t (t ,  is the number of unit cells along the z 
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direction), and atomic displacement	 . Particularly, the strain field generated around 

the microstructural defects in materials gives diffraction contrast along with the 

deviation vector s and sample thickness t, which we will discuss in more detail. Before 

discussing how the diffraction contrast appears for the defect structures, let us consider 

the equation 1.4.40 for the perfect crystals where  is assumed to be zero and 

understand how it varies with the deviation vector s and thickness t. In an approximation 

where the atomic displacement  becomes zero, the summation gives 

 

ψ ∆k ∑ exp 2 s ∙ n 		                            (1.4.41) 

 

ψ ∆k
∙

∙
	 .                               (1.4.42) 

 

The corresponding diffraction intensity  is given by 

 

|ψ g, s | .                                  (1.4.43) 

 

The second term in the last expression for equation 1.4.43 represents the shape factor 

that varies with the size of the specimen in z direction and deviation vector s. The 

dependence of shape factor as a function of deviation vector s is represented in Figure 

1.5 (b). So far, we have only considered kinematical condition where the incident 

electron beams are assumed to be scattered by the materials very weakly, which is 

described well with the first Born approximation. However, because of relatively strong 
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scattering cross-section of electrons with the matter compared with that of x-ray or 

neutron, the kinematical theory should be used with caution especially when it comes to 

understanding the electron diffraction in quantitative manner. Nevertheless, we can have 

a basic idea of the diffraction event with kinematical theory qualitatively. Here, we will 

try to understand the diffraction contrast in terms of kinematical theory. However, 

dynamical theory for the diffraction, where it assumes multiple diffraction of electrons 

with matter, will also be considered when it is necessary.  

Equation 1.4.43 was acquired by assuming kinematical condition, but it breaks down 

in such cases as two-beam condition where the deviation vector s becomes close to zero, 

or thick enough specimen that allow multiple diffraction event. In those cases, 

dynamical theory should be considered and the diffraction intensity shown in equation 

1.4.43 should be modified as[51] 

 

 |ψ g, s | .                              (1.4.44) 

 

by defining effective deviation vector  and extinction distance  as 

 

                                              (1.4.45) 

 

                                                     (1.4.46) 
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where V is the volume of unit cell and  is wavelength of the electrons. In two-beam 

condition where the deviation vector s for certain diffracted beam becomes zero, the 

effective deviation vector  is given by[51] 

 

                                                     (1.4.47) 

 

In this case, equation 1.4.44 can be given by 

 

|ψ g, s | .                    (1.4.48) 

 

Equation 1.4.48 indicates that the diffracted beam intensity varies as a function of 

specimen thickness with the periodicity of the extinction distance  in the two beam 

condition. In other words, the electron beams go back and forth between the transmitted 

beam and the diffracted beam with the periodicity of extinction distance in the case 

where deviation vector s becomes zero, and this can only be explained by dynamical 

theory. On the other hand, when the deviation vector s becomes much larger than zero, 

effective deviation vector  becomes approximately the same as deviation vector s, 

where it can be understood in terms of kinematical condition. The intermediate cases 

can be explained by defining additional parameter effective extinction distance  

as[51] 
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.                                         (1.4.49) 

 

The effective extinction distance  represented in equation 1.4.49 bridges 

between the two extreme kinematical and dynamical conditions;  becomes very 

close to 1/s in the case where s is very large while it becomes  in the case where s 

becomes close to zero. 

 

- Diffraction contrast from strain field 

 

In this section, we discuss the diffraction contrast in qualitative manner in terms of 

kinematical theory. Let us rewrite equation 1.4.38 for certain diffracted beam g as 

 

ψ ∑ exp 2 g ∙ s ∙ 	.                      (1.4.50) 

 

Here, variation of ψ  with respect to structure factor , specimen thickness t, 

and deviation vector s gives chemical contrast, thickness fringes, and bending contours, 

respectively.[51] What we are going to focus on in this section is dependence of ψ  

on the atomic displacement , which is what we call strain contrast.   

According to the assumption that we made on the deviation vector s at the high energy 

electron diffraction in equation 1.4.39, the equation 1.4.50 becomes  

 

ψ ∑ exp 2 g ∙ s 	                         (1.4.51) 
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where ̂ y ̂ z . Converting the summation in equation 1.4.51 into 

integration with continuous variable z and using the relation in equation 1.4.46, the 

electron wave function for the diffracted beam g is again given by[51] 

 

ψ exp 2 g ∙ s .                   (1.4.51) 

 

ψ exp 2 sz g ∙
/
/ .                       (1.4.51) 

 

In the presence of defects in materials, strain field near the defects makes the non-

zero component of atomic displacement , and it varies as a function of x, y, and z in 

the region near the defects. The non-zero atomic displacement gives additional phase 

factor of 2 g ∙  in the exponential term in equation 1.4.51. Accordingly, the phase 

factor variation as a function of x and y gives strain contrast near the defects.[51] 

Nevertheless, this does not necessarily indicate that we can resolve any type of defects 

with arbitrary diffracted beam. In the case where the displacement direction is 

perpendicular to the direction of the g, 2 g ∙  becomes zero, thereby giving no 

contrast in images. This behavior can be used properly to determine the displacement 

direction associated with defects, which we will discuss in the following section. 
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- Determination of Burgers vectors 

 

In this section, we will discuss how to determine burgers vector of the dislocations 

with dark field imaging technique. For the strain field associated with the defects in 

materials, there are two different ways to describe it. First way to describe is by having 

non-zero atomic displacement  with constant deviation vector s as we discussed in 

the previous section. In an alternative way, strain field associated with the defects can 

be described by the local bending of the perfect crystals, resulting in the variation of 

deviation vector s with the displacement vector  of zero. In this section, we will 

follow the latter description, which gives more intuitive picture when it comes to 

understanding the diffraction contrast in kinematical theory.  

Let us consider the case where the tilting condition of the specimen is such that the 

deviation vector s for the non-distorted region apart from the dislocations is slightly 

larger than zero. As schematically represented in Figure 1.6, at some point close to the 

dislocation, the local bending near the dislocation makes it possible for the deviation 

vector s to become zero, and the corresponding diffracted beam intensity gets 

maximized, which gives strong contrast when it was imaged with the corresponding 

diffracted beam. Here, it should be noted that the image contrast that we get to observe 

in the dark field image originates from the strain field associated with the dislocations. 

For this reason, as can be seen in Figure 1.6, the location of the brighter contrast is 

slightly off the exact position where the dislocation is. If the dark field image was taken 

with the diffracted beam with opposite vector –g, the position of the brighter contrast 
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will be shifted to the position where the corresponding local tilting condition gives the 

deviation vector s becomes zero. 

 

 

Figure 1.6. Schematic diagram of lattice distortion associated with edge dislocation, 

corresponding electron diffraction pattern and intensity of diffracted beam as a function of 

position in association with the edge dislocation.[52]  

 

As we discussed in previous section, those strain contrasts do not always appear 

regardless of selecting any type of diffracted beam. If the dark field image was taken 

with the diffracted beam which has diffraction vector g pointing out-of-plane direction 

of the Figure 1.6, those crystal planes do not show any bending effect that causes 
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changes in deviation vector. In general, when the diffraction vector is perpendicular to 

the burgers vector of the dislocations, the strain field associated with the dislocation 

becomes invisible. On the other hand, the dark field image taken with the diffracted 

beam which has parallel component with the burgers vector of the dislocation, the strain 

contrast becomes visible. With this ‘g ∙ b’ criteria, the burgers vectors of dislocations 

can be identified with a few different sets of dark field images with different diffracted 

beams.[53] 

 

1.4.2. Cs-corrected STEM 

 

In this section, we briefly introduce aberration corrected STEM, which is one of the 

most popular electron microscope based analytical techniques in the field of modern 

materials science and engineering for its outstanding performance in resolving atomic 

configuration as well as the chemical information in an unprecedented resolution limit. 

In STEM mode, very sharp electron beam probe is formed by the series of condenser 

lens systems and then scanned all over the specimen as shown in Figure 1.7. Different 

types of detectors including bright field (BF) and annular dark field (ADF) detectors are 

used to count the number of electron scattered into those detectors from the every single 

point in the spcimen while scanning the electron beam probe on the specimen. Resulting 

2-D intensity maps obtained from the BF and ADF detectors are called BF and ADF 

STEM images.  
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Figure 1.7. Schematic diagram of scanning transmission electron microscope (STEM) imaging 

with electron energy loss spectroscopy.  

 

We focus on ADF STEM image in this thesis, which is particularly interesting for a 

few reasons. First of all, by manipulating the post-specimen lens system, the scattering 

angle of the electrons that are detected by the ADF detector can be controlled. When this 

collection angle is roughly larger than three times the convergence angle of the electron 

probe, directly interpretable incoherent images can be obtained; the interference effect 

of the diffracted beams averages out when the large enough annular detector was 

exploited at proper collection angle regime.[54-59] High angle ADF (HAADF) STEM 

image, which is obtained typically at the inner collection angle larger than 50 mrad, 
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shows the contrast which scales with atomic number Z1.7, originating from its 

corresponding scattering cross-section.[56, 59-62] Accordingly, the HAADF STEM 

imaging is also often called Z contrast imaging. On the other hand, as the collection 

angle for the detector gets smaller, the effect of strains on the images becomes significant. 

By selecting the collection angle properly, the strain contrast effect can be maximized, 

and it is useful in an attempt to understand the strain field associated with defect 

structures.[63, 64] 

In addition to the atomic structure determination, chemical information of the 

materials can also be studied with STEM based analysis. By letting the inelastically 

scattered electrons go through the center of the ADF detector and then the electron beam 

spectrometer, electron energy loss spectrum (EELS) can be obtained while the real space 

imaging can also be obtained with the ADF detector at the same time. The combination 

of STEM imaging with EELS analysis is advantageous in a sense that the compositional 

and bonding characteristics of the materials can be investigated with high spatial 

resolution. 
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Figure 1.8. Ray diagram with lens system that shows the effect of spherical aberration.[52]  

 

The spatial resolution of STEM was dramatically improved about 20 years ago, by 

successful spherical aberration correction. Electromagnetic lens systems designed for 

manipulating electron beam path in TEM made it possible to form highly focused 

electron beam to be exploited in STEM analysis. However, the spatial resolution was 

limited at around 1   for a long time even though the electron wavelength for the 

typical acceleration voltage used in TEM is close to 0.02 . This discrepancy happens 

because of the lens imperfections.[65, 66] Among the various types of lens imperfections, 
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we will discuss spherical aberration that has been one of the most significant bottle-

necks to successfully improving the resolution. As shown in Figure 1.8, the electron 

beam passing through the lens at the region far away from optic axis get reflected 

stronger than the electron beams passing through the center of the lens. As a result, the 

image of the point object becomes blurred, which limits the spatial resolution critically. 

Ever since Scherzer suggested a few ways to correct the aberration, it took very long 

time to develop successful aberration corrector for the improved spatial resolution.[67-69] 

Nowadays, the spherical aberration can be corrected by inserting series of multipole 

lenses, producing negative aberration to compensate the positive aberration of the 

original lens system that needs to be corrected.[70-74] In this way, we can now exploit sub-

angstrom scale resolution in real space imaging as well as chemical mapping of the 

specimen. 
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CHAPTER 2 
 
Commensurate transition in van der Waals 
interface 

 

 

2.1. Commensurate transition in bilayer graphene 

 

2.1.1. Sample preparation 

  

We prepared artificial bilayer graphene stack by using modern dry transfer 

technique.[75-78] First, we cleaved bulk graphite crystals by Scotch tape method to obtain 

monolayer graphene sheet. Typical size of monolayer graphene sheets range from a few 

micrometer to a few tens of micrometer. Here we engage h-BN flakes to the certain part 

of the graphene sheet and pick it up off the substrates to tear apart the graphene sheet. 

Then the monolayer graphene/h-BN stack is bought to the rest part of graphene sheet 

which stays on the substrates and engage them together to fabricate artificial bilayer 

graphene stack. We note that the bottom substrates can be rotated before second 

engagement process so that we can control the twist angle between the two graphene 
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sheets. Figure 2.1 (a) and (b) represent optical microscope images of h-BN flake and 

graphene sheet before making stack. After fabricating the bilayer stack of graphene 

using h-BN flake, the whole stack was transferred onto SiN membrane for TEM study. 

Figure 2.1 (c) is optical microscope image of the stack transferred onto SiN membrane 

grid, and Figure 2.1 (d) is cross-sectional schematic diagram of the specimen. 

 

 

Figure 2.1. (a-c) Optical microscope images of h-BN, graphene, and bilayer graphene/h-BN stack 

transferred onto SiN membrane grid. (d) Cross-sectional schematic diagram of TEM specimen. 

 

2.1.2. Commensurate and incommensurate configuration in bilayer 

graphene 

 

Here, we define commensurate and incommensurate configuration in artificial bilayer 

graphene stack and specify the different aspects compared with those in 1-D case. Figure 

2.2 (a) represents two hexagonal lattice overlapped each other with twist angle. As a 

result of the twist angle, Moire pattern can be resolved clearly. If the twist angle is 
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arbitrary angle that does not give any periodic coincident site lattice, and the atomic 

configurations do not have any reconfigurations, we define this twist bilayer graphene 

as incommensurate configuration. This indicates that atomic configurations of top and 

bottom layer of graphene are completely independent each other. Commensurate 

configuration, on the other hand, indicates the case where the crystal orientation of top 

and bottom layer graphene is strongly related to each other, giving rise to certain stacking 

configuration. As we discussed in Chapter 1, the commensurate configuration indicates 

the condition where the atomic arrangement gives minimum energy in terms of their 

interaction with substrate potential. From the top layer graphene’s point of view, atomic 

arrangement at the bottom layer graphene sheet act as periodic potential. As a result of 

twist angle between the two layers, local stacking configuration varies continuously with 

the periodicity of Moire pattern, and the corresponding periodic potential energy scale 

can be mapped as in previous report.[42] The potential energy becomes maxima in the 

region where the stacking configurations looks a lot like AA stacking configuration, and 

the energy minima is corresponding to Bernal stacking configuration also known as AB 

or AC stacking configuration. Thus, we can think of Bernal stacking configuration as 

commensurate configuration of the bilayer graphene system.    
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Figure 2.2. (a) Twist bilayer graphene and its transition into commensurate domain structure. (b,c) 

AB and AC stacking configurations that are corresponding to commensurate structures in bilayer 

graphene (bernal stacking configuration).  

 

 Now let us assume that we start with incommensurate twist bilayer graphene 

configuration. Here, if the interlayer van der Waals interaction is strong enough to 

overwhelm the elastic energy term and dominate the total potential energy, the system 

will prefer to go through commensurate phase transition to form commensurate domain 

structures, in other words, AB and AC stacked domain structures. As represented in 

Figure 2.2(a), there are regions where the local stacking configuration is very close to 

AB and AC stacking configurations, and these regions repeat each other with the Moire 

periodicity. Let us assume local atomic reconfiguration where the carbon atoms at the 

top layer graphene can rotate with the same amount of twist angle in opposite direction 

of original twist angle of the bilayer graphene specimen with the rotation axis going 

through the region where the local stacking configuration is very close to AB and AC. 
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Then, perfect AB and AC stacked domain structures can be formed as we indicated with 

red and blue triangles in Figure 2.2 (a). Thus, we could expect to see triangular AB and 

AC stacked domain structures alternating each other when we assume the interlayer 

interaction is strong enough to form commensurate phase transition. Between those 

individual domains, we can also expect to see discommensuration lines where the strain 

is concentrated. On the other hand, if the elastic energy term coming from the local 

strained region dominates the total energy terms, the system will prefer to stay as 

incommensurate twist bilayer graphene configuration. In this case, we can only resolve 

the Moire pattern microscopically. These two different cases can be distinguished clearly 

by TEM based analysis which we will discuss in next section. 
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2.1.3. Electron diffraction and dark field image analysis 

 

- Dark field image contrast for the commensurate configurations : AB and AC 

stacked domain contrast  

 

 

Figure 2.3. (a) Selected area electron diffraction pattern of bilayer graphene. Atomic configuration 

of (b) monolayer graphene, (c) AB stacked bilayer graphene, and (d) AC stacked bilayer graphene. 

g 1010 dark field image with (e) 6.6 degree and (f) -6.6 degree of specimen tilt. 

 

Apart from commensurate transition in artificial bilayer graphene specimen, it was 

previously reported that AB and AC stacked regions are mixed together in CVD grown 

bilayer graphene specimen and even in mechanically exfoliated bilayer graphene 

specimen.[79-82] TEM dark field image is very useful technique that can resolve this two 

different stacking configuration. Figure 2.3 (a) represents selected area electron 

diffraction pattern obtained from bilayer graphene specimen. Two sets of six diffraction 
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spots are resolved; inner six spots come from families of 1010  crystallographic 

planes one of which was identified with purple color in Figure 2.3 (b), and outer six 

spots come from families of 1120  crystallographic planes one of which was 

identified with grey color in Figure 2.3 (b). In order to form dark field image at image 

plane, we insert objective aperture to select specific diffracted beam at the back focal 

plane of the objective lens. Here, g=1010 dark field image is especially useful to 

resolve different stacking configurations in bilayer graphene system. We represent two 

different bernal stacking configurations, AB and AC stackings in Figure 2.3 (c) and (d), 

respectively. For the bottom graphene layer, one of the 1010  plane was identified 

with blue color, and identical plane for top layer was also marked with green color. As 

clearly seen in Figure 2.3 (b) and (c), from the projected point of view along the vertical 

axis (c-axis of honeycomb lattice), these two 1010  lattice units are shifted by one 

third of the original lattice spacing. This results in the relative phase difference of 2π/3 

in the wave function that comes from top and bottom graphene layers. The phase 

difference of 2π/3 causes partial constructive or destructive interference between the 

two wave functions at the back focal plane. Here, additional phase shift α can be added 

by tilting the specimen in TEM, and thus AB and AC stacked domain can give strong 

contrast as shown in Figure 2.3 (e) and (g). By tilting the specimen in right direction 

with proper amount of angle, one of the AB and AC stacked domain gets closer to fully 

constructive interference condition while the other domain gets closer to destructive 

interference condition, thereby exhibiting strong intensity difference for corresponding 

diffracted beam.[79-82]  
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Figure 2.4. Unit vectors a1 and a2 in real space with the individual carbon atom positions marked 

for AB and AC stacked bilayer graphene and the corresponding reciprocal lattice vectors a*
1 and 

a*
2. Burgers vectors b1, b2, and b3 for the partial dislocations were marked in real space unit cells. 

 

In order to understand this antisymmetric intensity variation of the dark field image 

in more quantitative manner, we take into account of specimen tilting angle dependence 

of structure factor of the bilayer graphene. The sample thickness of bilayer graphene is 

thin enough to apply kinematical condition when it comes to interpreting electron 

diffraction pattern and its corresponding diffraction contrast in dark field images. 

Therefore, simple structure factor calculation can give enough information required to 

understand experimental data qualitatively. First, we define unit vectors and atom 

positions for AB and AC stacked configurations as shown in Figure 2.4. Here, we use 

three indices for the simplicity in the calculation of structure factor. Moreover, we also 

identify corresponding four indices, when it is considered necessary to avoid any 

complication or misunderstanding. The basis atom coordinates for AB and AC stacked 

bilayer graphene are represented as follows according to the unit vectors defined in 

Figure 2.4. 
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AB stack - 0, 0, 0 , , , 0 , , , , , ,  

AC stack - 0, 0, 0 , , , 0 , , , , 0,0,  

 

To represent the tilt dependence with structure factor calculation, we introduce 

deviation vector s , ,  from exact Bragg condition. For simplicity in 

calculation, we approximate the case where , 0 which is often considered valid 

in high energy electron diffraction, and it is good enough approximation to understand 

the overall tendency in intensity variation in diffracted beam. Here,  is roughly 

proportional to tilting angle of the specimen in TEM. We can calculate the structure 

factor (F) as  

 

F ∑ exp 2 ∙                                     (2.1) 

 

where  is atomic scattering factor. For the representative case, we choose g 100 

(g=1010) diffracted beam to understand the tilt dependence first. Then the structure 

factor for AB stack can be calculated as follows. 

 

F ∑ exp 2 100 00 ∙     

1 exp exp 2 exp 2  (2.2) 

 

The structure factor for AC stack can also be calculated similarly as follows. 

 

F ∑ exp 2 100 00 ∙   
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1 exp exp 2 exp 2      (2.3) 

 

Here we plot | |  for AB stack and AC stack configurations as a function of  as 

shown in Figure 2.5.  

 

Figure 2.5. | |  for AB stack (green) and AC stack (red) configurations as a function of . 

 

At zero degree of tilting condition, AB and AC stacked domains in principle gives 

same intensity of diffraction peak, but by tilting the specimen with proper amount of 

angle, intensity of g=100 (g=1010) diffracted beam for AB and AC stacked domains 

exhibit huge difference.  
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- Dark field image contrast for the commensurate configurations : domain 

boundary contrast 

 

Diffracted beam coming from 1120  crystallographic planes feature different 

behavior in intensity variation compared with that coming from 1010  

crystallographic planes, and it is useful to identify domain boundaries and their 

crystallographic information. As indicated with grey color in Figure 2.3 (c) and (d), from 

the projected point of view along the vertical axis (c-axis of honeycomb lattice), position 

of the two 1120  lattice units for top and bottom layer exactly overlap each other, and 

therefore fully constructive interference condition is satisfied in both AB and AC 

stacked domain structures. This constructive interference condition is partially broken 

in domain boundaries, giving darker contrast in domain boundaries.  

We note that those domain boundaries can also be interpreted as microstructural 

defects. Specifically, the line defect that is located in between AB and AC stacked 

domain structures can be understood by partial dislocations. In general, introduction of 

partial dislocations cause stacking configuration changes. Six possible burgers vectors 

for partial dislocations represented in Figure 2.4 are as follows. 

 

110 , 210 , 120                 (2.4-1) 

 

It can also be represented as follows in terms of 4 indices as 

 

1100 , 1010 , 0110             (2.4-2) 
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Starting from AB stacked domain structure, introducing three different types of partial 

dislocations with burgers vector –b1, b2, and –b3 results in stacking configuration 

changes from AB to AC as shown in Figure 2.6. Here, if we choose diffracted beam so 

that the g vector for the diffracted beam is perpendicular to burgers vector of the partial 

dislocations, the displacement associated with the corresponding dislocations does not 

affect the fully constructive interference condition of the diffracted beams coming from 

top and bottom layers, giving no boundary contrast. On the other hand, if the burgers 

vector has component which is parallel with the g vector, the constructive interference 

condition is partially broken by the corresponding displacement of the dislocations, 

giving darker contrast in the dark field images. Therefore, combining three different dark 

field images obtained by selecting 1120  families of diffracted beams, we can 

identify the burgers vector of the partial dislocations. 

  

 

Figure 2.6. Schematic diagram of AB and AC stacked domain structures with partial dislocations. 
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We discuss this boundary contrast in more quantitative manner with structure factor 

calculations. Here, we do not assume any tilting condition, and thus the deviation vector 

is assumed to be zero for all the cases. In order to describe the displacement of the partial 

dislocations, we define basis vectors in a different way. By shifting only top layer carbon 

atoms in a burgers vector direction, we present the atomic configuration at the 

dislocations as  

 

0, 0, 0 , , , 0 , , , , , ,   

(2.5) 

 

where x=0 corresponds to AB stack configuration, and x=1 correspond to AC stack 

configuration. Thus, dislocation region indicates the case where x range from 0 to 1. Let 

us consider g=210 (g=2110), g=110 (g=1120), g=120 (g=1210) dark field images 

with dislocation having burgers vector of 110  ( 1100 ). 

Structure factor can be calculated as 

 

F ∑ exp 2 ∙                                    (2.6) 

 

1 exp 2 exp 2 exp 2           (2.7) 

1 exp 2 exp 2 exp 2               (2.8) 

1 exp 2 exp 2 exp 2 1   (2.9) 

 

Figure 2.7. is plot of | |   with g=210  (g=2110 ), g=110  (g=1120 ), g=120 



 
Chapter 2: Commensurate transition in van der Waals interface 
 
 

  48 
 

(g=1210 ) as a function of x. For g=210  (g=2110 ), g=120  (g=1210 ) which have 

parallel component with the burgers vector of 110  ( 1100 ) 

shows decreased intensity in the middle of dislocation line while g=110 (g=1120 ) 

diffracted beam intensity does not show any intensity change across the dislocation line. 

 

 

Figure 2.7 | |  with g=210 (g=2110), g=120 (g=1210) (red) and g=110 (g=1120) (green) 

as a function of x. 

 

- Dark field image contrast for the incommensurate configurations : Moire pattern 

 

When the two layers of graphene stays as incommensurate configuration where the 

stacking configuration is continuously changing with the periodicity determined by twist 

angle, we can observe Moire pattern with TEM dark field imaging. Moire pattern is 
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obtained by putting two different periodic lattice together as shown in Figure 2.8. Figure 

2.8 (a) shows Moire pattern that comes from putting two different sets of periodic lattice 

lines which have different lattice constant each other. The real space Moire periodicity 

is related with the diffracted beam as shown in Figure 2.8 (c). The vector difference of 

two different diffracted beams coming from each crystal lattice lines is closely related 

with the real space Moire fringe; the Moire fringe periodicity is inversely proportional 

to the magnitude of the vector difference, and the vector difference direction is 

perpendicular to Moire fringe direction. In a similar manner, we can think of rotational 

Moire fringes as shown in Figure 2.8 (b). As a result of twist angle, two different 

diffracted beams can be shown with twist angle β as shown in Figure 2.8 (d). If we 

select the two diffracted beams together with objective aperture in the back focal plane 

of the objective lens, the dark field image will show Moire fringe with the periodicity 

and direction again determined by vector difference between the two diffracted beams 

g1 and g2. It was also previously reported that one-directional Moire fringe was observed 

in in twist bilayer graphene with the Moire periodicity determined by the twist angle.[83]  
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Figure 2.8. Moire patterns originating from (a) translational lattice mismatch and (b) rotational 

mismatch.[52] Diffraction pattern corresponding to (c) translational lattice mismatch and (d) 

rotational mismatch.[52] 

 

2.1.4. Experimental data and discussion for dark field image analysis 

 

Bright and dark contrast alternate each other in tilted g=1010 dark field images as 

shown in Figure 2.9 (a) and (b). This bright and dark contrasts get reversed when the 

specimen was tilted in opposite direction which is consistent with the antisymmetric 

intensity variation discussed in previous section. Moreover, dark line contrast are shown 

in g=1120  dark field images along the line between the domain contrast shown in 

Figure 2.9 (a), and each dislocation line become invisible in one of the three different 

dark field images and become visible in the rest two dark field images as we discussed 

on the boundary contrast in previous section. Accordingly, the dark field TEM images 

shown in Figure 2.9 indicates that our artificial bilayer graphene specimen went through 

commensurate phase transition that results in the formation of commensurate domain 
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structures.   

 

 

Figure 2.9. g=1010 dark field image of artificial bilayer graphene with alpha tilt of (a) 6 degree 

and (b) -6 degree. Three different sets of dark field images obtained using {1120} reflections. (f-

i) Corresponding diffracted beams are indicated with red circles. 

 

Figure 2.10 shows 6 degree tilted g=1010  dark field images stitched together to 

show domain structures for the whole specimen region. The general domain shapes look 

triangular even though some of those triangle shapes look elongated in certain direction 

and their size changes depending on position. From the left to the right side, domain size 

decreases continuously, ranging from 300 nm to a few tens of nanometer. The domain 

sizes are strongly related with the twist angle between the two layers of graphene. As we 

discussed in Figure 2.2(a) and 2.8 (b), the periodicity of Moire pattern is determined by 

twist angle in the incommensurate configuration before transition, and this periodicity 
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determines the domain sizes when it go through commensurate phase transition. Thus, 

there might have been large scale elastic distortion that can cause continuous twist angle 

changes from left to right side of the specimen when the two layers are engaged to each 

other. 

 

 

Figure 2.10. g=1010 dark field images stitched together to show domain structure for the whole 

bilayer stacked region. 

 

In addition to this triangular shape domain structures, we can also observe strip-like 

shapes of domain structures in other specimens. Figure 2.11 (a) is tilted g=1010 dark 

field images that show irregular domain shapes compared with previous specimen 

discussed in Figure 2.10. Figure 2.11 (b) is magnified image of indicated region with 

red box in Figure 2.11 (a), clearly showing parallel strip-like arrays of domain structures.  
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Moreover, three different sets of dark field images obtained using {1120} reflections 

are shown in Figure 2.11 (c-e), and they resolves the boundaries between these domain 

structures. We also identified burgers vector associated with each partial dislocation with 

arrows in Figure 2.12(g).  

 

 

Figure 2.11. (a) Tilted g=1010 dark field images. (b) Magnified image of indicated region with 

red box in (a). (c-e) Corresponding three different sets of dark field images using {1120 } 

reflections. (f) Selected area electron diffraction pattern of the specimen. (g) Magnified image of 

indicated region with red box in (c). 

 

Here, we discuss the origins of different shapes of commensurate domain structures. 

As we also discussed earlier, pure rotational displacement between the two layers will 

cause triangular shape domain structure and partial dislocation arrays with burgers 

vector direction parallel to dislocation lines as shown in Figure 2.12 (a). On the other 

hand, if the relative displacement between the two layers is uniaxial tensile or 

compressive distortion, parallel strip like domain structures can be formed with partial 
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dislocation arrays with the burgers vector direction indicated with the arrows as shown 

in Figure 2.12 (b). Summing up all the burgers vectors for the arrays of partial 

dislocations in Figure 2.12 (b) results in one directional tensile or compressive strain. 

 

 

Figure 2.12. (a) Schematic diagram that represent formation of triangular domain structure from 

rotational displacement in bilayer graphene. (b) Schematic diagram that represent formation of 

strip like domain structure from uniaxial tensile or compressive strain in bilayer graphene. 

 

Accordingly, the domain structures of the bilayer graphene specimen can be 

engineered in principle if the relative displacement of the two layers can be controlled 

artificially. For instance, the triangular domain size can be controlled by tuning the twist 

angle between the two layers. Figure 2.13 shows the variation of domain size determined 

by Moire periodicity as a function of twist angle. As we discussed earlier, domain size 

becomes smaller as the twist angle becomes larger.  
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Figure 2.13. Plot of Moire periodicity (domain size) as a function of twist angle between the two 

graphene layers. 

 

This can also be verified by experimental data as shown in Figure 2.14. The bilayer 

graphene specimen that we show in Figure 2.10 has large domain on the left side, and it 

becomes smaller as it goes from the left side to the right side. Figure 2.14 (a) and (d) are 

tilted g=1010  dark field images obtained from left end and right end region of the 

specimen that was shown in Figure 2.10. Figure 2.14 (b) and (e) are selected area 

electron diffraction patterns obtained from the region indicated with white circle in 

Figure 2.14 (a) and (d). Their magnified images on the red boxed regions in Figure 2.14 

(b) and (e) are also shown in Figure 2.14 (c) and (f), respectively. As indicated in Figure 

2.14 (c), diffracted beam coming from graphene and h-BN can be observed, and they 

can be distinguished clearly since the BN flake has much larger thickness, giving much 
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higher intensity of the diffracted beam compared with that of graphene. Here, we note 

that splitting of the graphene diffracted beam cannot be observed in Figure 2.14 (c) 

within the instrument resolution limit, but the splitting can be resolved clearly in Figure 

2.14 (f).   

 

 

Figure 2.14. (a) g=1010 tilted dark field image where the domain size is in the scale of a hundred 

nanometer. (b) Selected are electron diffraction pattern obtained from the region marked with 

white circle in (a). (c) Magnified image of indicated region with red box in (b). (d) g=1010 dark 

field image where the domain size is in the scale of a ten nanometer. (e) Selected are electron 

diffraction pattern obtained from the region marked with white circle in (d). (f) Magnified image 

of indicated region with red box in (e). 

 

It is reasonable to assume that individual domains have same crystallographic 

orientation for top and bottom layers once they form commensurate Bernal stacking 



 
Chapter 2: Commensurate transition in van der Waals interface 
 
 

  57 
 

configuration, giving the diffracted beam at the same position without splitting. 

Nevertheless, we can still observe the splitting of diffracted beams as in Figure 2.14 (f) 

since the domain boundary region have information on original twist angle between the 

two layers. Moreover, contribution of domain boundary region to the electron diffraction 

pattern becomes larger as the domain size becomes smaller. Accordingly, due to the 

small domain size, the contribution from the domain boundary region is large enough to 

give observable contrast in diffraction pattern, and the twist angle is large enough to be 

resolved within the instrument resolution; thus we can clearly observe two split spots of 

diffracted beams. On the other hand, the reason why we cannot resolve two split spots 

in Figure 2.14 (c) is either too weak contribution from the domain boundary region or 

too small twist angle to resolve within the instrument resolution. 
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Figure 2.15. Structural modeling of commensurate domain structures in bilayer graphene. The 

region indicated with red arrows represents strain free Bernal stacked configuration, indicating 

commensurate domain region of the specimen, and we define this region as ‘a’. The region 

indicated with blue arrows represents uniaxially strained region, indicating domain boundary or 

dislocation region of the specimen, and we define this region as ‘b’.  

 

We performed multislice simulation to understand the diffraction patterns in 

commensurate configurations. In order to verify the effect of domain boundary region 

on the diffraction pattern, the structural model was constructed as shown in Figure 2.15. 

Commensurate domains were separated by uniaxially strained boundaries; one of the 

two layers were compressed along the zig-zag direction only in the boundary region. We 

indicated domain region and domain boundary region with two different arrows in 

Figure 2.15, and the length of each region was changed as indicated in Table 2.1 to see 

their effect on the diffraction pattern. Here, burgers vector for the domain boudnary is 

not the same with the burgers vector we identified by TEM analysis, but it was modeled 
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for the most simple case in terms of constructing structural models for this case.  

 

Table 2.1. List of structural models 

Model 

structures 

Length of 

domain (nm) 

Length of domain 

boundary (nm) 

Intensity ratio of strained peak to 

original peak (%) 

#1 2.46 2.46 8.5 

#2 4.92 2.46 1.4 

#3 7.38 2.46 1.0 

#4 9.84 2.46 0.76 

#5 9.84 9.84 13.8 

 

We present the electron diffraction pattern obtained from model #1 in Figure 2.16 (a). 

Raw data was convoluted with Gaussian function to minimize the effect of streak 

originating from finite size of the sample structure. Line profile of the indicated region 

with red box in Figure 2.16 (a) was drawn in Figure 2.16 (b). Position of the strongest 

peak indicated with red arrow corresponds to the lattice spacing of original bilayer 

graphene structure, and the other peak indicated with red arrow shows the peak position 

corresponding to compressive strained lattice. We also tested other configurations as 

listed in Table 2.1, and compared them with each other in terms of intensity and position 

of strained peak. As the total contribution from the domain boundary region is reduce as 

it goes from model #1 to #4, the intensity ratio of strained peak to original peak is also 

reduced from 8.5 % to 0.76 %, but the peak position was identical. Additional peak 

indicated with blue arrows in Figure 2.16 (b) are originated from superlattice effect of 
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the model structure, which is not of interest here. We also present the diffraction pattern 

and its line profile for model #5 where the superlattice peak was diminished because it 

has less number of periodic units in finite size of the whole structure. Thus, we 

confirmed that the domain boundary region can give diffraction peak which has 

information on the strained region under the circumstance where the contribution from 

the strained region is large enough to give observable diffraction intensity. 

 

 

Figure 2.16. (a) Simulated diffraction pattern from the structure modeled #1 shown in Figure 2.16. 

(b) Line profile of indicated region with red box in (a). 
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Figure 2.17. (a) Simulated diffraction pattern from the structure modeled #5. (b) Line profile of 

indicated region with red box in (a). 

 

Nevertheless, the fact that we observed two split spots in diffraction pattern does not 

necessarily mean that the commensurate domain was formed as a result of van der Waals 

interaction. Even if it stays as incommensurate configurations, the overall peak position 

will be the same as that of commensurate configurations. Moreover, as the domain size 

gets smaller and smaller, it is quite hard to distinguish between commensurate and 

incommensurate structures by observing tilted g=1010  dark field images. For this 

purpose, g= 1120  dark field image can give obvious distinction between the 

commensurate and incommensurate configurations. Assuming the specimen stays as 

incommensurate configurations, it will show one directional Moire fringe if you select 

one set of diffraction spots as we discussed earlier. Figure 2.18 (a) is schematic diagram 

of twist bilayer graphene with the Moire fringe periodicity indicated with black lines 

assuming the two diffracted beams were selected as represented in Figure 2.18 (c). On 

the other hand, assuming the commensurate configurations, g=1120 dark field image 

will show two sets of domain boundaries out of three different sets as shown in Figure 
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2.18 (b). Here, the periodic lines of Moire pattern and domain boundaries have different 

direction, making it possible to distinguish between these two cases.  

 

 

Figure 2.18. (a) Moire fringe spacing assuming incommensurate configuration. (b) domain 

boundary arrays expected to be observed assuming commensurate configuration. (c) Schematic 

diagram for selected area electron diffraction pattern. 

 

Figure 2.19 (a) and (b) is electron diffraction pattern and its magnified image showing 

two split diffraction spots from bilayer graphene specimen. Figure 2.19 (c), (d), and (e) 

were obtained by selecting diffraction spots indicated with red, green, and blue circles 

in Figure 2.19 (a) at the same position. Figure 2.19 (f), (g), and (h) were also obtained 

by selecting diffraction spots indicated with red, green, and blue circles in Figure 2.19 

(a) at the same position right next to the region shown in Figure 2.19 (c-e). In both cases, 

the periodic units in the image have two components, and their direction depends on 

which diffraction peaks are selected. Here, their directions were consistent with the 

dislocation lines that should be resolved based on the visibility criterion that we 

discussed earlier. Accordingly, we could verify there is commensurate transition at the 

specimen, and the maximum twist angle that we verified in this specimen was around 1 
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degree. 

 

 

Figure 2.19. (a) Selected area electron diffraction pattern obtained from artificial bilayer stack 

with top h-BN layer and (b) its magnified image. Dark field images obtained from the diffracted 

beam indicated with (c, f) red, (d, g) green, and (e, h) blue circles in (a). 

 

Possibility of controlling triangular domain size was also tested. We prepared two 

different bilayer graphene stacks as shown in Figure 2.20 and Figure 2.21. Regular shape 

of triangular domain was observed. Even if we tried to make certain twist angle of the 

specimen, it was not exactly the same as we intended, and the domain size changes 

continuously even in the single specimen. Nevertheless, the twist angle could be 

controlled within 0.5 degree of accuracy, suggesting the controllability of the domain 

sizes of artificial bilayer graphene.  
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Figure 2.20. (a) g=10 10  tilted dark field image of the artificial bilayer graphene stack 

encapsulated with top and bottom h-BN layers. 

 

 

Figure 2.21. g=1010 tilted dark field image of the artificial bilayer graphene stack encapsulated 

with top and bottom h-BN layers. 
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2.2. Commensurate transition in bilayer MoS2 

 

We fabricated artificial bilayer stack of MoS2 and try to understand whether the 

commensurate transition takes place as a result of van der Waals interaction. MoS2 

belongs to transition metal dichalcogenide material that has much more complicated 

structure compared with that of graphene, which gives more options in terms of possible 

configurations of bilayer stacks. In the following two sections, we discuss the general 

structural properties of MoS2 and their possible bilayer stacking configurations. We then 

discuss our experimental procedures and data in great detail.  

 

2.2.1. Structural properties of MoS2 

 

 

Figure 2.22. Structural properties of transition metal dichalcogenides (TMDC). Two different 

symmetries of monolayer TMDC with (a) Trigonal prismatic coordination and (b) octahedral 

coordination. (c) Multilayer stacking configurations.  
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Transition metal dichalcogenides have layered crystal structures where each layer 

consists of three atom thick crystal planes as shown in Figure 2.22 (a) and (b). Within 

each layer, transition metal and chalcogen atoms are bonded together with strong 

covalent characteristics, and there are two different types of coordinations as shown in 

Figure 2.22 (a) and (b). Trigonal prismatic coordination shown in Figure 2.22 (a) has 

mirror symmetry, while octahedral coordination shown in Figure 2.22 (b) exhibits 

inversion symmetry, which gives strikingly different physical properties of the system. 

Based on these two types of building blocks, many different kinds of multilayer stacking 

configurations can be formed as shown in Figure 2.22 (c).  

Energetically stable form of MoS2 usually has trigonal prismatic coordination within 

each layer, and the most common bulk crystal form is 2H configuration where top layer 

of MoS2 is stacked on top of bottom layer with the rotation angle of 180 degree (120 n 

+ 60 degree where n is integer).[84] Here, by controlling the twist angle between the two 

monolayer MoS2, and shifting the relative positions of each layer, artificial stacking 

configurations can be engineered, which is different from the bulk crystal form. In the 

following section, we will discuss more in detail about the bilayer stacking configuration 

of the MoS2. 
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2.2.2. Bilayer stacking configurations in MoS2 

 

 

Figure 2.23. Bilayer stacking configurations of MoS2 projected along the vertical direction. Sulfur 

and Molybdenum atoms in monolayer unit are projected onto same plane.  

 

It was previously studied on what types of bilayer stacking configurations can be 

formed in MoS2.[85] As shown in Figure 2.23, five different types of configurations can 

be formed, and the corresponding formation energy was also calculated to understand 

stability of each configuration.[85] AA’ and AB configurations were reported to be 

energetically stable form of MoS2, and AA’ configuration is the same configuration with 

2H structure that we discussed earlier. 

Here, we discuss how to form these five different configurations by using each layer 

as building block with control of twist angle and relative shift between the two layers. 



 
Chapter 2: Commensurate transition in van der Waals interface 
 
 

  68 
 

Since the monolayer MoS2 has 3-fold symmetry when it was projected along the out-of-

plane direction, symmetric configurations can be formed in 0 degree (120n degree) and 

180 degree (120n + 60 degree). First, let us consider twist angle of 0 degree. Figure 2.24 

(a) is projected configuration of bottom layer MoS2 with A, B, and C sites indicated with 

blue, green, and grey circles. Molybdenum atoms are placed in A sites, and sulfur atoms 

are located on B sites. Figure 2.24 (b) is also projected configuration of top layer MoS2. 

It should be noted that relative position of molybdenum and sulfur is the same as that of 

bottom layer MoS2, which indicates that there is no twist angle between the two layers. 

Thus, by only shifting the top layer with respect to bottom layer without any rotation, 

we can think of three different possibilities. From the perspective of molybdenum atom 

at the top layer, it can be placed on three different positions, A, B, and C sites, and the 

corresponding bilayer stacking configurations were shown in Figure 2.24 (c), (d), and 

(g). Figure 2.24 (e), (f), and (h) are corresponding cross sectional view of the unit cell, 

which is indicated with red lines in Figure 2.24 (a). Accordingly, we can find out AB, 

AC, and AA stacking configurations which are very similar with those of bilayer 

graphene specimen. The only difference between the MoS2 and graphene is that two 

carbon atoms consist of basis in graphene, while one molybdenum and two sulfur atoms 

consist of MoS2. Since AB and AC stack that we presented in Figure 2.24 (c) and (d) 

fall into the same category of AB stack, we can form 2 different bilayer stacking 

configuration out of 5 different possible configurations at 0 degree of twist angle.  
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Figure 2.24. Bilayer stacking configuration of MoS2 with 0 degree of twist angle. (a) Bottom 

layer of MoS2 with three different stacking sites were identified as A, B, and C. (b) Top layer of 

MoS2 without any rotation with respect to the bottom layer shown in (a). Bilayer stacking 

configurations obtained by putting molybdenum atom in top layer on (c) B, (d) C, and (g) A sites, 

and their corresponding cross-section views were represented in (e), (f), and (h). 

 

The remaining three different bilayer stacking configurations can be formed by 

rotating the two layers by 180 degree with respect to each other. Figure 2.25 (a) is the 

bottom layer MoS2, and it is exactly the same form with the one we presented in Figure 

2.24 (a). However, the top layer configuration in Figure 2.25 (b) is different from that 

shown in Figure 2.24 (b) since it is 180 degree rotated for this case. Again, by putting 

the molybdenum atom of top layer MoS2 on A, B, and C sites, we can form A’B, AA’, 

and AB’ stacking configurations. Accordingly, we confirmed that all the five different 
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bilayer stacking configurations shown in Figure 2.23 by controlling twist angle and 

relative shift between the two layers. 

 

 

Figure 2.25. Bilayer stacking configuration of MoS2 with 180 degree of twist angle. (a) Bottom 

layer of MoS2 with three different stacking sites were identified as A, B, and C. (b) Top layer of 

MoS2 with 180 degree of rotation with respect to the bottom layer shown in (a). Bilayer stacking 

configurations obtained by putting molybdenum atom in top layer on (c) A, (d) B, and (g) C sites, 

and their corresponding cross-section views were represented in (e), (f), and (h). 

 

2.2.3. Sample preparation 

 

- Bilayer stacking with twist angle close to 0 degree  

 

Artificial bilayer MoS2 stack was prepared in a similar manner that we used to make 

bilayer graphene stack. Figure 2.26 (a) is optical microscope image of h-BN layer used 
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as top layer, and Figure 2.26 (b) is optical microscope image of monolayer MoS2. Using 

h-BN layer, we picked up only a part of monolayer MoS2 and engaged them into the rest 

part of MoS2 which was left on the substrates with the twist angel close to 0 degree as 

shown in Figure 2.26 (c). Optical microscope image shown in Figure 2.26 (d) clearly 

shows the region where the bilayer stack was formed.  

 

 

Figure 2.26. Bilayer MoS2 stack around 0 degree. Optical microscope images of (a) h-BN layer 

and (b) monolayer MoS2 before making stack. Optical microscope image of h-BN and MoS2 (c) 

right before engagement and (d) after the engagement. 
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- Bilayer stacking with twist angle close to 180 degree  

 

In order to form 180 degree of twist angle between the two layers of MoS2, we first 

picked up a part of the monolayer MoS2 using top layer h-BN as shown in Figure 2.27 

(a). Then the whole substrate on which the rest part of monolayer MoS2 was left was 

rotated 180 degree as shown in Figure 2.27 (b). We then engage the two MoS2 layer 

together, and the resulting optical microscope image and its enhanced contrast image 

are shown in Figure 2.28 (c) and (d), respectively. 
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Figure 2.27. Bilayer MoS2 stack around 180 degree. (a) Optical microscope images of h-BN layer 

(transparent) and monolayer MoS2 (blue) right before engagement. (b) After first engagement of 

top h-BN with part of monolayer MoS2, the rest part of MoS2 on the substrate was rotated 180 

degree. (c) Optical microscope image of the stack composed of top h-BN layer and artificial MoS2 

bilayer. (d) Enhanced contrast image of (c). 

 

2.2.4. Electron diffraction and dark field image analysis 

 

- Dark field image contrast for the stacking configurations that can be formed with 

the twist angle close to 0 degree : AB and AC stacked domain contrast  
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We schematically represent two monolayers of MoS2 lattices overlapped with twist 

angle in Figure 2.28. The two lattices are the same as the ones we showed in Figure 2.25 

(a) and (b). The only difference is that we twisted these two model structures with each 

other in Figure 2.28. As a result of the twist angle, we can also observe Moire pattern as 

we did in the graphene specimen. In a similar manner with the twist bilayer graphene 

specimen, we can also see local stacking configurations change continuously as a 

function of position in the sample. In Figure 2.28, we marked local areas that show 

stacking configurations which are very similar to AB, AC, and AA stacking 

configurations that we discussed in Figure 2.24 (c), (d), and (g). As marked with blue 

and red color in Figure 2.28, AB and AC stacked domain structures with triangular 

shapes can be expected to form once the van der Waals interaction is strong enough to 

cause atomic reconfiguration at the interface.  

These tendencies of dark field image contrast and triangular domain structures are very 

similar with the case of graphene specimen, but we need to consider more on the dark 

field image contrast since the structure of MoS2 is obviously different from that of 

graphene. Thus, we try to understand the dark field image contrast by examining tilt 

depencence of structure factor intensity for each model structure in kinematical 

condition.  
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Figure 2.28. Schematic diagram of twist bilayer MoS2. 

 

We define basis atom coordinates for AB and AC stacked bilayer MoS2 structures 

and introduce deviation vector to examine tilt dependence in a similar way we did for 

bilayer graphene stack.  

Basis atom coordinates for AB and AC stack configurations for MoS2 can be 

represented as follows. 

 

AB stack – 0, 0, , , , , , , 0.1275 ,	  

, , 0.3725 , , , 0.6275 , , , 0.8725 . 
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AC stack - 0, 0, , , , , , , 0.1275 ,	  

, , 0.3725 , 0,0,0.6275 , 0,0,0.8725 . 

 

Moreover, to represent the tilt dependence, the deviation vector s , ,  

from exact Bragg condition was defined, and we approximate the case where ,

0 for the simplicity in calculation, which is only valid in small tilting angle limit. We 

expect this is reasonable approximation to understand the overall tendency in intensity 

variation in diffracted beam as a function of tilting angle. Here,  is roughly 

proportional to tilting angle of the specimen in TEM. From the basic equation for the 

calculation of structure factor represented in equation 1.4.21, the structure factor for AB 

stack in bilayer MoS2 with g=100 (g=1010) diffracted beam can be represented as  

 

F ∑ exp 2 100 00 ∙   

exp 2 exp 2   

exp 2 0.1275 exp 2 0.3725   

exp 2 0.6275 exp 2 0.8725 .    (2.10) 

 

The structure factor for AC stack can also be calculated similarly as follows. 

 

F ∑ exp 2 100 00 ∙   

exp 2 exp 2   
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exp 2 0.1275 exp 2 0.3725   

exp 2 0.6275 exp 2 0.8725 .             (2.11) 

 

We plot | |  for AB and AC stack configurations as a function of  as shown in 

Figure 2.29.  

Figure 2.29. | |  for AB stack (green) and AC stack (red) configurations as a function of . 

 

Here, we note a few features that can be verified in Figure 2.29. First, as the tilting angle 

increases from 0 to the certain value that gives positive deviation vector, the contrast of 

AB and AC stacked domains starts to appear. As shown in Figure 2.29, AB stacked 

domains starts having higher intensity than AB stacked domain (the green curve sits on 

top of red curve for sz value ranging from 0 to 1). However, for the range where sz value 

goes from 1 to 2, red curve has higher intensity compared with green curve, indicating 

AC stacked domain will have higher diffracted beam intensity. Moreover, at the 
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antisymmetric tilting angle conditions, each image will also show reverse contrast for 

AB and AC stacked domain structures. 

 

- Dark field image contrast for the stacking configurations that can be formed with 

the twist angle close to 0 degree : domain boundary contrast  

 

 

Figure 2.30. Schematic representation of burgers vectors for partial dislocations with monolayer 

MoS2 lattice.  

 

Here, we present the way that we analyze crystallographic information on the domain 

boundaries using dark field images using {1120} reflections, and it is very similar with 

the way that we did to investigate the domain boundaries in bilayer graphene specimen. 

The domain boundaries will be interpreted as partial dislocations that cause stacking 

configuration changes across them. The six possible burgers vectors for the partial 
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dislocations were schematically represented in Figure 2.30, and they can be written as 

follows. 

 

110 , 210 , 120  

 

In the exactly the same way with the bilayer graphene’s case, introduction of partial 

dislocations with burgers vector –b1, b2, and –b3 results in stacking configuration 

changes from AB to AC. In order to understand the domain boundary contrast in dark 

field images in quantitative way, we also calculate the structure factor for g=1120 at 

the zero degree of tilting condition with the definition of basis vectors for bilayer MoS2 

as follows. By shifting only top layer MoS2 atom positions in a burgers vector direction, 

we present the atomic configuration at the dislocations as  

 

0, 0, , , , 0.1275 , , , 0.3725 , 

	 , , , , , 0.6275 , 

	 , , 0.8725 . 

 

where x=0 corresponds to AB stack configuration, and x=1 correspond to AC stack 

configuration. Thus, dislocation region indicates the case where x range from 0 to 1. Let 

us consider g=210 (g=2110), g=110 (g=1120), g=120 (g=1210) dark field images 

with dislocation having burgers vector of 110  ( 1100 ). 

Here we used 3 index instead of 4 index for the simplicity of calculating structure factors. 

The structure factor can be calculated as 
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F ∑ exp 2 ∙                                   (2.12) 

 

1 exp 2 1 2 exp 2 2exp 2   (2.13) 

1 exp 2 2 exp 2 2exp 2              (2.14) 

1 exp 2 2 2exp 2 	              (2.15) 

 

Figure 2.31. is plot of | |  with g=210 (g=2110), g=110 (g=1120), and g=120 

(g=1210) as a function of x. For g=210 (g=2110) and g=120 (g=1210) which have 

component parallel to burgers vector of 110  ( 1100 ) show 

that the intensity decreases in the middle of dislocation line while g=110 (g=1120 ) 

diffracted beam intensity does not show any intensity change across the dislocation line. 
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Figure 2.31. | |  with g=210	 (red) (g=2110), g=120 (g=1210) (red), and g=110 (g=1120) 

(green) as a function of x. 

 

- Dark field image contrast for the stacking configurations that can be formed with 

the twist angle close to 180 degree : AA’, AB’, and A’B stacked domain contrast  

 

We schematically represent two monolayers of MoS2 lattices overlapped with twist 

angle close to 180 degree in Figure 2.33. The two lattices are the same as the ones we 

showed in Figure 2.24 (a) and (b). Similar with Figure 2.28, the twist angle results in the 

Moire pattern, and the stacking configurations change continuously, exhibiting three 

different stacking configurations we identified in Figure 2.25. We marked local areas 

that show stacking configurations which are very similar to AA’, AB’, and A’B stacking 

configurations in Figure 2.32. If the van der Waals interaction is strong enough to cause 
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atomic reconfiguration, we would expect to see single domain structures with perfect 

dislocations or more than one stacking configurations with the partial dislocations 

separating the different types of domains.  

 

 

Figure 2.32. Schematic diagram of twist bilayer MoS2 with the twist angle close to 180 degree. 

Burgers vectors for partial dislocations were indicated with black arrows. 

 

We try to understand the dark field image contrast by examining tilt depencence of 

structure factor intensity for AA’, AB’, and A’B configurations in kinematical condition. 

We define basis atom coordinates for AA’, AB’, and A’B stacked bilayer MoS2 
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structures and introduce deviation vector to examine tilt dependence in a similar way we 

did for bilayer graphene and bilayer MoS2 with twist angle close to 0 degree. Basis atom 

coordinates for each configuration for MoS2 can be represented as follows. 

 

AA’ stack – 0, 0, , , , , , , 0.1275 ,	  

, , 0.3725 , 0,0,0.6275 , 0,0,0.8725 . 

 

A’B stack - 0, 0, , 0,0, , , , 0.1275 ,	  

, , 0.3725 , , , 0.6275 , , , 0.8725 . 

 

AB’ stack - 0, 0, , , , , , , 0.1275 ,	  

, , 0.3725 , , , 0.6275 , , , 0.8725 . 

 

Moreover, to represent the tilt dependence, the deviation vector s , ,  

from exact Bragg condition was defined, and we approximate the case where ,

0  for the simplicity in calculation, which is very similar approximation that we 

discussed earlier. The structure factor for AA’ stack in bilayer MoS2 with g=100 

(g=1010) diffracted beam can be represented as  

 

F ∑ exp 2 100 00 ∙   

exp 2 exp 2   

exp 2 0.1275 exp 2 0.3725   
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exp 2 0.6275 exp 2 0.8725 .            (2.16) 

 

The structure factor for A’B stack can also be calculated similarly as follows. 

 

F ∑ exp 2 100 00 ∙   

exp 2 exp 2   

exp 2 0.1275 exp 2 0.3725   

exp 2 0.6275 exp 2 0.8725 .   (2.17) 

 

The structure factor for AB’ stack can also be calculated similarly as follows. 

 

F ∑ exp 2 100 00 ∙   

exp 2 exp 2   

exp 2 0.1275 exp 2 0.3725   

exp 2 0.6275 exp 2 0.8725     (2.18) 

 

We plot | |  for AA’, A’B, and AB’ stack configurations as a function of  as 

shown in Figure 2.33. Depending on the tilting condition, each domain can have 

different intensity, and even in zero tilting angle, the three different stacking 

configurations will exhibit different intensity for each domain. 
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Figure 2.33. | |  for AA’ (red), A’B (green), and AB’ (blue) configurations as a function of . 

 

- Dark field image contrast for the stacking configurations that can be formed with 

the twist angle close to 180 degree : domain boundary contrast  

 

For the stacking configurations formed with the twist angle close to 180 degree, we 

also use dark field images with { 1120 } reflections to obtain crystallographic 

information on the domain boundaries. In a similar way that we did for graphene and 

twist bilayer MoS2 with the twist angle close to 0 degree, the domain boundaries will be 

interpreted as partial dislocations that cause stacking configuration changes across the 

dislocations. The six possible burgers vectors for the partial dislocations were 

schematically represented in Figure 2.32, and they can be written again as follows. 

 

110 , 210 , 120  
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It can also be represented as follows in terms of 4 indices as 

 

1100 , 1010 , 0110  

 

Introduction of the partial dislocations with burgers vector –b1, b2, and –b3 on AA’ 

stacked configuration results in stacking configuration changes to AB’, and introduction 

of the partial dislocations with burgers vectors b1, –b2, and b3 causes the stacking 

configuration changes to A’B as shown in Figure 2.32. In order to understand the domain 

boundary contrast in dark field images in quantitative way, we also calculate the 

structure factor for {1120} reflections at the zero degree of tilting condition with the 

definition of basis vectors for bilayer MoS2 as follows. By shifting the top layer MoS2 

atom positions in a burgers vector direction, we present the atomic configuration at the 

dislocations as  

 

0, 0,
1
4
,

2
3
,
1
3
, 0.1275 ,

2
3
,
1
3
, 0.3725 , 

	
2
3
,
1
3
,
3
4

, 0,0,0.6275 , 

	 0,0,0.8725  

 

where x=0 corresponds to AA’ stack configuration, and x=1 correspond to AB’ and 

A’B stack configuration depending on burgers vectors. Thus, dislocation region 

indicates the case where x range from 0 to 1. Let us consider g=210 (g=2110), g=110 
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(g=1120), g=120 (g=1210  dark field images with dislocation having burgers vector 

of 110  ( 1100 ). Here we used 3 index instead of 4 index for 

the simplicity of calculating structure factors. The structure factor can be calculated as 

 

F ∑ exp 2 ∙                                   (2.19) 

 

1 exp 2 1 2 exp 2 2exp 2  (2.20) 

1 exp 2 2 exp 2 2exp 2 ∙ 0       (2.21) 

1 exp 2 2 exp 2 ∙ 0 2exp 2     (2.22) 

 

Figure 2.34 is plot of | |   g=210  (g=2110 ), g=110  (g=1120), and g=120 

(g=1210   as a function of x. For g=210  (g=2110), and g=120  (g=1210   which 

have component parallel to burgers vector of 110  ( 1100 ) 

show that the intensity decreases in the middle of dislocation line while g=110 

(g=1120) diffracted beam intensity does not show any intensity change across the 

dislocation line. 
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Figure 2.34. | |  with g=210 (g=2110) (red), g=120 (g=1210  (red), and g=110 (g=1120) 

(green) as a function of x. 

 

2.2.5. Experimental data and discussion for dark field image analysis 

 

Figure 2.35 (a) is optical micrograph of bilayer MoS2 stack with twist angle close to 

0 degree that we showed in Figure 2.26. Selected area electron diffraction pattern shown 

in Figure 2.35 (b) exhibits two different sets of 6-fold symmetric diffraction patterns; 

the one with lower intensity comes from MoS2, and the other set with higher intensity 

comes from top layer of h-BN. g=1010 tilted dark field image presented in Figure 2.35 

(c) shows regular domain structures on the left side, while it does not show any regular 

pattern on the right side. We do not understand what causes the difference between the 

two regions yet, but we only focused on the region where it forms regular structures. 
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Figure 2.35. (a) Optical microscope image of stack composed of top layer h-BN and bilayer MoS2. 

(b) Selected area electron diffraction pattern obtained from the specimen shown in (a). (c) 

g=1010 tilted dark field image of the artificial bilayer MoS2 stack. 

 

g=1010 dark field images with antisymmetric tilting angles were shown in Figure 

2.36 (b) and (c), and the diffracted beam to form those images was indicated with yellow 

circle in electron diffraction pattern shown in Figure 2.36 (a). The dark field image with 

tilting angle of -6 degree (Figure 2.36 (b)) shows periodic arrays of dark and bright 

triangular structures, and their contrasts get reversed when the same dark field images 

were taken with opposite tilting angle of 6 degree (Figure 2.36 (c)). Moreover, dark field 

images with {1120 } reflections shown in Figure 2.36 (d-f) show dark line contrast 

which are located in the boundary region between the dark and bright triangles that we 

observed in Figure 2.36 (b) and (c).  
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Figure 2.36. (a) Selected area electron diffraction pattern obtained from the stack. g=1010 dark 

field images of the artificial bilayer MoS2 stack with (b) -6 degree and (c) 6 degree tilt. Dark field 

images obtained using (d) g=2110, (e) g=1120, and (f) g=1210 reflections. 
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Figure 2.37. Tilt series of g=1010 dark field images with the tilting angle presented in each figure. 

 

We further obtained tilt series of g=1010 dark field images as shown in Figure 2.37 

and compared the results with the tilt dependence of structure factor calculation that we 

discussed in Figure 2.29. Dark field images with tilt angle of 6.6 degree and 19.7 degree 

shows contrast reversal, and those with tilt angle of -6.6 degree and -19.7 degree also 

shows the same behavior. Moreover, the dark field image with tilt angle of 6.6 degree 

and -6.6 degree shows contrast reversal, and those with tilt angles of 19.7 degree and -

19.7 degree also shows contrast reversal. All of these features in tilt series of g=1010 

dark field images are consistent with the structure factor calculation results shown in 

Figure 2.29, indicating that the commensurate domain structures of AB and AC stacks 
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were formed in our artificial bilayer stack. Now, we can also think of the domain 

boundaries as partial dislocations that cause stacking configuration changes between AB 

and AC stack. Using three different sets of g=1120 dark field images shown in Figure 

2.36 (d-f), the burgers vectors for those partial dislocation arrays were also identified by 

visible and invisible conditions that were discussed with Figure 2.31. The burgers 

vectors were determined to be as follows, and they were exactly the same as those of 

partial dislocations in bilayer graphene stack. 

 

110 , 210 , 120  

 

It can also be represented as follows in terms of 4 indices as 

 

1100 , 1010 , 0110  

 

 

 

 

 

 

 

 

 

 



 
Chapter 2: Commensurate transition in van der Waals interface 
 
 

  93 
 

- Bilayer stacking with twist angle close to 180 degree  

 

 

Figure 2.38. -10 degree tilted dark field images obtained with (a) g=100 (g=1010 , (b) g=010 

(g=0110 , and (c) g=110  (g=1100  diffracted beams. 10 degree tilted dark field images 

obtained with (d) g=100 (g=1010 , (e) g=010 (g=0110 , and (f) g=110 (g=1100  diffracted 

beams. Tilting axis was indicated in electron diffraction pattern shown in the inset of (a).  

 

We took tilted dark field images with {1010} reflections as shown in Figure 2.38. 

g=100 (g=1010 , g=010 (g=0110 , and g=110 (g=1100  dark field images were taken at 

the alpha tilt angle of -10 degree and 10 degree. Each diffracted beam to form those 

images were indicated with red circles in the inset of Figure 2.38 (a) (3 indices were 
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used instead of 4 indices for determining burgers vectors). As we discussed on the dark 

field image intensity with Figure 2.33 in previous section, different intensities are 

expected to be observed for the three different types of stacking configurations 

depending on the tilting conditions. Figure 2.38 (b) shows linear regions where the 

intensity is brighter than adjacent regions, and the same type of dark field image with 

antisymmetric tilting condition shown in Figure 2.38 (e) shows opposite behavior in a 

sense that those linear regions exhibits darker contrast compared with the adjacent 

regions. Here, those contrasts might indicate the domain contrast, which is very similar 

with what we observed for bilayer graphene and bilayer MoS2 with twist angle close to 

0 degree. However, those contrasts do not show any regular patterns, and it is quite hard 

to interpret them as domain contrast just by the fact that we observe contrast between 

the two regions.  
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Figure 2.39. TEM dark field images obtained with (a) g=100 (g=1010 , (b) g=010 (g=0110 , 

and (c) g=110 (g=1100 , (d) g=210 (g=2110), (e) g=110 (g=1120), and (f) g=120 (g=1210) 

diffracted beams without tilting. Those diffracted beams were identified with the numbers from 

1 to 6 in the electron diffraction pattern shown in the inset of (c). 

 

In order to examine the structural properties more precisely, we also obtained six 

different types of dark field images at zero tilting angle as shown in Figure 2.39 (a-f). 

Dark field images with {1120} reflections shown in Figure 2.39 (d-f) are especially 

useful when it comes to identifying what those dark contrasts are. As we discussed on 

the structure factor variation in association with the dislocations in previous section, dark 

contrast shown in g=1120 dark field images contain crystallographic information on 



 
Chapter 2: Commensurate transition in van der Waals interface 
 
 

  96 
 

the corresponding dislocations. Even though we do not see any periodic patterns of 

domain structures in this specimen, we always observe a tendency that those dislocations 

appear as a pair of two dislocation lines which are separated with a distance of a few 

tens of nanometer, and they have different burgers vectors each other. For example, the 

dislocation line indicated with –b2 in Figure 2.39 (e) is visible in g=210 (g=2110), and 

g=110 (g=1120) dark field images while it is not visible in g=120 (g=1210) image. 

Moreover, the dislocation line indicated with –b3 is visible in g=120 (g=1210) and 

g=110 (g=1120) dark field images, while it is not visible in g=210 (g=2110) image. 

Accordingly, we always observe a pair of two dislocation lines, in one of three different 

types of dark field images with {1120} reflections, and each of those two dislocations 

are observed in another dark field image with another {1120} reflections depending on 

their burgers vectors. Based on our previous discussion with Figure 2.34, we can identify 

their burgers vectors, and the burgers vectors for the dislocations we identified with –b2 

and –b3 can be determined to be  

 

210 , 120 .  

 

They can also be represented in 4 indices as  

 

1010 , 0110  

 

This indicates that the burgers vector for the dislocation that we indicate with –b2 can 

be either b2 or –b2. The reason why we indicate with –b2 instead of b2 is as follows. 



 
Chapter 2: Commensurate transition in van der Waals interface 
 
 

  97 
 

To be more specific in terms of determining the burgers vectors, we take into account of 

background knowledge of the structural properties of bilayer MoS2. According to the 

previous theoretical studies on bilayer MoS2 structures, among the three different 

stacking configurations of AA’, A’B, and AB’, the most stable configuration is AA’, 

while AB’ configuration is the most unstable configuration. The stability of AA’ 

configuration is obvious given the fact that it exhibits the same configurations with the 

bulk crystal form. On the other hand, the AB’ configuration put sulfur atom in the top 

layer directly on the sulfur atom in the bottom layer, causing strong orbital overlap, 

which is not energetically preferable configuration. A’B configuration is energetically 

unfavorable in comparison with the AA’ configuration, but it is much more favorable 

configuration compared with AB’ configuration for the reason that we just discussed. 

Thus, we assume the dominant stacking configurations in this specimen will be the AA’ 

configuration, and by introducing partial dislocations, they will form other types of 

stacking configurations. Here, introduction of partial dislocations that have burgers 

vectors of b2 and –b2 makes huge difference in terms of stacking configurations. As 

shown in Figure 2.32, dislocation with burgers vector of –b2 changes stacking 

configuration from AA’ to A’B whereas the dislocation with burgers vector of b2 changes 

stacking configuration from AA’ to AB’. Those pair of dislocations we indicated with –

b2 and –b3 can have burgers vectors of either b2 and b3 or –b2 and –b3 in terms of dark 

field image analysis. Among those two different combinations the combination of the 

dislocations with burgers vectors with –b2 and –b3 is more probable configuration 

because the A’B stack is more favorable to form than AB’ stack, and that is why we 

indicated with –b2 and –b3 instead of b2 and b3. However, atomic resolution imaging is 
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required for more precise analysis. 

We also note different aspects of domain structures of bilayer MoS2 with the twist 

angle close to 180 degree in comparison with the bilayer graphene and bilayer MoS2 

with the twist angle close to 0 degree. In the bilayer graphene or bilayer MoS2 with the 

twist angle close to 0 degree, two different energetically degenerate commensurate 

domain structures alternate each other with equal amount of contribution. However, in 

the bilayer MoS2 with the twist angle close to 180 degree, there is a predominant type 

of stacking configuration among different types of stacking configurations. Overall 

region of the specimen may have stacking configuration of AA’, and as a result of 

introducing partial dislocations, either A’B or AB’ stacked domains are formed. 

However, since the A’B or AB’ configuration is not energetically favorable 

configuration, they prefer to introduce another partial dislocation as soon as possible to 

go back to more stable AA’ configuration. Accordingly, we could verify that the overall 

domain structures can be very different depending on whether there is energetically 

degenerate stacking configurations are present or not. 

 

2.2.6. Cs-corrected STEM analysis 

 

We further investigated stacking configuration of the artificial bilayer MoS2 stack by 

using cs-corrected HAADF STEM. As we discussed in Chapter 1, the intensity shown 

in HAADF STEM image is proportional to atomic number and density for the 

corresponding atomic column, which is very useful in terms of identifying the atomic 

configurations directly. To fabricate free-standing bilayer MoS2/h-BN stack for HAADF 
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STEM study, we transferred the whole stack onto SiN hole grids as shown in Figure 

2.40. Using h-BN layer as a top layer, we picked up part of monolayer MoS2 as shown 

in Figure 2.40 (a). We then engage the h-BN/MoS2 stack into the rest part of monolayer 

MoS2 which was placed on substrate to make artificial bilayer stack at close to 0 degree 

of rotation (Figure 2.40 (b)). The whole stack of h-BN/bilayer MoS2 was transferred 

onto SiN membrane grid which has arrays of holes as shown in Figure 2.40 (c) and (d). 

 

 

Figure 2.40. (a) Optical micrograph of part of monolayer MoS2 picked up by h-BN layer. (b) 

Optical micrograph of whole stack picked up off the substrates before transfer onto SiN TEM 

grid. (c) Optical micrograph taken after transferring whole stack onto SiN membrane grid with 

arrays of holes. (d) Enhanced contrast optical micrograph of the whole stack transferred onto SiN 

membrane grid with arrays of holes. 
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Figure 2.41 is tilted g=1010 dark field image obtained for the region where the stack 

was freestanding on the hole. Similar with the previous specimen that we discussed 

earlier, we also observe the domain contrast even though the domain structure was not 

regular. We assume the whole region of the bilayer MoS2 stack has either AB or AC 

stacking configuration except for the region of domain boundaries.  

 

 

Figure 2.41. Tilted g=1010 dark field image for the free standing region of stack. 

 

We obtained HAADF STEM image for the free standing stack of h-BN/bilayer MoS2 

as shown in Figure 2.42 (a). To remove the amorphous background intensity effect, we 

applied average background subtraction filter as shown in Figure 2.42 (b) where we can 

clearly see three different types of atomic columns that show different intensities each 

other.[86] Line profiles of intensities for the regions marked with red boxes in Figure 2.42 
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(a) and (b) were shown in Figure 2.42 (c) and (d), respectively. Three different sets of 

atomic columns with different intensity can be verified clearly in Figure 2.42 (d). 

 

 

Figure 2.42. (a) Aberration corrected scanning transmission electron microscopy image of MoS2 

bilayer stack with h-BN as top layer. (b) Average background subtraction filtered image of (a). 

(c-d) Line profile of intensity for the region marked with red box in (a) and (b). 

 

Figure 2.43 represents structural model for the HAADF STEM images shown in 

Figure 2.42 (a) and (b). In the case of AB stacked domain structure, we would expect to 

see different intensity depending on the atomic column as shown in Figure 2.43. As can 

be clearly seen in cross-sectional view on the right side, there are three different sites; A 

site has single Molybdenum atom, B site has single Molybdenum atom and two Sulfur 

atoms, and C site has two Sulfur atoms in each atomic column. Therefore, atomic 

column intensity will be B site > A site > C site. The region marked with red box in 

Figure 2.43 shows atomic column B  A  C  B  A  C, which can give 

consistent intensity changes as that shown in Figure 2.42 (d). Thus, HAADF STEM 

analysis also indicates that we form AB (AC) stacked domain structures in artificial 
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bilayer stack fabricated with twist angle close to 0 degree. 

 

 

Figure 2.43. Schematic diagram of AB stacked MoS2 bilayer. 

 

2.3. Summary and outlook 

  

In this chapter, we confirmed that the interlayer interaction at the van der Waals 

interface, which was known to be very weak, is surprisingly strong enough to cause 

atomic reconfigurations at the interface. TEM dark field image analysis in kinematical 

condition indicates that the system went through commensurate phase transition, 

resulting in the formation of commensurate domain structures that were separated by 

domain boundaries that we interpreted as partial dislocations in this thesis. This 

transition was observed in both artificial bilayer graphene and bilayer MoS2 stacks, and 
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at certain circumstances, those structures consist of energetically degenerate two 

different types of domains alternating each other with triangular shapes. We also verified 

that those domain structures can be controlled by tuning twist angle between the two 

layers.  

It should be noted that whether this type of atomic reconfiguration and resulting phase 

transition occurs at the van der Waals interface has been controversial in the relevant 

research fields.[26, 27, 87-89] Often times, the twist angle between the two layers was 

controlled in an attempt to engineer electronic density of states, for example to form van 

Hove singularities at desired energy levels and so on, but it was all based on the 

assumption that no phase transition occurs at the van der Waals interfaces.[88] Our 

experimental results and their interpretation along with the classical Frenkel-Kontorova 

model indicate that the system prefers to go through commensurate phase transition, 

when the energy gain in terms of van der Waals interaction is stronger than the energy 

loss in terms of elastic energy, which is closely related with the twist angle between the 

two layers. Accordingly, the twist angle between the two layers determines whether the 

system go through the phase transition or not and also controls detailed microscopic 

pictures such as the size of the domains and their distributions along with the domain 

boundaries once it went through the phase transition. 

We also note that those domains and domain boundaries attract a lot of attention because 

they feature unusual physical properties. For instance, the domain boundary formed 

between AB and AC stacked bilayer graphene is known to form topologically protected 

conducting path.[90-93] Band inversion between AB and AC stacked domains necessarily 

causes band crossing with Fermi level in the middle of domain boundaries, which gives 
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conducting path in insulating domain structures once we form band gap in the bilayer 

graphene by applying vertical electric field into the specimen.[94-98] In the case of MoS2 

bilayer, it is particularly interesting that we can control the symmetry element of the 

materials by controlling the stacking configurations. In the case of bulk MoS2, inversion 

symmetry is present, but thinning it down to monolayer breaks the inversion symmetry, 

giving the opportunity of manipulating spin and valley degree of freedom.[99-102] In other 

words, MoS2 crystals always have inversion symmetry except for the monolayer. However, 

artificially engineered AB stacked bilayer MoS2 still breaks the inversion symmetry, in 

which we can seek for relevant unusual physical properties. Thus, we can open up a new 

methodology to engineer symmetry element of the 2-D materials by controlling the stacking 

configurations.  
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CHAPTER 3* 
 
Microstructural defects in GaN films grown on 
graphene layers 

 

 

 

3.1. Growth of semiconductor nanostructure for fabrication of 

thin film structures on graphene layers 

 

In order to prepare the graphene substrates for the growth of GaN films, thin layers of 

graphene were mechanically exfoliated from bulk crystals of graphite using Scotch tape 

and transferred onto SiO2/Si wafer. Oxygen-plasma treatment was performed at an 

oxygen partial pressure of 100 mTorr and an applied current of 30 mA to form nucleation 

sites on the surface. The growth of high-quality GaN thin films on graphene layers was 

achieved using a ZnO nanowall intermediate layer followed by growth of a LT-GaN 

buffer layer. The ZnO nanowall intermediate layer was grown on oxygen-plasma-treated 

                                                           
* This chapter was written based on the published papers “H. Yoo et al., Adv. Mater. 24, 515 
(2012)” and “H. Yoo et al., Appl. Phys. Lett. 102, 051908 (2013).” 
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graphene layers using catalyst-free metal organic chemical vapor deposition (MOCVD). 

High-purity diethylzinc (DEZn) and oxygen were used as reactants for ZnO nanowalls, 

and high-purity argon was used as the carrier gas. The flow rates of DEZn and oxygen 

were 20 and 100 sccm, respectively. The reactor pressure and temperature during growth 

were maintained at 3 Torr and 600°C, respectively. As previously reported, high-density 

ZnO nanowalls play an important role in the heteroepitaxial growth of GaN on graphene 

layers.[30] Similarly, it was reported that a very small lattice mismatch with the same 

crystal structure enables the epitaxial growth of GaN on ZnO, fabricating GaN/ZnO 

heterostructures in the form of films or coaxial nanostructures.[103, 104] However, the ZnO 

is vulnerable to H2 ambient gas and high temperatures, necessary conditions for growing 

high-quality GaN films. Accordingly, an LT-GaN buffer layer was grown on the ZnO 

nanowall intermediate layer with sufficient thickness to protect the ZnO nanowalls 

during HT-GaN growth.[30, 103, 105] The reactor pressure and temperature during the LT-

GaN buffer layer growth were kept at 200 Torr and 600°C, respectively, and hydrogen 

was used as a carrier gas in a N2 atmosphere. After LT-GaN buffer layer growth, high-

quality GaN thin films were grown at 1130°C. During high-temperature growth, the 

reactor pressure was maintained at 100 Torr, and hydrogen was used as a carrier gas in 

a H2 atmosphere. The typical thickness of the GaN thin films grown for 1 h was 5 m. 

 

3.2. Microstructural defects in GaN films grown on 

mechanically exfoliated graphene layers 
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3.2.1. Plan view TEM analysis 

 

The microstructural properties of GaN thin films on graphene layers were investigated 

by plan-view dark field images and selected area electron diffraction (Figures 3.1 (a) 

and (b)). Although threading dislocations were observed in the two-beam dark field 

image in Figure 3.1 (a), the selected area electron diffraction pattern in the inset of Figure 

3.1 (a) shows clear six-fold symmetry, representing single crystalline hexagonal 

structure in this region. However, many of the two-beam dark field images taken from 

other regions show low-angle grain boundaries composed of dislocation cores in a 

curved line. The representative feature of the low-angle grain boundary and the selected 

area electron diffraction from the relevant region are shown in Figure 3.1 (b) and the 

inset of Figure 3.1 (b), respectively. The misorientation angles measured from two 

diffraction patterns of adjacent grains were less than 3°. Low-angle grain boundaries in 

GaN thin films are believed to be formed from both grain boundaries of the graphene 

layers and coalescence of the adjacent nuclei in the early stage of the GaN growth. Even 

though most of the misorientations occurred due to the high interfacial energy between 

GaN nuclei and the growth template, the misorientation angle was less than 3° 

presumably because it is based on epitaxial growth on single crystalline substrates. The 

lateral grain size related to those low angle grain boundaries, measured from plan-view 

dark field images, was in the range of 0.3 m – 4 m. Large-angle grain boundaries 

were not observed in the region available for electron diffraction analysis, which was 

about 60 m in our plan-view specimen. Furthermore, we investigated the crystallinity 

of the GaN films on a much larger scale by X-ray diffraction (XRD) since the probe size 
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of the XRD measurement is as large as a few millimeters. The typical θ–2θ XRD 

measurement in the previous report verified highly c-axis oriented crystal structure of 

the GaN films.[30] In addition, azimuthal (∅)-scans exhibited six distinct peaks separated 

by 60° which indicate 6-fold symmetry of the GaN films (not shown here). 

 

 

Figure 3.1. Two beam dark field images with g=1120 (a) from single crystalline GaN and (b) 

from the region where a low-angle grain boundary was present.[35] The insets in (a) and (b) are 

the corresponding selected area electron diffraction patterns. 

 

The two-beam dark field images shown in Figures 3.1(a) and (b) were taken with g 

=1120 and a specimen tilt of about 18° from the [0001] zone axis, which allowed total 

threading dislocation densities to be properly assessed.[106] The threading dislocations 

were identified as pairs of spots, the small length of a line, and a mixture of spots and 

lines, depending on the dislocation type. To calculate the total threading dislocation 
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density in GaN films, 15 different dark field images were taken at random positions on 

a scale of 2 m, excluding dislocation cores localized at low-angle grain boundaries. 

The estimated total threading dislocation density ranged from 1.2×109 to 2.4×109 cm–2, 

comparable to that of GaN grown on Si (111) substrates using an AlN buffer layer 

(1.1×109 to 5.8×109 cm–2) and slightly higher than that of GaN grown on sapphire 

substrates (7.6×107 to 7.45×108 cm–2).[107, 108]  

 

3.2.2. Cross section TEM analysis 

 

Threading dislocation types in the GaN thin films were determined by applying the g · b 

criterion to the two-beam dark field images of cross-sectional TEM specimen, which 

were recorded near the [1100] zone axis with g =1120 and 0002 in Figures 2(a) and 

(b), respectively. The perfect dislocations that often occur in hexagonal GaN have three 

types of Burgers vectors: (i) a = 1/3 <21
—

1
—

0>, (ii) c = <0001>, and (iii) a+c =1/3 <21
—

1
—

3>.[109] The dislocations with the a-component are visible in the g =1120 two-beam 

images, and those with the c-component are visible in the g = 0002 two-beam images. 

Because the threading dislocations have a dislocation line vector parallel to the c-axis, 

the dislocations only shown in the g= 1120  two-beam image are pure edge a-

dislocations, and those only shown in the g = 0002 two-beam image are pure screw c-

dislocations. Moreover, the dislocations shown in both the g =1120 and g = 0002 two-

beam images are mixed a+c dislocations. Most of the dislocations shown in the g =1120 

two-beam image are also shown in the g =0002 two-beam image, indicating that 

predominant dislocations in GaN thin films grown on ZnO-coated graphene layers were 
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mixed-type dislocations. Limited numbers of edge- and screw-type dislocations were 

present and are marked in Figures 3.2 (a) and (b). The predominance of the mixed-type 

dislocations for GaN films grown on graphene layers differed from previous reports that 

the dominant threading dislocation types in GaN grown on sapphires substrates are pure 

edge-type dislocations.[110-113] Mixed-type dislocations in GaN films are usually a result 

of reactions between edge-type and screw-type dislocations.[111] Accordingly, 

predominance of mixed-type dislocations may be attributed to higher density of screw-

type dislocations compared to that in the GaN on sapphire. It is likely that the much 

longer growth time for obtaining LT-GaN buffer layer on ZnO coated graphene layers 

causes larger out-of-plane distortions on the surface, resulting in increase in the number 

of screw-type dislocations.  

 

 

Figure 3.2. Cross sectional two-beam dark field images of the GaN thin films: (a) g=0002 image 

showing screw- and mixed-type dislocations and (b) g=1120 image showing edge- and mixed-

type dislocations.[35] The ‘s’ and ‘e’ indicate screw-type dislocations and edge-type dislocations, 

respectively. The arrows in Figure 2 (b) indicate the location of grain boundaries.  
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The grain boundaries between grains with different in-plane orientations are also shown 

in the two-beam dark field image with g =1120 in Figure 3.2 (b). Specific grains that 

were not activated appeared as a black region, although the adjacent grain was activated, 

because the tilting angle for the two-beam condition differed with respect to grain 

orientation. However, this phenomenon did not occur in the g = 0002 two-beam dark 

field image in Figure 3.2 (a), indicating that those grains had the same c-axis orientation. 

Thus, lines between those grains marked with arrows in Figure 3.2 (b) are low-angle 

grain boundaries, which we investigated using TEM plan-view analysis earlier, and they 

had only in-plane misorientations. As shown in Figures 3.2 (a) and (b), those grain 

boundaries and the many threading dislocations started from the LT-GaN buffer layer 

which has columnar structures. 
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Figure 3.3. (a) Bright field image of the LT-GaN grown on the ZnO nanowall intermediate layer.[35] 

The inset represents the schematic view. Selected area electron diffraction patterns (b) from the 

top of the LT-GaN buffer layer and (c) from the interface between the LT-GaN buffer layer and 

the ZnO nanowall intermediate layer.[35]  

 

We also investigated the microstructural properties of the LT-GaN buffer layer grown 

on the ZnO nanowall intermediate layer. For this analysis, only an LT-GaN buffer layer 

was grown on ZnO nanowalls; it was not exposed to high-temperature growth 

conditions because of potential changes in the structures of the intermediate layers. The 

bright field (BF) image in Figure 3.3 (a) shows that ZnO nanowalls were formed on the 

graphene layers with a thickness of 160 nm which was also confirmed clearly in energy 
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dispersive X-ray spectroscopy mapping analysis (not shown here). The LT-GaN buffer 

layer with columnar structures was grown on the ZnO nanowalls with a thickness of 400 

nm. As shown in Figures 3.3 (b) and (c), selected area electron diffraction patterns were 

also taken from the upper part of the LT-GaN buffer layer and the LT-GaN/ZnO 

interface, respectively. The selected area electron diffraction pattern shown in Figures 

3.3 (b) indicates that LT-GaN has a cubic structure with a high density of stacking faults, 

similar to the crystal structure of LT-GaN on sapphire substrates. Additional diffraction 

spots relevant to the hexagonal ZnO nanowall intermediate layer are also shown in 

Figure 3.3 (c), indicating that hexagonal ZnO nanowalls and cubic GaN had the 

orientation relationship of GaN (111)c║ZnO (0002)h, and GaN [11
—

 0]c║ZnO [21
—

1
—

 0]h. 

The overall orientation relationships of HT-GaN/LT-GaN/ZnO nanowalls/graphene 

layers are also represented in Table 3.1. 

 

Table 3.1. Orientation relationships of HT-GaN/LT-GaN/ZnO/graphene layers[35] 

Orientation 

relationships 

Graphene layers ZnO nanowalls LT-GaN  HT-GaN 

Crystal 

structure 

Honeycomb 

structure 

Wurtzite 

structure 

Zinc blende 

structure 

Wurtzite 

structure 

Parallel 

planes 
(0002)h (0002)h (111)c (0002)h 

Parallel 

directions 
[2110]h [2110]h [110]c [2110]h 
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According to the TEM anlaysis, the LT-GaN buffer layer has a cubic rather than 

hexagonal structure, even though it was grown on hexagonal ZnO nanowalls. This 

indicates that the effect of thermodynamic growth conditions, such as temperature, was 

stronger than the effect of the type of substrate or template layers for determining the 

crystal structure of the GaN films, which is consistent with the previous study of GaN 

on sapphire substrates.[114, 115] This suggests that the LT-GaN buffer layer grown on ZnO-

coated graphene layers was similar to the LT-GaN buffer layer grown on sapphire 

substrates in terms of the structural properties. Nevertheless, the LT-GaN buffer layer on 

ZnO-coated graphene layers was much thicker than the LT-GaN buffer layer on sapphire 

substrates in order to protect the ZnO nanowall intermediate layer which is otherwise 

destroyed in HT-GaN growth step, as discussed in the Experimental section. However, 

the thickness of the LT-GaN buffer layer was reported to be crucial in determining the 

crystallinity of the HT-GaN films.[116-118] Thus, the thickness of the LT-GaN buffer layer 

needs to be optimized so that it is thick enough to protect the ZnO nanowall intermediate 

layers and thin enough to prevent deterioration of optical properties. 

 

3.2.3. Large angle convergent electron diffraction analysis 

 

Type of threading dislocation in GaN thin films grown on graphene layers was 

investigated by applying g·b criteria for the two-beam dark field images in previous 

section. The dominant type of those threading dislocations was determined to be mixed 

type dislocations, and it was different from that of conventional GaN films grown on 

sapphire substrate in which the edge type dislocations were the predominant type of 
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dislocations. In order to further investigate the type of threading dislocations in GaN thin 

films, we exploited large angle convergent beam electron diffraction (LACBED) 

analysis which is more accurate method in terms of determining burgers vector to verify 

the types of dislocations.[119-121] 

 

 

Figure 3.4. (a) Convergent beam electron diffraction (CBED) pattern obtained from GaN thin 

films grown on graphene layers. (b) Simulated CBED pattern with the higher order laue zone 

lines obtained at the same crystallographic orientation as that required to obtain CBED pattern 

shown in (a). 

 

As shown in Figure 3.4 (a), three types of higher order Laue zone (HOLZ) lines were 

obtained for perfect crystalline region at certain crystallographic orientation. The 

corresponding CBED pattern was simulated and shown in Figure 3.4 (b), verifying the 

g vector for each HOLZ line. Here, to include real space component in diffraction pattern, 

we defocus the CBED pattern to obtain LACBED pattern. By overlapping the 
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dislocation region indicated in Figure 3.5 (a) on the three different HOLZ lines, we can 

obtain LACBED pattern as shown in Figure 3.5 (b), showing splits of the HOLZ lines. 

The number of the splits for each HOLZ line were counted followed by applying to 

g·b=±n equation as follows. 

  

116 ∙ 	 	 7                                              (3.1) 

105 ∙ 	 	 5                                              (3.2) 

115 ∙ 	 	 4                                             (3.3)  

 

Solving the equations (3.1), (3.2), and (3.3), possible burgers vector can be obtained as 

follows. 

 

40	 9	 7 , 0	 1	 1 , 110	 9	 21 , 70	 1	 13                   (3.4) 

 

Among the possible burgers vectors that can be obtained by solving the equations, 

b 0	 1	 1  is the only allowed solution for burgers vector from the crystallographic 

point of view. It can be represented in 4 indices as 

 

1213	                                                  (3.5) 

 

which is corresponding to the burgers vector of mixed type threading dislocations, 

verifying our conclusion on the predominant type of threading dislocations based on 

dark field imaging analysis. 
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Figure 3.5. (a) g=0002 cross sectional two-beam dark field images of the GaN thin films shown 

in Figure 3.2 (a) with the region of dislocation on which the large angle convergent electron 

diffraction pattern was obtained marked with white circle.[35] (b) LACBED pattern obtained from 

the region indicated in Figure 3.5(a). 
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3.3. Microstructural defects in GaN films grown on 

mechanically exfoliated graphene layers 

 

3.3.1. Electron backscatter diffraction analysis 

 

We investigated the crystallographic orientations of the GaN thin films by using 

EBSD. As shown in Figures 3.6 (b) and (c), EBSD inverse pole figure (IPF) maps were 

obtained in the region indicated in Figure 3.6 (a), where we observed flat surface 

morphology. The colors indicated in each pixel of the normal direction (ND) and 

transverse direction (TD) IPF maps represent the crystallographic orientation at the 

designated position with respect to normal and transverse directions of the specimen, 

respectively. As shown in the ND IPF map in Figure 3.6 (b), the entire region of the 

films, except the black pixels which were not indexed confidently, was colored red, 

representing (0001) plane of the wurtzite structure. Accordingly, the ND IPF map 

indicates that the GaN thin films on the CVD graphene exhibited a highly c-axis oriented 

crystal structure. In contrast to the ND IPF map, color differences were observed 

distinctively across the boundaries which are composed of the black pixels as shown in 

the TD IPF map in Figure 3.6 (c). Thus, the boundaries shown as black lines in the IPF 

maps in Figures 3.6 (b) and (c) could be identified as the grain boundaries which have 

in-plane misorientations. Both low (colored red)- and high (colored blue)-angle grain 

boundaries were present in the films grown on CVD graphene while the GaN thin films 

grown on mechanically exfoliated, single crystalline graphene layers only showed the 

low angle grain boundaries.[35] The grain size corresponding to the grain boundaries with 
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the misorientation angle larger than 3° was in the range of a few micrometers to a few 

tens of micrometers. 

 

 

Figure 3.6. Scanning electron microscopy (SEM) image and electron backscatter diffraction 

(EBSD) mapping images of GaN thin films.[38] (a) 70° tilted-view SEM image of the GaN thin 

films for EBSD analysis. EBSD inverse pole figure maps in (b) normal direction and (c) 

transverse direction. (d) EBSD grain boundary misorientation angle mapping image (red > 1°, 

blue > 3°). Grain boundaries with misorientation angle less than 3° is defined as low-angle grain 

boundaries, while those with misorientation angle higher than 3° is defined as high-angle grain 

boundaries. 

 

3.3.2. Plan view TEM analysis 

 

The high- and low-angle grain boundaries in the GaN thin films grown on 

polycrystalline graphene were examined in more detail using TEM. Figure 3.7 (a) is a 

plan-view TEM bright field (BF) image, and its corresponding selected area electron 

diffraction pattern is also represented in the inset in Figure 3.7 (a). The BF image in 
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Figure 3.7 (a) shows black lines having different shapes and thicknesses each other. As 

indicated with white arrows in Figure 3.7 (a), a couple of those black lines were 

identified as high-angle grain boundaries using the selected area electron diffraction 

pattern analysis. In addition, their misorientation angles were measured to be 13°, 14°, 

and 27° as determined by the selected area electron diffraction pattern in the inset of 

Figure 3.7 (a). Moreover, the selected area electron diffraction pattern in the inset in 

Figure 3.7 (a) shows three sets of brightest diffraction spots split into couple of sub-spots 

which have low-angle misorientations each other. The corresponding low-angle grain 

boundaries were also observed as black lines within the high-angle grains, which were 

consistent with the microstructural properties investigated by EBSD analysis earlier. In 

the scale of a few micrometers as shown in Figure 3.7 (a), many of the high-angle grain 

boundaries showed more straight shapes compared with the low-angle grain boundaries. 

The coalescence of the individual grains which already had hexagonal facet with respect 

to the crystallographic orientation of each grain might result in the straight shape of the 

grain boundaries, which will be discussed later. 
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Figure 3.7. (a) Plan-view bright field image of the GaN thin films.[38] The arrows indicate the 

location of the high-angle grain boundaries. The inset represents the corresponding selected area 

electron diffraction pattern. High resolution images of the GaN thin films in the region near (b) 

low-angle grain boundary and (c) high-angle grain boundary, respectively.[38] The insets in (b) 

and (c) represent the corresponding FFTs. 

 

We further investigated the atomic configurations in the region near grain boundaries 

using high-resolution (HR) TEM images and their corresponding fast Fourier transforms 

(FFT). The HR-TEM image in Figure 3.7 (b) reveals well-ordered atomic arrangements 

except the regions indicated with dark contrast. Those dark contrasts arise from strain 

field which are generated by dislocation cores, implying that atomic arrangements are 

highly distorted only near the dislocation cores. Across the boundary which is composed 

of those dislocation cores, the atomic arrangement was tilted about 3° as confirmed by 

the corresponding FFT shown in the inset of Figure 3.7(b). Accordingly, the periodic 

array of dislocation cores is identified as low-angle grain boundaries. On the contrary, 

the high-angle grain boundary was shown as a line with a width of 5 nm in the HR-TEM 

image in Figure 3.7 (c). The higher the misorientation angle becomes, the closer the 
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individual dislocation cores move to each other. Those dislocation cores finally overlap 

when the misorientation angle becomes large enough, making it impossible to 

distinguish them individually.[11] This is one reason why the shape of the high-angle 

grain boundary was shown as a different shape from that of the low-angle grain boundary. 

Furthermore, as will be discussed in the cross-section analysis, some of the grain 

boundaries are slightly tilted with respect to the c-axis of the wurtzite structure (growth 

direction of the thin films). Accordingly, the grain boundary is shown as a line with a 

certain width from the direction of view parallel to the c-axis of the wurtzite structure. 

Moreover, Moire pattern was also observed due to the overlap of atomic configurations 

for the two adjacent grains in the high-angle grain boundary, and it was verified by 

corresponding FFT in inset of Figure 3.7 (c). 
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Figure 3.8. Plan-view two-beam dark field image of the GaN thin films with g=1120.[38] The 

two-beam dark field image obtained in this condition shows threading dislocations and grain 

boundaries.  

 

3.3.3. Cross section TEM analysis 

 

Threading dislocation, another type of important microstructural defects in the GaN 

thin films, was investigated by plan-view TEM analysis. Figure 3.8 is a representative 

plan-view two-beam dark field image taken with g=[1120] showing the distribution of 

the threading dislocations in the films.[106] The density of the individual threading 

dislocations which are located inside the grains in the GaN thin films grown on 
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polycrystalline CVD graphene was 1.3 10 	  . Meanwhile, majority of the 

threading dislocations in the GaN thin films were bound in the grain boundaries.  

 

 

Figure 3.9. Cross-section TEM images of the GaN thin films.[38] (a) g=0002 and (b–d) g=1120 

two-beam dark field images taken from the same region of the GaN thin films. The bars colored 

white and black are located on top of the individual grains to indicate the locations of those grains.  
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Propagation of the grain boundaries which is associated with the growth of individual 

grains in the polycrystalline GaN thin films were studied using cross-section TEM 

analysis. As shown in Figures 3.9 (ad), two-beam dark field images were taken near 

the [1100] zone with g=0002 and g=1120, respectively. In the case of g=1120 dark 

field images, three images with different tilting conditions were obtained in the same 

region, exhibiting individual grains having in-plane misorientations with different 

contrasts. Accordingly, locations of those grains were indicated with the colored bars 

located on top of each grain and the numbers indicated in Figure 3.9 (a), from which the 

grain boundaries could be identified. Some of the grain boundaries were vertically 

aligned while the other grain boundaries were slightly tilted with respect to the c-axis of 

the wurtzite structure. The tilt of the grain boundaries observed in the cross-section TEM 

analysis is correspondent to the plan-view TEM analysis where we observed Moire 

pattern in the high-angle grain boundary. It was also observed that some grains formed 

in the early stage of the growth process were blocked by adjacent grains as indicated by 

white arrows in Figures 3.9 (ad).  

Cross-section TEM analysis also reveals the characteristics and behavior of the 

threading dislocations. Burgers vectors of the perfect dislocations often observed in the 

GaN having wurtzite structure are well known: i) a = 1/3 <21
—

1
—

0>, ii) c = <0001>, and 

iii) a+c = 1/3 <21
—

1
—

3>.[109] The Burgers vectors and types of dislocations in the films 

were determined by applying g∙b criteria to the two-beam dark field images shown in 

Figures 3.9 (ad). The detailed description for applying g∙b criteria to determine 

dislocation type in the GaN thin films was reported elsewhere. [53] For the dislocations 

threading vertically in the GaN thin films grown on CVD graphene, pure edge a-
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dislocations, pure screw c-dislocations, and mixed a+c-dislocations were observed 

altogether as shown in Figures 3.9 (a-d). Meanwhile, many of threading dislocations 

propagate across the grains towards grain boundaries on a scale of a few hundred 

nanometers, and some of them were bent near the grain boundaries. Most of these lateral 

threading dislocations were a-type dislocations while the minority were a+c-type 

dislocations according to the g∙b criteria.  

The lateral threading dislocations have rarely been reported in the GaN thin films so 

far although a few studies report that the lateral dislocations with a-type Burgers vector 

were observed only in the vicinity of the interface between the films and substrates.[122] 

Rather, the lateral threading dislocations were more often observed in the reports on the 

epitaxial lateral overgrown (ELOG) GaN.[123, 124] The previously reported lateral 

dislocations exhibited similar characteristics with those observed in our GaN thin films 

in terms of burgers vectors and propagating directions in the films. Accordingly, those 

lateral threading dislocations observed in the GaN thin films are suggested to be 

generated during the lateral growth step for the coalescence of individual grains to form 

the thin film structure.  

As investigated so far, the microstructural defects in the GaN thin films are affected 

greatly by the polycrystallinity of the graphene substrates. First of all, high-angle grain 

boundaries that have not been observed in the GaN thin films grown on single crystalline 

graphene layers were observed, strongly suggesting that high-angle grain boundaries in 

the graphene affected the formation of high-angle grain boundaries in the GaN thin films. 

Nevertheless, it should be noted that the grain sizes of the GaN thin films could not be 

correlated directly with those of graphene. As we verified in the cross section TEM 
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analysis, the individual grains compete with each other in the growth process and some 

grains could not be grown to the top surface of the thin films. Second, threading 

dislocations which were propagating in lateral direction towards the grain boundaries 

were observed in the GaN thin films. Some of those lateral threading dislocations 

contribute to the local arrangement of threading dislocations in the grain boundaries. 

Existence of grain boundaries, which have higher energy than perfect crystals, is 

regarded to make threading dislocations bound in the grain boundaries. 

 

3.4. Summary and outlook 

 

The microstructures of epitaxial GaN thin films grown on graphene layers using ZnO 

nanowalls and LT-GaN buffer layers were investigated using TEM. The predominant 

dislocations in the GaN thin films grown on ZnO-coated graphene layers were mixed-

type dislocations. The typical threading dislocation density in the films was determined 

to range from 1.2×109 to 2.4×109 cm–2, which is comparable to that of GaN on Si 

substrates and slightly higher than that of GaN on sapphire substrates. Moreover, GaN 

films that were grown at high temperatures showed highly c-axis-oriented crystal 

structures, and the in-plane misorientation angle between the grains was less than 3. 

Because the growth parameters, including LT-GaN buffer layer thickness, have yet to be 

optimized, there is still room to improve the crystalline quality of the GaN thin films for 

a promising future in transferable optoelectronics applications.  

The microstructural defects in the GaN thin films grown on polycrystalline graphene 

were also investigated using EBSD and TEM. The polycrystalline nature of the 
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graphene influenced the microstructural defects in the GaN thin films in a different way. 

High-angle grain boundaries were observed in the GaN thin films grown on 

polycrystalline graphene, which was different from those grown on single crystalline 

substrates. Moreover, majority of the threading dislocations were bound in the grain 

boundaries and many of them showed lateral motion in the growth process. Those 

different aspects could help to understand the behavior of the microstructural defects 

formed in the epitaxial thin films grown on polycrystalline two-dimensional substrates. 
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CHAPTER 4† 
 
Luminescence properties of high-angle grain 
boundaries in GaN films 

 

In this chapter, we investigated luminescence properties of grain boundaries in GaN 

films. Grain boundaries in GaN films has been focused only recently since numerous 

classes of two dimensional (2-D) materials such as graphene, boron nitride, and various 

transition metal dichalcogenides have been exploited as novel substrates for the growth 

of the GaN films. GaN on 2D materials have proven themselves promising candidates 

for advanced optoelectronics with enhanced functionalities as well as reliability, 

however, large-scale fabrication for the practical application of the system entails 

polycrystallinity of the 2-D substrates, thereby resulting in the formation of grain 

boundaries in the GaN films. Here, we exploited an experimental method which can 

directly investigate the luminescence properties of the grain boundaries in GaN films 

and also discussed their atomistic origin with the aid of atomic resolution electron 

microscopy and density functional calculation study.  

                                                           
†  This chapter was written based on the draft “H. Yoo et al., Understanding luminescence 
properties of grain boundaries in GaN films.” 
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4.1. Characterization of luminescence properties of high-angle 

grain boundaries in GaN films 

 

First, we examined luminescence properties of the grain boundaries in GaN films by 

EBSD along with cathodoluminescence (CL) analyses. The combination of these 

analytical methods in a single scanning electron microscope (SEM) equipment allows 

direct correlation between microstructural defects such as grain boundaries and their 

corresponding luminescence properties. Both EBSD and CL analyses were performed 

using a scanning electron microscope (SU-70, Hitachi) equipped with a field-emission 

gun. First, to locate the position of the grain boundaries in the GaN films, we tilted 

specimen by 70˚ to perform EBSD measurement. The accelerating voltage for EBSD 

measurement was 15 kV, and all crystallographic orientation data were collected from 

electron backscattered patterns were processed with the aid of a TSL software package. 

After locating the position of the grain boundaries by obtaining TD IPF map, we tilted 

the specimen back to position where the electron beam collide to the surface in a 

perpendicular manner while tracking the position of the grain boundaries confirmed by 

EBSD measurement. After changing the accelerating voltage to 5 kV, we performed 

luminescence characterization using CL measurement system (monoCL4, Gatan) with 

working distance of 6.2 mm.  

Figure 4.1 (b) is an SEM image that shows morphology of the GaN thin film where 

we conducted EBSD and CL measurements. The GaN films which were grown on 

chemically vapor deposited (CVD) graphene exhibited flat surface morphology overall 
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although they have a few pits and height variations, consistent with previous reports.[33, 

38] Figure 4.1 (c) and Figure 1d indicate corresponding EBSD inverse pole figure (IPF) 

maps in ND and RD, respectively. Those sample directions are represented in Figure 1a. 

Normal direction indicates out-of-plane direction of the films while RD and TD indicate 

two different in-plane directions of the films; all three directions are perpendicular to 

each other. The colors represented in ND and RD IPF maps indicate the crystallographic 

orientation with regard to the normal and rolling directions of the films, respectively. 

Thus, red color represented in the whole area of the ND IPF map indicates that the GaN 

thin films have preferred orientation along the c-axis of wurtzite structure in out-of-plane 

direction (ND) of the films. In the meanwhile, in the rolling direction which is one of 

the in plane direction, different colors were shown across the boundary which is 

displayed as black pixels where the backscatter diffraction could not be indexed to a 

desired accuracy. Hence, the black boundary across which green and blue colors were 

separated can be understood as high-angle tilt grain boundaries originated from grain 

boundaries in CVD graphene. In this way, we could readily locate the position of the 

grain boundaries and obtain the information on the misorientation angles of them in 

SEM by EBSD measurements.  

Subsequently, CL measurement was performed for the correlation of defect structures 

and their corresponding luminescence properties. Figure 4.1 (e) shows room 

temperature CL spectrum which exhibits predominant near band edge emission at 3.4 

eV. Yellow-band emissions that are reported to be observed when impurities or point 

defects are incorporated were not observed within the instrumental detection limit. This 
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indicates that the GaN films on the CVD graphene exhibits fairly good optical properties, 

supporting the feasibility of optoelectronic applications of the hybrid system.  

In order to investigate spatial variation of luminescence intensity of the near band edge 

emission along with the defect positions, we obtained a room temperature CL 

panchromatic image as shown in Figure 4.1 (f). In this case, the CL panchromatic image, 

an emission intensity map throughout the whole energy regime of panchromatic 

detecting condition (1.5 eV – 4.1 eV), can be understood as a near band edge emission 

intensity map because that is predominantly detected. As shown in Figure 4.1 (f), dark 

contrasts were observed either in dot or line features. The dark contrasts shown as dot 

patterns are presumably attributed to the presence of threading dislocations in the GaN 

films, which was also reported in previous studies.[43, 45] Note that the positions of grain 

boundaries that we verified earlier in EBSD measurement were always coincident with 

linear dark contrast observed in the CL panchromatic image. (Representative locations 

of those high-angle grain boundaries are indicated by white arrows in Figure 4.1 (d) and 

(f).) This strongly suggests that the intensity of the near band edge emission is reduced 

at the high-angle grain boundaries in the GaN thin films. The reduced near band edge 

emission can be associated with either non-radiative recombination at the grain 

boundaries or radiative recombination with the emission energy less than 1.5 eV which 

is the instrument detection limit. 
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Figure 4.1. Optical characterization of grain boundaries in the GaN thin films grown on CVD 

graphene.[125] (a) Schematic representation of measurement method for probing local 

luminescence properties of the grain boundaries by exploiting combination of EBSD and 

cathodoluminescence (CL) measurements. (b) Plan-view SEM image of the GaN thin films 

where EBSD and CL measurements were conducted. EBSD inverse pole figure (IPF) maps in (c) 

normal direction and (d) rolling direction. Room temperature CL (e) spectrum and (f) 

panchromatic image obtained from the same region where the EBSD measurements were 

conducted.  
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4.2. Atomic configurations of high-angle grain boundaries in 

GaN films 

 

We investigated atomic structures of the high-angle grain boundaries to further 

understand the origin of the reduced near band edge emission at those locations. Here, 

we exploited aberration corrected STEM which offers an electron probe of sub-

Ångstrom regime. Atomic configurations of the grain boundaries identified by HAADF 

STEM imaging technique were used as initial models for density functional theory (DFT) 

calculations.  

Plan-view TEM specimen of the GaN thin films were obtained using conventional 

ion milling system (precision ion polishing system, Gatan) at liquid nitrogen temperature 

and ultra-low energy focused ion milling system (NanoMill, Fischione). Aberration-

corrected STEM (JEM-ARM 200F, JEOL) operating at 200 kV was used for high 

resolution (HR) STEM imaging. For the HAADF STEM imaging, probe convergence 

angle of 22 mrad and an inner collection semi angle for the HAADF detector of 89.6 

mrad were used. Noises arising in the HR STEM images were reduced by band pass 

filtering. 

HR STEM analysis revealed that the high-angle grain boundaries were composed of 

arrays of a few types of dislocation core structures, with different arrangement 

depending on the misorientation angles between adjacent grains. Grain boundary shown 

in Figure 4.2 (a) exhibits non-periodic array of different types of core structures, and this 

includes all the representative types of core structures that we observed in the high-angle 
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grain boundaries in the GaN films. Three types of dislocation cores were observed; as 

indicated with white lines in Figure 2a, 8-atom ring, 10-atom ring, and a pair of 7-atom 

and 5-atom rings constitute high-angle grain boundaries. One of those dislocation cores, 

8-atom ring, show similar configuration with the core structure which was previously 

reported to constitute the threading dislocations, referred as full-core structures, in single 

crystalline GaN thin films.[126] Moreover, the pair of 7-atom and 5-atom rings were also 

described as the open-core structure which was expected to constitute the edge-type 

threading dislocations; though it turned out to be that the open-core structures were not 

present in the threading dislocations and full-core structures were the only configuration 

that can be observed in the threading dislocation which we will discuss later.[127] Beside 

the full- and open-core structures, the 10-atom ring shaped core structures were 

occasionally observed in the high-angle grain boundaries, which was not reported before. 

The three types of distinctive grain boundary cores have the same Burgers vector of 

b 2110  . Those cores were arranged in an irregular manner, in a way to 

accommodate lattice mismatch arising at the interface of the adjacent grains having 

crystallographic misorientation.  
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Figure 4.2. Atomic resolution high-angle annular dark field (HAADF) STEM images of high-

angle grain boundaries in the GaN thin films grown on chemically vapor deposited graphene.[125] 

Atomic configurations of (a) non-periodic boundary composed of different types of dislocation 

cores, and coincident site lattice boundaries of (b) Σ=19 configuration and (c) Σ=7 configuration. 

(d) HAADF STEM images taken from Σ=7 boundary that shows one of the constituting 

dislocation cores has atomic column with lower intensity as indicated by a white arrow. Enlarged 

images of white squared region in Figure 2d which are marked with (e) open-core configuration 

neglecting the atomic column with lower intensity and (f) full-core configuration including the 

atomic column with lower intensity. 

 

We also observed periodically arranged high-angle grain boundaries as shown in 

Figure 4.2 (b) and Figure 4.2 (c). Mostly, open-core structures are arranged regularly 

with a fixed interval, forming coincident site lattice (CSL) boundaries; here, the grain 



 
Chapter 4: Luminescence properties of high-angle grain boundaries in 
GaN films  
  
 

  137 
 

boundaries shown in Figure 4.2 (b) and Figure 4.2 (c) are Σ=19 boundary and Σ=7 

boundary, respectively. It is known that at specific misorientation angles that allow 

atomic level coherency across the grain boundaries, coherent twin boundaries are 

formed as shown in Figure 4.2 (b) and Figure 4.2 (c) since they have energetically 

favorable configurations. Apparently, the dislocation cores need to be arranged more 

densely to accommodate the crystallographic misorientation as the misorientation angle 

of the grain boundaries increases. The intervals between the individual open cores are 

0.74 nm for Σ=19 boundary with 13° misorientation angle, and 0.18 nm for Σ=7 

boundary of 22° angle.  

Here, it should be noted that open-core structures often constitute the high-angle grain 

boundaries along with the full-core structures, which seems to be not the case in the 

threading dislocations as we mentioned earlier. Previously, both the full-core and open-

core structures were predicted to be present at the edge-type threading dislocations. 

However, the experimental evidence was based on conventional HR TEM imaging 

which could only offer indirectly interpretable images and requires additional simulation 

process for the atomic configuration determination; the phase problems arising from 

coherent nature of conventional HR TEM imaging and resolution limitation in 

association with lens aberration at that time made it less accurate to reconstruct the 

original atomic arrangements.[128] In contrast, other previous experimental observations 

of the threading dislocations via directly interpretable incoherent imaging technique 

such as annular dark field STEM analysis reported that all the edge-type threading 

dislocations showed full-core structures, not open-core structures.[126, 129, 130] More recent 
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experimental reports based on aberration corrected STEM analysis which offers sub-

Ångstrom resolution as well as directly interpretable images also reported that all the 

edge-type threading dislocations showed full-core structures, and no open-core 

structures were observed. Thus, we believe that the core structures of the grain 

boundaries shows different behavior from those of the threading dislocation, and this 

indicates significance of investigating open-core structures in an attempt to understand 

the luminescence properties of the grain boundaries.  

 

 

Figure 4.3. Formation energies of (a) threading dislocations and (b) grain boundaries depending 

on their variable structural parameters.[125] 
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This structural difference between the cores of the grain boundaries and those of the 

threading dislocations was investigated in more detail by DFT calculations. First, we 

made supercell structures which describe edge-type threading dislocations and grain 

boundaries, respectively. Formation energies of dislocations and grain boundaries which 

are composed of open-core structures and full-core structures were plotted against 

variable structural parameters such as supercell lattice parameters. In the case of edge-

type threading dislocations, full-core structure is more stable than open-core structure 

(Figure 4.3 (a)). This calculation result is consistent with the previous direct 

experimental reports and theoretical studies based on DFT calculation.[126, 129, 131, 132] On 

the other hand, grain boundaries in GaN have rarely been studied theoretically. Among 

the various types of grain boundaries, we chose Σ=7 boundary. Σ=7 boundary is 

appropriate for representative case analysis by theoretical approach because it is 

composed of open core structures, which is one of the most frequently observed core 

structures in the high-angle grain boundary, and also because it is arranged in a short 

periodicity favorable for DFT study.  

As shown in Figure 3b, we calculated the formation energies of Σ=7 boundaries 

composed of open-core structures and the one where we replaced the open-core 

structures with the full-core structures. The formation energy of the open-core boundary 

was slightly lower than the full-core boundary, which is opposite result compared with 

threading dislocations. Accordingly, we could verify by theoretical approach that the 

open-core structure, which is not energetically favorable as the threading dislocations, 

can exist in the grain boundary at proper grain boundary angle.  
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The atomic configuration of the grain boundaries which is composed of open-core 

structures were also previously predicted by indirect experimental evidence on 

unintentionally obtained grain boundaries as well as simulation analyses based on 

empirical potential calculations.[127, 133, 134] This study corroborates the presence of the 

open-core structure.  

 

4.3. Electronic structure of high-angle grian boundaries in GaN 

films 

 

To further investigate the local luminescence characteristics of the grain boundaries, 

electronic structures of the examined grain boundaries should be identified. Thus, DFT 

calculation was performed to obtain the corresponding electronic structures of the 

atomic configurations in the grain boundaries. The calculations based on the density 

functional theory has been carried out using the Vienna Ab initio Simulation Package 

pseudopotential code to study the local electronic structures of grain boundaries in the 

GaN thin films.[135] We used the functional based on the local density approximation for 

the exchange-correlations and projector augmented-wave method for descriptions of 

core electrons. Brillouin-zone integrations were carried out on a grid of 2x1x2/6x2x4 

Monkhorst-Pack special points for structural relaxation and the density of states, 

respectively. Model structures of grain boundaries are constructed based on HR STEM 

images, and lattice parameters of each model structure are chosen to have the lowest 
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grain-boundary formation energy. All coordinates were relaxed by minimizing the 

Hellmann-Feynman forces less than 0.03 eV/Å. 

First, we investigated the total electronic density of states (DOS) of GaN that has 

bulk-like structure to compare with those of the GaN having defect structures such as 

dislocations or grain boundaries. After structural relaxation, the equilibrium lattice 

parameters of a=3.186 Å and c=5.187 Å were obtained, in which the consistency 

with the reference values verifies the reliability of our calculation results. According to 

the DOS obtained here, the band gap of bulk GaN was lower than reference value of 3.4 

eV, and this band gap underestimation is universally observed tendency in previous DFT 

calculations. Since we were only interested in examining electronic structure variation 

in qualitative manner, we did not add additional energy terms to modify the band gap 

energy to be exactly equivalent to reference value. Here, localized states were not 

observed in the DOS as shown in Figure 4.4, exhibiting different behavior in comparison 

with those of defect structures such as grain boundaries and threading dislocations.  

  

 

Figure 4.4. Density of states obtained for single crystalline GaN.[125] 
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For the grain boundaries, we chose again Σ=7 boundary as a representative case for 

studying electronic structure for the same reason that we discussed earlier. For the DFT 

calculations, two different structures were used as initial models for making Σ=7 

boundary. Despite the much higher population of the open-core structures in the grain 

boundaries, we also take into account of the full-core grain boundaries because of the 

ambiguity in classifying dislocation cores into full-core or open-core structures. (See the 

white arrow in Figure 4.2 (d)) Since the HAADF STEM images exhibits Z contrast 

intensity, the atomic column with lower intensity might have less number of atoms along 

the beam direction, i.e., the atomic column may not be fully occupied.  Here, the 

dislocation core can be classified into open-core structure if we neglect the atomic 

column with weak intensity, while it can also be classified into full-core structure if we 

count the atomic column with weak intensity as a full column, as shown in magnified 

images (Figure 4.2 (e) and Figure 4.2 (f)) of the white boxed region in Figure 4.2 (d). 

The partially occupied atomic column may be formed because of the compressive stress 

field, generated by the relatively shorter interatomic-column distances near the grain 

boundaries compared to those in bulk. DFT calculations in Figure 4.3 (b) also indicate 

that the full-core structure is almost as stable as the open core, when the GB structure is 

allowed to expand freely. Accordingly, two different atomic structure models for Σ=7 

boundary were constructed as shown in Figure 4.5 (a) (open-core boundary) and Figure 

4.5 (b) (full-core boundary). Figure 4.5 (c) and Figure 4.5 (d) are total DOS that were 

obtained for the stoichiometric grain boundaries shown in Figure 4.5 (a) and Figure 4.5 
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(b) after structural relaxation. Compared with DOS of bulk counterpart, DOS in the grain 

boundary structures showed additional localized states. As indicated with grey circles 

shown in Figure 4.5 (c), stoichiometric grain boundary composed of open-core 

structures exhibited localized states within the band gap and above the conduction band. 

In the case of the grain boundary composed of full-core structures, additional localized 

states were formed just above the conduction band minimum and under the valance band 

maximum.  
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Figure 4.5. Structural models for Σ=7 boundary composed of (a) open-core structures and (b) full-

core structures. Density of states obtained from structural models shown in (c) Figure 3a and (d) 

Figure 3b. Partial charge density projected on grain boundary structural models shown in (e) 

Figure 3a and (f) Figure 3b. Relaxed core structures of the grain boundaries (g) after forming Ga 

vacancy from initial structure shown in Figure 3a and (i) after forming N vacancy from initial 

structure shown in Figure 3b. Density of states obtained from relaxed structures after forming (h) 

Ga and (j) N vacancy shown in Figure 3g and Figure 3i, respectively.[125]  

 

In order to verify those localized states are originated from the grain boundary 

structures, we obtained partial charge density projected on the relaxed grain boundary 

structures. Figure 4.5 (e) and Figure 4.5 (f) are partial charge densities for the states that 

are marked with black arrows in Figure 4.5 (c) and Figure 4.5 (d), respectively. In both 
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open-core and full-core structures, the charge densities corresponding to the localized 

states were mostly concentrated on the dislocation core structures constituting grain 

boundaries, confirming the relation between the localized defect states and the high-

angle grain boundaries. 

Among the defect states that we have discussed, the mid-gap states arising from the 

stoichiometric high-angle grain boundaries composed of open-core structures would be 

electrically active, thereby having an effect of impeding near band edge emission arising 

from direct electronic transition from conduction band to valence band. We further 

evaluated the electronic structures associated with Ga and N vacancies at the grain 

boundaries because luminescence characteristics in GaN has long been attributed to 

point defects such as Ga vacancy and N vacancy.[136-138] It is worth noting that Ga and N 

vacancy are well-known point defects which are often formed in the GaN films on 

common growth conditions in metal organic chemical vapor phase epitaxy. First, we 

performed total energy calculations to figure out the most favorable position to form 

those vacancies given the atomic configurations of the grain boundaries. These stable 

positions for the formation of Ga and N vacancies in the grain boundary core were 

indicated with blue circles shown in Figure 4.5 (a) and Figure 4.5 (b).  

Here, we discuss more details on the formation energy calculation of Ga and N 

vacancies. Figure 4.6 (a) and (b) show atomic configurations of the unit cells containing 

Σ=7 boundaries composed of open-core structure and full-core structure, respectively. 

Compared with the unit cells shown in Figure 4.5 (a) and (b), the size of the unit cells 

shown in Figure 4.6 (a) and (b) was expanded to keep the vacancy farther away from 
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other vacancies, and thereby minimize the interaction between them. The dimensions of 

the unit cell was doubled along the two directions; it was doubled along the directions 

parallel to the grain boundary direction (core to core direction) and along the out-of-

plane direction. Here, the formation energies of single Ga vacancy and N vacancy was 

calculated at every possible atomic column position designated with the numbers as 

shown in Figure 4.6 (a) and (b). The formation energies of those vacancies calculated 

for open-core boundary and full-core boundary were plotted in Figure 4.6 (c) and (d), 

respectively. As shown in Figure 4.6 (c), the most favorable position to form Ga and N 

vacancy in open-core boundary is on the atomic column indicated with the number 4 

shown in Figure 4.6 (a). In the case of full-core boundary, the most favorable position 

to form Ga and N vacancy is on the atomic column marked with the number 2 presented 

in Figure 4.6 (b). According to the calculation results, it was shown that the point defects 

such as Ga and N vacancy prefer to form in core region of the high-angle grain 

boundaries. 
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Figure 4.6. Structural models for Σ=7 boundary composed of (a) open-core structures and (b) full-

core structures with each position of the atomic columns indicated with red circles and the 

numbers. Formation energies of single Ga and N vacancies at the atomic column positions 

indicated with the red circles and the numbers in (c) open-core boundary shown in (a) and (d) 

full-core boundary shown in (b).[125] 

 

For the electronic density of states for the grain boundaries, additional localized states 

were often formed in the presence of those point defects. Figure 4.5 (g) is a relaxed 

structure of the core region of the Σ=7 boundary with open-core structures having 

single Ga vacancy, and Figure 4.5 (h) is the corresponding density of states which 

reveals additional mid-gap states as marked by arrows. Similarly, Figure 4.5 (i) is a 

relaxed structure of the grain boundary composed of full-core structures having a N 

vacancy in the energetically favorable position, and Figure 4.5 (j) is the corresponding 

density of states. Although the stoichiometric grain boundary exhibited no mid-gap 
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states, the non-stoichiometric grain boundary with a N vacancy on the core showed mid-

gap states as marked with an arrow in Figure 4.5 (j).  

Moreover, we carried out additional calculations for higher concentration of 

vacancies. Given the single Ga or N vacancy formed in the blue circled region marked 

in Figure 4.5 (a), the second Ga or N vacancy also prefers to form in core region of the 

grain boundaries as indicated with red circles shown in Figure 4.5 (a) and (b). In order 

to identify the favorable position to form second Ga or N vacancy, the formation 

energies of second Ga and N vacancies were calculated for the open-core and full-core 

boundaries as shown in Figure 4.7 (c) and (d), given the single Ga or N vacancy already 

formed in the energetically favorable position that we just investigated as marked with 

the blue circles in Figure 4.7 (a) and (b). 

In the case of open-core boundary, both Ga and N vacancy prefer to be formed in 

atomic column indicated with the number 4, and in the case of full-core boundary, they 

prefer to be formed in the atomic column indicated with the number 2. We believe that 

this calculation results indicate a tendency of vacancy accumulation on the core region 

of the grain boundaries. It is believed that stress field localized on the grain boundary 

can act as traps for those point defects in a similar manner that the threading dislocation 

does for the point defects.[136] Here, the corresponding density of states also show 

additional mid-gap states compared with those obtained for the grain boundary structure 

with single Ga or N vacancy. 
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Figure 4.7. Structural models for Σ=7 boundary composed of (a) open-core structures and (b) full-

core structures with each position of the atomic columns indicated with red circles and the 

numbers. Single Ga or N vacancy was already formed in atomic column indicated with blue circle. 

Formation energies of additional Ga and N vacancies at the atomic column positions indicated 

with the red circles and the numbers in (c) open-core boundary shown in (a) and (d) full-core 

boundary shown in (b).[125]  

 

Electronic structure variations accompanied with the formation of point defects in the 

grain boundaries were further investigated. We examined total electronic DOS for the 

Σ=7 boundaries composed of open-core and full-core structures (Figure 4.8 (a) and (b)) 

after forming single Ga or N vacancy in the atomic column marked with red circle, and 

subsequently forming second Ga or N vacancy in the atomic column marked with blue 

circle (Figure 4.8 (c–j)). In Figure 4.8 (c–j), we also presented core structures obtained 

after structural relaxation with the formation of each vacancy. Those sites on which the 

first and second Ga/N vacancies are to be formed were verified as energetically most 
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favorable site according to the total energy calculations as we discussed above. Here, we 

focused on the DOS variation within the band gap including mid-gap states which are 

strongly associated with the luminescence properties. In the case of the open-core 

boundary shown in Figure 4.8 (a), additional mid-gap states were formed after forming 

first Ga vacancy as indicated with arrows in Figure 4.8 (c) although they were not 

observed after forming second Ga vacancy as shown in Figure 4.8 (d). When a N 

vacancy was formed in the open-core boundary, additional mid-gap state was formed 

just above valence band as indicated with arrow in Figure 4.8 (e). Moreover, another 

mid-gap state was also observed near the conduction band after forming second N 

vacancy at the core even though the mid-gap state formed when the first N vacancy was 

formed were not observed in this case. In the case of full-core boundary, although no 

mid-gap states were formed after forming first Ga vacancy at the core, two mid-gap 

states were observed after forming second Ga vacancy as shown in Figure 4.8 (g) and 

Figure 4.8 (h). When we form a N vacancy in the full-core boundary, we observed an 

additional mid-gap state marked with arrow in Figure 4.8 (i), and it shows similar shape 

after forming second N vacancy as shown in Figure 4.8 (j). In short, the electronic 

structures of the grain boundaries change with a general tendency of the additional mid-

gap state formation within the band gap and their variation. Those mid-gap state 

variation along with the formation of point defects would play a siginifacant role in 

understanding luminescence properties of the grain boundaries in GaN films. 
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Figure 4.8. Structural model for Σ=7 boundaries composed of (a) open-core structures and (b) 

full-core structures.[125] The atomic column indicated with red circle is the most favorable site to 

form 1st Ga or N vacancy and the atomic column indicated with blue circle is the most favorable 

site to form 2nd Ga or N vacancy given the 1st vacancy formed in red circled region. (c) Relaxed 

structure after forming 1st Ga vacancy at the core region of the open-core boundary and its 

corresponding density of states (DOS). (d) Relaxed structure after forming 2nd Ga vacancy at the 

core region and its corresponding DOS. (e) Relaxed structure after forming 1st N vacancy at the 

core region of the open-core boundary and its corresponding DOS. (f) Relaxed structure after 

forming 2nd N vacancy at the core region and its corresponding DOS. (g) Relaxed structure after 

forming 1st Ga vacancy at the core region of the full-core boundary and its corresponding DOS. 

(h) Relaxed structure after forming 2nd Ga vacancy at the core region and its corresponding DOS. 

(i) Relaxed structure after forming 1st N vacancy at the core region of the full-core boundary and 

its corresponding DOS. (j) Relaxed structure after forming 2nd N vacancy at the core region and 

its corresponding DOS. 
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According to the DFT calculation study, the high-angle grain boundary structures 

and point defect accumulation on them produce multiple mid-gap states within the band 

gap, and they can be the key factors to understand the reduced near band edge emission 

at the high-angle grain boundaries. Electronic transition through those mid-gap states 

instead of the direct transition from conduction band to valence band can be non-

radiative since phonon generation becomes more favorable as the emission energy 

becomes smaller, but it can also be radiative with the emission energy less than 

instrument detection limit, which is consistent with the CL results. Although the mid-

gap states might be formed in a different way depending on the misorientation angles, 

overall tendency of forming mid-gap states via grain boundary structure and their 

variations with the vacancy accumulation is expected to be observed generally in most 

of the high-angle grain boundaries in the GaN films. Thus, the DFT calculation study 

provides qualitative insight into understanding electronic structures relevant to overall 

grain boundary structures. 
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4.4. Summary and outlook 

 

Combination of EBSD and CL measurements reveals that the high-angle grain 

boundaries in GaN films play a role of reducing near band edge emission intensity, 

indicating spatial nonhomogeneity in luminescene is associated with the grain 

boundaries. By atomic resolution HAADF STEM analysis, we confirmed that the high-

angle grain boundaries were mostly composed of periodic or non-periodic array of open- 

and full-core structures, and the different aspects of those cores of the grain boundaries 

compared with those of threading dislocations were also discussed. Based on the atomic 

configurations observed by STEM analysis, we examined corresponding electronic 

structure relevant to local luminescence characteristics of the grain boundaries by DFT 

calculations. We believe that mid-gap states formed by high-angle grain boundary 

structures and their variations with accumulation of point defects such as Ga and N 

vacancies can explain the reduced near band edge emission at the high-angle grain 

boundaries. Thus, our study indicates that the luminescence efficiency of optoelectronic 

devices based on the hybrid systems of GaN films with various large scale 2-D 

substrates can be crucially affected by the grain size and their distribution of the 2-D 

substrates. We expect that our report on optical characteristics of the grain boundaries 

in the GaN films can provide useful insight into designing advanced optoelectronic 

engineering. 
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CHAPTER 5 
 
Conclusion 

 

 

5.1. Summary of results 

 

With the aid of TEM based analyses, we could study the microstructures of 2-D 

material based homo- and heterostructures. Classical TEM based analytic techniques 

including selected area electron diffraction and dark field imaging make it possible to 

resolve defect structures from a few tens of nanometer to micrometer scale with the 

detailed crystallographic information. Moreover, state-of-the-art aberration corrected 

STEM analysis allows sub-angstrom scale spatial resolution, which is advantageous in 

terms of identifying atomic configurations. The combination of these two different 

analytic techniques proved themselves very useful techniques especially when it comes 

to studying 2-D based material systems.  
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- Formation of domain structures at the van der Waals interface (twist bilayer 

graphene) 

 

First, we investigated the microstructural defects formed at the van der Waals 

interface between the 2-D atomic crystals. It has long been assumed that the van der 

Waals interaction between the 2-D crystals is too weak to cause any atomic 

reconfigurations at the interface.[21-25] Indeed, a lot of previous research on engineering 

electronic structures of twist bilayer system by controlling the twist angle have assumed 

incommensurate configurations in microstructural point of view.[87-89] However, recent 

experimental evidence suggested that there is possibility of commensurate transition at 

the van der Waals interface formed between graphene and h-BN layers.[26, 27] We 

fabricated artificial twist bilayer graphene and MoS2 as model system to study 

commensurate transition in association with van der Waals interlayer interaction.  

According to the dark field imaging analysis, we could verify that twist bilayer 

graphene system undergoes commensurate transition, and thereby forming AB and AC 

stacked commensurate domain structures alternating each other with periodic arrays of 

discommensuration lines. The discommensuration lines are the domain boundary 

regions where the strain is concentrated, and we can also interpret them as partial 

dislocation arrays.  

Classical Frenkel-Kontorova model can be used to understand the origin of the 

commensurate transition. In terms of Frenkel-Kontorova model, the top layer graphene 

can be thought of 2-D chain of carbon atoms sitting on top of periodic potential 

generated by bottom layer graphene. When the twist angle between the two layers is 
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small enough it is more favorable for the carbon atoms to have reconfiguration forming 

perfect Bernal stacking configuration. While the transition is favored in terms of 

substrate potential energy, it is not favorable in terms of elastic energy term since the 

transition requires additional strain energy at the domain boundaries. Accordingly, the 

competition between the two energy terms determines whether the transition occurs. In 

this regard, we can assume that as the twist angle becomes larger, the commensurate 

transition will stop occurring at some point. In our bilayer graphene specimen, the 

maximum twist angle that we could get was 1 degree, and we always observed 

commensurate domain structures when the interface was clean. Within 1 degree of twist 

angle condition, the system always favors having a commensurate transition. 

The domain structures can be controlled in principle by tuning the relative 

displacement between the two layers. For example, the triangular domain structures are 

formed as a result of rotational displacement, and their size is closely related with the 

twist angle between the two layers. As the twist angle becomes smaller, the periodicity 

of the Moire pattern becomes larger, and the corresponding domain size also becomes 

larger. We also fabricated multiple samples that have different twist angles and 

confirmed that the domain sizes can be varied in a controlled manner although the 

accuracy needs to be improved.  
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- Formation of domain structures at the van der Waals interface (twist bilayer 

MoS2) 

 

Twist bilayer MoS2 was also studied in a similar manner. The bilayer with the twist 

angle close to 0 degree shows AB and AC stacked triangular commensurate domain 

structures alternating each other, which is very similar with the bilayer graphene case. 

In addition, the bilayer with the twist angle close to 180 degree can also form different 

types of domain structures; AA’ stack, which is the same stacking configuration as that 

of bulk crystals, can be formed as well as A’B and AB’ stacking configurations which 

are energetically more unfavorable. Introducing partial dislocations in the bilayer with 

the twist angle close to 180 degree forms different types of stacking configurations with 

dissimilar stability with each other, giving rise to formation of predominant type of 

domain structures. Moreover, it should be noted that the symmetry element of the bilayer 

system can be varied by having different twist angle; the bilayer with the twist angle 

close to 0 degree forms the domain that does not have inversion symmetry while the 

bilayer with the twist angle close to 180 degree forms the domain structure that has 

inversion symmetry. 

 

- Microstructural defects in GaN films grown on graphene layers 

 

The 2-D materials are also used as new substrates to grow conventional 

semiconductor thin films. These hybrid systems of 2-D materials and semiconductor 

thin films proved themselves as promising candidates for future device applications. [28-
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31, 33-35, 38] Nevertheless, the effect of 2-D substrates on the formation of defects in 

semiconductor thin films have not studied thoroughly. We investigated microstructural 

defects including threading dislocations and grain boundaries formed in GaN films 

grown on graphene layers. In order to fabricate thin film structure of GaN on graphene, 

we used intermediate layer of ZnO nanostructures that can be grown on graphene layers 

with epitaxial relation and also provide high density of nucleation sites for the growth 

of GaN.  

Here, two different types of graphene layers were used as substrates; one is 

mechanically exfoliated single crystalline graphene layers, and the other is large scale 

CVD graphene which is polycrystalline. GaN films grown on single crystalline 

graphene layers also shows nearly single crystalline structures with threading 

dislocations with the typical density ranging from 1.2×109 to 2.4×109 cm–2, comparable 

to that of GaN on Si substrates and higher than that of GaN on sapphire substrates. We 

also observe low-angle grain boundaries with the misorientation angle less than 3. 

Those low angle grain boundaries can originate from either lattice mismatch between 

the GaN and graphene or the low angle grain boundaries in graphene.  

The GaN thin films grown on large scale CVD graphene exhibits huge differences 

since the polycrystalline nature of the graphene influenced the microstructural defects 

in the GaN thin films in a different way. The microstructural defects present in the GaN 

films were investigated using EBSD and TEM. High-angle grain boundaries were 

observed in the GaN thin films grown on polycrystalline graphene. Moreover, majority 

of the threading dislocations were bound in the grain boundaries and many of them 

showed lateral motion in the growth process. Since the high-angle grain boundaries have 
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rarely been studied yet, and seem to be formed inevitably when large-scale application 

is intended with CVD grown 2-D substrates, we investigated the effect of those defects 

on physical properties such as luminescence properties. 

 

- Luminescence properties of high-angle grain boundaries in GaN films grown on 

graphene layers 

 

We investigated luminescence properties of the high-angle grain boundaries by 

combination of EBSD and CL measurements and directly revealed that near band edge 

emission intensity is decreased at the high angle grain boundaries. In order to further 

understand the origin of those luminescence properties, we also examined atomic and 

electronic structures with the aid of aberration corrected STEM and DFT calculation. 

We verified that atomic configurations of the grain boundaries showed different 

arrangement depending on the misorientation angles of each grain; periodic and non-

periodic arrays of various kinds of dislocation core structures were observed. Among 

the various types of grain boundary structures, we selected periodically arranged Σ=7 

boundary and built a structural model for DFT calculation. The electronic density of 

states obtained by DFT calculation shows additional localized mid-gap states formed by 

stoichiometric grain boundary structure. By calculating formation energy, we could also 

verify that point defects such as Ga or N vacancies prefer to form in grain boundary core 

structures, and the resulting non-stoichiometric grain boundaries often exhibits 

additional mid-gap states. Thus, electronic transition through those mid-gap states 

instead of the direct transition from conduction band to valence band can be non-
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radiative since phonon generation becomes more favorable as the emission energy 

becomes smaller. Moreover, it can also be radiative recombination but with the emission 

energy less than the detection limit of the CL measurement. 

 

5.2. Future works 

 

- Understanding commensurate-incommensurate transition crossover 

 

Commensurate transition at the van der Waals interface occurs because the van der 

Waals interaction energy dominates the strain energy associated with the transition. As 

the twist angle between the two layers becomes larger, this competition between the two 

energy terms will be dominated by strain energy terms at some point, giving no 

transition at the interface. The artificial bilayer specimens with larger twist angle for 

more data points need to be prepared to verify the commensurate-incommensurate 

transition crossover. This critical angle will be closely related with the domain boundary 

width since it determines the total strain energy. Thus, atomic resolution imaging by cs-

corrected STEM on the domain boundaries is necessary to study the transition crossover 

in more quantitative manner. 
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- Engineering commensurate domain structures by controlling the relative 

displacement of the twist bilayer with high accuracy 

 

The commensurate domain structures can have different geometries depending on the 

relative displacement direction. For instance, pure rotational displacement results in 

triangular domain shapes while uniaxial tensile or compressive displacement exhibits 

strip-like geometry of the domain structures. Controlling the domain size by tuning the 

twist angle between the two layers was demonstrated. However, even though we try to 

form bilayer with uniform twist angle all over the specimen, the large-scale distortion 

formed in the engagement process results in the formation of domains of which the sizes 

change continuously depending on the position. The accuracy of controlling the twist 

angle is on the order of 0.5 degree at this point, which can change the domain size 

significantly especially at low angle regime. High precision of the twist angle control 

with uniformity is necessary to engineer the domain structures for desired properties. 

 

- Correlation of electrical transport and optical properties with domain structures 

 

Microstructural defects such as partial dislocations, the terminology that we use for 

describing domain boundaries, might give an impression of having detrimental effect on 

physical properties. However, using the defect terminology is to understand the 

crystallographic information of those microscopic features in a way that is more 

accurate. Indeed, the domain boundaries formed in between the commensurate domains 

in bilayer graphene are known to exhibit unusual physical properties; topologically 
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protected conducting path can be formed along the domain boundaries in bilayer 

graphene.[90-93] Band inversion between AB and AC stacked domains necessarily causes 

band crossing with Fermi level in the middle of domain boundaries, which gives conducting 

path in insulating domain structures, once we form band gap in the bilayer graphene by 

applying vertical electric field to break the inherent inversion symmetry.[94-98]  

In this thesis, we confirmed that those domain boundary structures can be controlled in 

principle. The domain boundary structures formed by having pure rotational displacement 

between the two layers exhibits triangular geometry. Thus, the system presents two 

conducting path meeting each other at the vertex of the triangular domains. When the 

magnetic field is present, Aharonov–Bohm effect may play an important role to 

understand the electronic transport properties in this system. The interference between 

the two electron waves flowing through each conducting path can exhibit interesting 

transport phenomena. 

In the case of MoS2 bilayer, we can control the symmetry element of the materials by 

controlling the stacking configurations. The inversion symmetry can be broken or restored 

by controlling twist angle between the monolayer MoS2. Even though the naturally formed 

bilayer MoS2 system have inherent inversion symmetry, artificially formed bilayer MoS2 

with the twist angle close to 0 degree forms domain structures where each of them breaks 

the inversion symmetry. Inversion symmetry breaking is particularly interesting, in a sense 

that it can give an opportunity of manipulating spin and valley degree of freedom.[99-102] In 

association with the domain structures with arrays of domain boundaries, the spatially 

resolved optical property measurement can provide better insight in terms of understanding 

optical properties of van der Waals interface.  
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요약(국문초록) 

 

단결정 흑연으로부터 2 차원 물질 그래핀을 얻어낸 것을 시작으로 다양한 종류의 

2 차원 물질을 얻어내는 것이 가능해 짐으로써, 최근에는 이러한 2 차원 물질들을 

기반으로 새로운 이종 구조 물질을 형성하고 독특한 특성을 갖는 신소재를 

개발하는 연구가 활발히 진행되고 있다. 다양한 방법을 동원하여 새로운 형태의 

이종 구조 물질을 개발하고 그것이 나타내는 물리적 특성을 살펴보는 일은 많이 

행해진 반면 이종 구조 물질의 구조적 특성에 관한 연구는 많이 진행되지 않았다. 

특히 2 차원 물질을 기반으로 한 이종 구조의 형성 결과 소재 내에 나타나는 결정 

결함에 관한 연구는 그것이 나타내는 물리적 특성과의 연관 관계를 파악하여 

궁극적으로 원하는 특성을 내는 새로운 소재를 설계 및 개발하는데 있어 

필수적이라 할 수 있다. 본 논문에서는 투과 전자 현미경을 통한 다양한 분석 

방법을 이용하여 2 차원 기반의 이종 구조 물질 시스템의 구조적 특성에 대해 

분석하였다. 

첫째로, 층상 구조를 갖는 2 차원 물질을 서로 접합하여 만든 이종 구조 물질의 

계면에서 나타나는 결정 결함에 대해 분석하였다. 최신의 건식 전이 공정 (dry 

transfer process)을 통해 두 개의 원자층으로 이루어진 그래핀과 이황화몰리브덴 

(MoS2)을 제작하고, 두 층 사이의 틀어짐 각도(twist angle)를 조절하여 이때 

계면에서 나타나는 결정 결함에 대해 투과 전자 현미경 분석을 수행하였다. 두 

층의 2 차원 물질간의 상호작용을 좀 더 구조적으로 이해하기 위해 프렝켈-

콘토로바 모델을 적용하였고, 구조적인 상전이가 일어나는 원인을 살펴보고자 

하였다. 또한 계면에서 나타나는 정합 도메인 구조나 전위들의 배열 및 원자 

배열의 대칭성과 같은 구조적 특성을 두 층 사이의 틀어짐 각도를 통해 조절할 수 
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있음을 밝혀내었고, 결함 엔지니어링을 통해 추후 원하는 특성을 갖는 새로운 

소재를 개발하기 위한 기술적 토대가 될 것이라 기대된다. 

두 번째로, 2 차원 물질을 기판으로 사용하여 증착한 화합물 반도체 박막에서 

나타나는 구조적 결함에 대해 분석하였다. 2 차원 물질은 그것이 가진 독특한 

물리적 특성으로 인해 박막 증착을 위한 기판으로 사용하였을 때 소자 구동에 

새로운 기능성을 부여하거나 신뢰성을 향상 시킬 수 있다는 연구 결과가 많이 

보고된 반면, 이러한 2 차원 물질을 기판으로 사용함으로서 나타나는 박막내의 

구조적 특성에 대한 연구는 많이 진행되지 않았다. 본 논문에서는 그래핀을 

기판으로 사용하여 유기 금속 화학 증착 방법을 통해 질화 갈륨 박막을 증착하고 

박막 내에 나타나는 결정 결함에 대해 분석하였다. 질화 갈륨 박막에서 나타나는 

전위와 같은 결정 결함들이 광전자 및 전자 소자로의 응용에 있어 중요한 영향을 

준다는 것은 이미 잘 알려져 있으며, 이러한 결함들이 기존의 박막과 비교하여 

2 차원 기판을 사용하였을 때 어떤 다른 양상을 나타내는지, 또 어떤 새로운 

종류의 결정 결함이 나타나는 지 살펴보기 위해 투과 전자 현미경 기반의 분석 

방법인 전자 회절, 암시 야상, 수차 보정 주사 투과 전자 현미경 분석 등을 

수행하였다. 또한 이러한 결정 결함이 물질의 발광 특성에 어떤 영향을 주는 지 

살펴보기 위해 전자 후방 산란 및 음극성 발광 실험을 수행하였고, 이것을 원자 

및 전자 구조의 관점에서 이해하기 위해 수차 보정 주사 투과 전자 현미경 분석과 

더불어 제 1 원리 계산을 수행하였다. 

 

표제어: 투과 전자 현미경, 주사 투과 전자 현미경, 전자 회절, 암시 야상, 

그래핀, 이황화몰리브덴, 질화갈륨, 정합 구조 (commensurate) 도메인, 전위, 
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