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Abstract

Atomic Structure and Dynamics Study of Defects in Graphene by Aberration-
corrected Transmission Electron Microscope

by Chuncheng Gong
St Hugh’s College
in pursuit of DPhil degree, Trinity Term, 2016

Graphene has grabbed enormous research attention due to its multiple unique
properties. These properties, however, can be strongly influenced by lattice
imperfections. Aberration corrected transmission electron microscopy (AC-TEM) is
one of the leading methods to image two-dimensional materials at the atomic level.
This thesis addresses the issue of structure and dynamics characterization of
dislocations and grain boundaries (GBs) in graphene with single atom sensitivity using

the state-of-the-art AC-TEM in Department of Materials, University of Oxford.

My first goal is to understand the interaction between dislocation and the edge of
graphene. When a dislocation is located near an edge, a decrease in the rippling and
increase of the in-plane rotation occurs relative to the dislocations in the bulk. The
increased in-plane rotation near the edge causes bond rotations at the edge of graphene
to reduce the overall strain in the system. Dislocations are highly stable and remain
fixed in their position even when located within a few lattice spacings from the

graphene edge.

With the aid of an in situ heating holder, the high temperature behavior of dislocations
Is then investigated. Control of temperature enables the differentiation of electron beam

induced effects and thermally driven processes. An analysis of the dislocation



movement shows both climb and glide processes, including new complex pathways for
migration and large nanoscale rapid jumps between fixed positions in the lattice. The
improved understanding of the high temperature dislocation movement provides
insights into annealing processes in graphene and the behavior of defects with

increased heat.

The in situ heterogeneous nucleation and growth of graphene are also studied within
the AC-TEM. The growth mechanism consists of alternating carbon cluster attachment
and indentation filling to maintain a uniform growth front of lowest energy. The highly
polycrystalline graphene seed is found to evolve with time into a higher order
crystalline structure. The motion of GBs is discontinuous and mediated by both bond
rotation and atom evaporation. These results provide insights into the formation of

crystalline seed domains that are generated during bottom-up graphene synthesis.

Finally, the formation, reconfiguration and annihilation of GB loops are demonstrated.
It is shown that the GB loop cannot fully relaxed under electron beam irradiation with
its terminal state being isolated dislocations far apart from each other. Line defects
composed of several adjacent excess-atom defects can be found during the
reconfiguration process. This work gives detailed information about the stability and

behavior of large GB loops in two dimensional materials.
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Chapter 1

Introduction

1.1 Project aims

This objective of this thesis is to characterize the configuration and dynamics of one-
dimensional defects (dislocations and grain boundaries) in graphene with single atom
sensitivity at both room temperature and elevated temperatures. It is accomplished with
the help of Oxford’s state-of-the-art aberration-corrected transmission electron

microscope (AC-TEM) and multiple advanced image analysis techniques.

1.2 The scope of this thesis

This doctorate project summarizes the research performed over the 3-year-DPhil
course at the Department of Materials and St Hugh’s College, University of Oxford,
funded by Clarendon Scholarship Fund. The tight-binding molecular dynamics
(TBMD) and density functional theory (DFT) simulation in this thesis are performed

by Professor Gun-Do Lee’s group from Seoul National University.

Chapter 2 is literature review which gives a detailed and systematic view of graphene
properties, synthesis routes and various types of “‘self-doping’ defects — from simplest

bond rotations to complex multivacancies and line defects. The influence of defects on



the properties of graphene and the pioneering role aberration-corrected TEM plays in

imaging the lattice irregularity of two dimensional materials are also demonstrated.

The experimental details are described in Chapter 3, including the CVD synthesis of
graphene, transferring onto TEM grids, AC-TEM imaging and image analysis

techniques.

The use of Oxford-Jeol 2200MCO AC-TEM enables the imaging of graphene lattice
with sub-Angstrom resolution at a low accelerating voltage (80 kV). Therefore the
atomic structure and dynamics of defects in graphene can be studied via direct imaging.
In Chapter 4, interactions between dislocations and the edge of graphene are
investigated. Geometric phase analysis and DFT simulation are employed to analyze

the out-of-plane distortion introduced by dislocations.

A commercially available heating holder developed by DENS Solutions allows in situ
TEM experiment performed at elevated temperatures (RT — 800 °C). In Chapter 5 -7,
the high temperature behavior of dislocations and grain boundaries in graphene are
studied. In Chapter 5, the atomic structure and migration behavior of dislocations are
demonstrated at different temperatures (RT, 500, 700, and 800 °C). The glide and climb
motions of dislocations and their dependence on temperature are illustrated. Chapter 6
reports the in situ heterogeneous nucleation of graphene from Au nanoparticles at
elevated temperatures in TEM. The growth mechanism and atomic structure of growth
front are investigated. The as-grown graphene starts as highly polycrystalline, the
crystallization of which under the combined effect of increased thermal energy and
electron irradiation is also discussed. In Chapter 7, a rarely reported form of grain

boundary — grain boundary loop is identified. Its full life cycle, from formation to

2



annihilation is demonstrated at both 500 and 800 °C, with the aim of providing insights
into the stability and dynamics of high order defects in graphene at elevated

temperatures.

The final chapter concludes the whole thesis and envisions possible future research as

extension to this thesis.



Chapter 2

Literature Review

2.1 Introduction

Graphene is a one-atom-thick carbon allotrope with atoms tightly packed in a two-
dimensional honeycomb structure. Each carbon atom is sp?-coordinated to its three
nearest neighbors with 120° bonding angles. The distance between two neighbouring
carbon atoms is about 1.42 A. The remaining n-bond of each atom is oriented along the
z-axis and hybridized together to form a large m-conjugation system. Graphene is
basically one single layer of graphite which is the parent material for all other graphitic
carbon allotropes with different dimensionalities. It can be vertically stacked to create
three-dimensional graphite, wrapped into zero-dimensional buckyballs or rolled up into
one-dimensional carbon nanotubes as illustrated in Figure 2-1. Despite the fact that the
theoretical model of graphene has been widely investigated in the studies of graphite,
fullerenes and carbon nanotubes, it was not until 2004 Andre Geim and Konstantin
Novoselov from the University of Manchester were first able to isolate monolayer
graphene sheets by mechanical exfoliation from highly oriented pyrolitic graphite
(HOPG). [1] Before that it has been long argued that two-dimensional crystals are

thermodynamically unstable and do not exist in nature.

Since its discovery, graphene has attracted tremendous interest over the past decade

from both research and industry, primarily for its exceptional electronic, chemical and



other properties. Geim and Novoselov were therefore awarded the Nobel Prize in

Physics in 2010 for their groundbreaking work in two-dimensional materials.
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Figure 2-1. Graphene is the building block for all other graphitic material with different
dimensionality. It can be wrapped into 0D buckyballs, rolled into 1D carbon nanotubes or

stacked into 3D graphite. Adapted with permission from ref.[2], © 2007 Nature Publishing

Group.



2.2 Properties of graphene

Graphene owns a wide range of exceptional properties and has been termed a “wonder
material”. As a material with only one-atom-thickness, graphene has a high opacity of
2.3%. [3] It has an ultra-high surface-to-mass ratio of 2630 m?g 2, giving its potential
for energy conversion and storage. [4] In addition, it is a material far stronger than steel
with an intrinsic tensile strength of 130 GPa and a Young's modulus (stiffness) of 1

TPa. [5] It also has a high thermal conductivity of ~ 2000 — 5000 W/mK near or at

room temperature. [6,7] These properties has been discussed in detail in ref.[8].

Figure 2-2. Electronic band structure of monolayer graphene, where its conduction and
valence bands meet at the Dirac points. Adapted with permission from ref.[9], © 2009

American Physical Society.

Among the superior properties, the electronic properties of graphene are most
intriguing. Figure 2-2 shows the electronic band structure of single layer graphene, in
which conduction and valence bands touch at six points, so called Dirac points, which

can be divided into two independent sets (K and K') of three points. [9] The electron



per carbon atom fully fills the conduction band and leaves the valence band vacant,
which situates the Fermi level precisely at the K point. Thus, graphene can be regarded
as a zero bandgap semiconductor or semi-metal. In the vicinity of the Dirac points (|E|
< 1), the energy-momentum dispersion relation is to a large extent linear, as indicated
by the inset in Figure 2-2, where electrons and holes are massless Dirac Fermions. [9—
11] The Fermi velocity of electrons ~ 10° m/s, which enables electron to travel long
distances (in the scale of micrometers) without scattering, referred to as ballistic
transport. [12] Because of the unique band structure, graphene exhibits remarkably
high electron mobilities at room temperature. Bolotin et al. (2008) reported the
measurement of electron mobility in excess of 200,000 cm? V1 s in freely suspended
graphene. [13] Moreover, Novoselov et al. (2004) reported the experimental
observation anomalous quantum Hall effect (QHE) in graphene at room temperature.
[14] These properties make graphene an ideal material for both fundamental physics

study and electronic industry. [15]

However, the above-mentioned exceptional properties of graphene can only be
detected at an extremely low defect concentration, while the second law of
thermodynamics has determined that a certain level of lattice disorder is inevitable in
all crystals. Besides, it is also very difficult to avoid unintentionally introduced defects
and impurities in the synthesis and transfer processes of the two-dimensional material.
As a consequence, it is of significant importance to understand the structure and
behavior of defects for the purpose of optimizing the electronic and other properties of

graphene for specific applications.



2.3 Synthesis routes of graphene

In order to realize the full potential of graphene, it is essential to develop methods to
reproducibly synthesize high quality monolayer graphene sheets. A variety of synthesis
routes have been reported even since graphene was first discovered in 2004. These
routes can be divided into two types: top-down and bottom-up. Top-down methods
break the van der Waals forces that hold the graphite layers together and isolate few-
layer graphene sheets, whereas as bottom-up approaches produce graphene from
alternative carbon precursors. As the number of synthesis routes for graphene keeps
growing, only four most frequently used methods are discussed in this section: 1)
mechanical exfoliation; 2) chemical exfoliation; 3) epitaxial growth on silicon carbide;

4) chemical vapor deposition.

2.3.1 Top-down methods

2.3.1.1 Mechanical exfoliation

The mechanical exfoliation, also known as the ‘scotch tape’ or ‘peel-off’ method, was
first reported by Geim et al. in 2004, which is a milestone in 2D material synthesis. [1]
An adhesive tape is used to repeatedly peel off mono-, bi- and few-layer graphene
sheets from the highly oriented pyrolytic graphite (HOPG). The number of layers is
identified by examining the contrast of graphene flakes using an optical microscope

after transferring the sample onto a SiO2(300 nm)/Si substrate.

Compared with other methods, graphene isolated by mechanical exfoliation is of
highest quality, with reported carrier mobility in excess of 15,000 cm? V! s under
ambient conditions. [2] No sophisticated instruments are involved in the synthesis
process. However, graphene produced by this method has irregular shapes and is

8



usually at a size of several microns. Also, the synthesis process is time consuming and
labor intensive. Therefore, this method is only reserved for the investigation of

graphene fundamental properties.

2.3.1.2 Chemical exfoliation

In this approach, graphene is synthesized by first oxidation of graphite, exfoliation of
graphene oxide (GO) and then reduction of graphene oxide (rGO). The Hummers
method is most frequently used to oxidize graphene using concentrated acids and
strong oxidants. [16] Although this method can be used to produce graphene in an
industrial scale, the properties of rGO never match those of exfoliated graphene due to
the high concentration of defects and oxygen-containing functional groups formed in
the oxidation process. [17] In addition, solution processing often leads to contamination
of graphene surface. Thus, chemical exfoliation is not suitable to produce graphene for

electronic application or AC-TEM imaging.

2.3.2 Bottom-up methods

2.3.2.1 Epitaxial growth on silicon carbide

Early in 1962, Badami reported the graphitization of silicon carbide (SiC) during
annealing at about 2000 °C in vacuum conditions. [18] Graphene grown on SiC surface
typically has one to three layers, dependent on the growth temperature. [19] This
process occurs due to the preferential Si sublimation under such annealing conditions.
Si atoms desorb and the remaining carbon atoms rearrange themselves to form epitaxial
graphene lattice. [20] The produced graphene is of relatively high quality and is

especially attractive for wafer-based applications, such as electronic device fabrication.



However, the transfer of graphene from SiC is difficult due to the strong interaction

between the two materials, which restricts its applications on other substrates. [21]

2.3.2.2 Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) has been extensively used to grow graphene on
transition metal substrates from carbon containing gases. The growth mechanisms can
be categorized as either surface catalyzed decomposition of carbon containing
precursors or segregation of carbon dissolved in bulk substrates. The growth of thin
graphite films by CVD was first demonstrated by John May in 1969 using Pt as
substrate. [22] Somani et al. (2006) reported the synthesis of few layered graphene in
which Ni foils and camphor were used as catalyst and substrate respectively. [23] Since
then, graphene growth has been performed on a variety of transition metals such as Ni,
[24-28] Cu, [29-36] Fe, [37] Ru, [38] Co, [39] Rh, [40] Ir, [41] Pd, [42] Pt, [43] and

Au. [44]

Among these substrates, Ni and Cu have attracted most research attentions due to their
low cost, catalytic efficiency and graphene quality. The graphene growth on Ni
substrate is dominated by segregation of dissolved carbon. The solubility of carbon in
Ni films is relatively high at elevated temperatures and decreases with temperature. As
a result, graphene can be formed via the precipitation of carbon atoms on the substrate
surface during the cooling process. The thickness and quality of graphene sheets
strongly depend on the rate of cooling. [25,26] Besides, Ni (111) is a hexagonal lattice
and has similar lattice constants with graphene, making it a perfect lattice-matched
substrate for the CVD growth of graphene. [24] Nevertheless, it is difficult to produce

uniform mono- or bilayer graphene on Ni substrates, as the growth process is affected

10



by the polycrystallinity of Ni. [27] Zhang et al. (2010) performed graphene CVD
growth on single-crystalline Ni(111) with a smooth surface and revealed that the

majority area (91.4%) is mono- or bilayer. [28]

In contrast, Cu has an ultra-low carbon solubility, which only allows limited carbon
diffusion from substrate to surface. Instead, the Cu substrate catalyzes the
decomposition of carbon containing species which subsequently leads to the formation
of graphene on its surface. This process can be described as self-limiting, as there is no
exposed Cu to facilitate further reaction after the substrate surface fully covered by the
first layer graphene. As a result, most of graphene grown on Cu are mono- or bilayer.
[30,31] The study of growing high quality monolayer graphene on Cu foils was
originally reported by Ruoff et al. in 2009. [29] In their experiment, 25 pm thick Cu
foils were initially annealed in hydrogen atmosphere at 1000 °C, before methane was
introduced into the system as the carbon source for graphene growth. SEM images
show “wrinkles” in the continuous graphene film, which originate from the difference
in thermal expansion coefficients between graphene and Cu. A detailed comparative
study of graphene grown on Ni and Cu has indicated that graphene on polycrystalline
Ni has a lot of multilayer regions whereas graphene on Cu is a uniform monolayer sheet.

[45]

However, CVD grown graphene is inevitably polycrystalline and contains a large
amount of grain boundaries, which have been reported to deteriorate its transport
properties. [46,47] Its quality is generally no match for the mechanical exfoliated
graphene. Therefore, in order to reduce grain boundaries and increase domain size, it

is crucial to control the number of nucleation sites, which are often associated with the

11



structural defects on the substrate surface, such as impurities, dislocations and grain
boundaries. [32] It has been revealed that the pretreatment of Cu surface (i.e.
electropolishing) helps to improve the size of graphene domains. [33,34] Geng et al.
(2012) demonstrated that the use of liquid Cu improves graphene quality, as it
eliminates grain boundaries in solid Cu and reduces potential nucleation sites. [35] This
is achieved by raising the reaction temperature above the melting point of Cu (1086 °C)

and using a Mo or W support foil to prevent the Cu from balling (Figure 2-3a).

a

melting growth

Figure 2-3. Graphene growth on melted Cu. (a) Schematic illustration showing the synthesis
of graphene domains on liquid Cu surface. (b,c) SEM image showing the evolution of HGFs
alignment with time. (d) A perfectly ordered graphene lattice made of HGFs with similar size.

Reproduced with permission from ref.[35], © 2012 National Academy of Sciences, USA.

This approach starts with the formation of single-crystalline hexagonal graphene flakes
(HGFs) which are well dispersed on the Cu surface (Figure 2-3b). The orientation of
HGFs are randomly distributed. When the coverage of HGFs increases, the HGFs self-
align into an ordered structure (Figure 2-3c), as the liquid nature of melted copper
enables free migration and rotation of domains to minimize total surface/edge energy.

Figure 2-3d shows that when the HGFs have similar domain size, a perfectly ordered

12



graphene lattice can be achieved. Wu et al. (2012) reported individual graphene domain

in excess of 200 um can be produced using this method. [36]

2.4 High resolution transmission electron microscopy of graphene

It has always been challenging to directly image the structural defects in bulk crystals
even with the state-of-the-art microscopes. As most of the defects are buried deep
inside materials, delicate sample preparation methods have to be developed to gain
access to the defects in the inner side. The structure of graphene is well exposed due to
its two-dimensional nature, making it a perfect candidate for microscopy studies.
Therefore, the graphene lattice can be studied in more detail, even in atomic spatial
resolution by various experiment techniques, although most techniques are originally

developed for the structural study of bulk crystals.

Scanning tunneling microscopy (STM), scanning transmission electron microscopy
(STEM) and transmission electron microscopy (TEM), have all been extensively
applied in imaging the structural irregularity in graphene and other two-dimensional
materials, such as hexagonal boron nitride (h-BN) and transition metal dichalcogenides
[(TMDCs) MXz2 (M = Mo, W; X =S, Se)]. Atomic force microscopy (AFM) and
scanning electron microscopy (SEM) can also provide useful information in analyzing
the lattice disorder in two-dimensional materials, but lack enough spatial resolution to

resolve the atomic structure of individual point defects. [48]

STM is an instrument for surface imaging at the atomic scale, based on the concept of

quantum tunneling. A bias voltage is applied between the sample and the scanning tip

13



several Angstrom above. The information of the surface configuration is acquired by
moving the fine tip across the sample and measuring the tunneling current flowing
through it. A spatial resolution of ~ 100 pm can therefore be achieved. However, the
tunneling current is affected by not only the position of atoms from the sample but also
the local electronic structures, which makes the interpretation of STM images not

straightforward. [49]

Conventional TEMs have long been used to the characterize lattice deformation in
crystals. In 1956, Sir Peter Hirsch and his collogues were the first to report the
observation of dislocation movements in aluminum using 100 kV TEM. [50] Since
then, techniques for high resolution TEM imaging have experienced an impressive
growth. In about 1970, a spatial resolution of ~ 0.3 nm could be achieved. [51] The
advance was made by improving the electronic and mechanical stabilities and reducing
the aberrations. In the 70s, TEM began to be applied in imaging the grain boundaries
in various kinds of materials (i.e. metallic oxides, metals and semiconductors), [52-54]
as it provides straightforward lattice information in atomic scale. In recent years,
monochromators have been developed to limit the beam energy spread within ~ 0.21
eV. With advances in further reducing the spherical aberration, a resolution of under

80 pm can be achieved in the state-of-art HR-TEM. [55,56]

Over the last 20 — 30 years, the scanning transmission electron microscope (STEM)
has been developed as a powerful tool to resolve the atomic structure of crystals. It is
a special type of TEM operated by focusing the electron beam into a small probe (~ 0.1
nm) and using it to raster-scan over the specimen. [57] The lattice structure is imaged

by collecting the signal with a high-angle angular aperture, which corresponds to both
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the atomic number and the surface configuration of the specimen. Modern aberration-

corrected STEM also produces sub-Angstrom resolution images.

Compared with STM and STEM, the TEM system has its unique strength in resolving
the atomic structure of graphene. Imaging graphene in STM requires a substrate to
support the specimen, while (S)TEM can be used to investigate freely suspended
graphene. The interpretation of STM results is also less straightforward than that of
(S)TEM. STEM is a powerful tool for the structural study of materials composed of
two or more elements such as TMDCs since the contrast in STEM images is directly
related to the atomic number (Z-contrast technique). However, it has not evident
superiority over TEM in the studies of graphene, especially the ‘self-doping’ defects
(i.e. no involvement of foreign atoms). In addition, the monochromator which greatly

reduces the beam energy spread cannot be applied in the STEM system.

Despite the advantages, TEM imaging inevitably leads to electron irradiation onto the
specimen surface, which cannot be neglected especially for materials made of light
elements such as carbon nanotubes, fullerenes, graphene and boron nitride. [58-64]
The displacement threshold energy (Tq) is used to describe the irradiation hardness of
a material. Tqis defined as the minimum kinetic energy that has to be transferred to an
atom in a ballistic knock-on event for it to leave its original lattice site and then either
occupy an interstitial position or leave the system without any form of recombination.
In the case of graphene, the minimum energy to sputter a saturated carbon atom is
approximately 22 eV. [65,66] Egerton et al. (2004) suggested that the maximum energy
that can be transferred to a carbon nucleus from an 80 keV electron in graphene is 15.7

eV, well below Tq. [58] However, Meyer et al. (2012) experimentally demonstrated
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that under 80 kV electron irradiation carbon can still be sputtered from pristine
graphene lattice, although the possibility is rather small. [66] They have also indicated
that this low accelerating voltage does not prevent the displacement of under-
coordinated atoms and the beam-driven chemical etching. The removal of a carbon
atom from graphene lattice leads to the formation of a monovacancy leaving an atom
undercoordinated (See Section 2.5.1.2 in this chapter for details). The minimum energy
to sputter this unsaturated atom is only 14.7 eV. [67] As a result, once a hole is opened
up in the graphene sheet, one would expect the atoms on the edge be continuously
etched by the knock-on damage under 80 kV electron irradiation. However, Meyer et
al. argue that chemical etching is the dominant mechanism in opening up holes in
graphene by showing the TEM results that holes rapidly grow with foreign atoms

(probably Si) attached to the open edges. [66]

On the other hand, defects can also be intentionally introduced to graphene by electron
irradiation for the purpose of tailoring its properties. [68—72] Focused electron beam in
(S)TEM has long been used to introduce vacancies and holes in carbon nanomaterials,
but the control of defect formation with nanoscale precision is always challenging. [68—
70] Robertson et al. (2012) reported a method to controllable create defects in graphene
by focusing the beam within a 10-nm spot (beam current density ~ 108 e nm2 s) for a
certain period of time. [73] Then the beam was expanded (~ 10° e nm™ s) to image
the graphene lattice after defect formation. By precisely controlling the exposure time

from 30 — 120 s, they managed to create a wide range of point defects.
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2.5 “Self-doping’ defects in graphene

Defects without the presence of foreign atoms are referred to as ‘self-doping’ or
‘intrinsic’ defects. Intrinsic defects in bulk crystals can be classified as zero-, one- and
two-dimensional ones. Point defects including vacancies and interstitial atoms are zero-
dimensional. Dislocations are one-dimensional line defects in 3D crystals. Stacking
faults and grain boundaries are two-dimensional defects. In graphene, due to the
reduced dimensionality, these defects plays a quite different role. Only point defects
(OD) and line defects (1D) can be found in graphene. In addition, when carbon atoms
are removed from or added to the graphene lattice, the strong sp-hybridized atom
network has the ability rearrange itself to form non-hexagonal polygons (i.e. pentagons,
heptagons and octagons). Similar to those in bulk crystals, defects in graphene
introduce negligible curvature and strain in the surrounding lattice, and sometimes even
lead to changes in the local electronic, magnetic or chemical properties. Thus,
understanding the stability and behavior of these defects could provide inspiration to

develop graphene-based devices and sensors.

2.5.1 Point defects

2.5.1.1 Stone-Wales defect

The Stone-Wales (SW) defect is named after Anthony Stone and David Wales from
Cambridge University who reported this defect in their work on the isomerization of
fullerene in 1986. [74] It is a crystal defect which can be created by rotating a C-C
bond by 90° around the middle point of the bond, converting four adjacent hexagons
into two pentagons and two heptagons as illustrated in Figure 2-4. Such a

transformation is referred as a SW transformation or a SW bond rotation.
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The kinetic barrier for this process is calculated to be 9 — 10 eV (Figure 2-4c), [75,76]
which is significantly higher than the thermal fluctuation of graphene lattice at room
temperature, making the spontaneous transition nearly impossible. However, despite a
low frequency of occurrence, it is still possible to observe SW defects in a TEM
operated at a low accelerating voltage, which are activated by sub-threshold collision
between electrons and carbon nuclei. The formation energy for a SW transformation is
about 5 eV, which is the lowest energy defect among all point defects in graphene. [76]
This means the minimum energy for a SW rotation to reverse back is ~ 5 eV, which

would require another sub-threshold collision and thus its stability after transition is

guaranteed.
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Figure 2-4. Stone-Wales defect. (a) HR-TEM image of a Stone-Wales (SW) defect formed
by rotating a C—C bond by 90°. Reprinted with permission from ref.[77], © 2008 American
Chemical Society. (b) DFT calculated atomic structure of a SW defect. Adapted from ref.[78],
© 2011 American Chemistry Society. (c) Calculated energy barrier of the bond rotation as a
function of rotated angle. Reproduced from ref.[76], © 2005 American Physical Society.

Peng and Ahuja (2008) reported that the SW defect in monolayer graphene opens a
band gap of 0.25 eV, which makes it a potential candidate for defect nanoengineering
of the local band structure. [79] Ma et al. (2009) studied the SW rotation using density

functional theory and quantum Monte Carlo simulations and predict that instead of the
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simple in-plane rotation of a C—C bond, a SW transformation involves long range out-
of-plane displacement extending over several nanometers. [75] Also, multiple SW
rotation possibilities in large vacancy structures greatly complicate their configurations,
which will be discussed in more detail in the divacancy (2.5.1.3) and multivacancies

(2.5.1.4) sections below.

2.5.1.2 Monovacancy

Figure 2-5. Monovacancy in graphene. (a) Atomic model of a pristine graphene lattice with
one carbon atom missing. (b) Atomic model of the structure in (a) gone through a Jahn-Teller
distortion, accompanying AC-TEM image shown in (c). The scale bar in panel c is 0.5 nm.

Reprinted with permission from ref.[80], © 2013 American Chemical Society.

Monovacancy (MV), also called single vacancy, is the simplest form of vacancy in all
materials. It has been experimentally observed in graphene, CNTs and graphite using
both STM and TEM. [77,80-82] A MV in these carbon allotropes is formed via the
removal of one single carbon atom from the lattice, leaving three dangling bonds as
illustrated in Figure 2-5a. First principle calculations show that it can further go through
a Jahn-Teller distortion, yielding the bond reconstruction between two of the three
under-coordinated carbon atoms and the formation of a closed 5- and a 9-membered

rings (Figure 2-5b). [83-88] El-Barbary et al. (2003) reported that Jahn-Teller
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distortion gives a ~ 0.2 eV lower energy and small out-of-plane displacements. [88]
According to their calculation, the remaining under-coordinated carbon is moved out
of the plane by Az~ 0.5 A due to an increase in the local density of states at the dangling
bond. This result is also confirmed by the STM experiment. In STM images the MV
shows up as a protrusion. [81] The formation energy of a MV in graphite is ~ 7.5 eV
calculated by DFT, [88,89] much higher than that in silicon (~ 4 eV) and most metals
(<4 eV), [90,91] which is expected due to the presence of the under-coordinated atom.
The formation energy of a MV in graphene (graphite) is also higher than that in CNT,
since the curvature in CNT breaks the trigonal symmetry of the honeycomb lattice and

lead to selective saturation of two of the three dangling bonds with lowest energy.

Robertson et al. (2013) characterized MVs in monolayer graphene using Oxford’s
state-of-the-art AC-TEM equipped with a monochromated beam source. [80] The
unprecedented sub-Angstrom spatial resolution enables them to determine whether the
MYV is symmetric or reconstructed by bond length measurement in TEM images. They
have also quantitatively measured the lattice strain and displacement around both MV
configurations using geometric phase analysis (GPA) and prove that Jahn-Teller
reconstructed MV gives rise to extra strain compared to the symmetric one. Theoretical
study suggests that the migration of MVs takes place by switching one of the edge
atoms to the opposite site and thus shifting the vacancy to a neighboring position.
[88,89] This has also been experimentally observed by Robertson et al. in their TEM
research. The migration energy for a MV in graphene is calculated to be ~ 1.5 eV,
which can be easily reached under low accelerating voltage electron irradiation in a

TEM or at temperature above 100 °C. [88,89]
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MVs in graphene are found to introduce local magnetic moment and lead to a dramatic
decrease in the mobility of charge carriers. [81] DFT and TMBD simulations indicate
that the magnetic moment of a MV is about 1.10 pg. [86,92,93] It has also been
suggested that the MV may act as the potential doping site for light foreign atoms such
as B and N, while the doping of heavy atoms (Pt, Co and In) require higher order

vacancies. [94]

2.5.1.3 Divacancy

Figure 2-6. Divacancies in graphene. Atomic models of (a) a DV1 (5-8-5), (b) a DV2 (555-
777) and (c) a DV3 (5555-6-7777), with their corresponding HR-TEM images shown in (d-f)
respectively. Bonds to be rotated in the next frame are highlighted by the black arrows. The
scale bar in panel d is 1 nm. (a—c) Adapted with permission from ref.[78], © 2011 American
Chemistry Society. (d—f) Reprinted from ref.[95], © 2011 American Physical Society.

Divacancy (DV), also known as double vacancy, is the most frequently observed
vacancy structure in the AC-TEM inspection of graphene. It can be created by
removing a pair of neighboring atoms from graphene lattice or by the combination of

two MVs.
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In Figure 2-6d an AC-TEM image of a fully reconstructed DV is shown. The removal
of two carbon atoms yields a pentagon-octagon-pentagon [DV1 (5-8-5), Figure 2-6a
and d] sequence with no dangling bond. However, it is not the only configuration of a
DV. Figure 2-6b and c show that it could reconstruct into two more complex structures
via a series of SW bond rotations under electron irradiation. The SW rotation of the
highlighted C—C bond in Figure 2-6a leads to the transformation from the DV1 (5-8-5)
to a defect structure made of three pentagons and three heptagons [DV: (555-777)].
The TEM image of a DV2 and accompanying atomic model are shown in Figure 2-6b
and e. DV (555-777) is the most energetically favored among all three DV
configurations, with its formation energy ~ 1 eV lower than that of a DV (5-8-5). [88]
A second bond rotation highlighted by the black arrow in Figure 2-6b further
transforms the DV> to a DV3 (5555-6-7777) defect (Figure 2-6¢ and f). The central
hexagon in the DV3 (5555-6-7777) is rotated by 30° with respect to the perfect
graphene lattice. [96-98] DFT calculation suggests that the formation energy a DV3
(5555-6-7777) defect lies between those of DV1 (5-8-5) and DV> (555-777). Qu et al.
(2015) revealed that the bond rotations that convert DV1 to DV and DV3 help distribute

the lattice mismatch strain over more C—C bonds. [99]

The formation energy of all three DVs is about 8 eV according to DFT calculation,
which is in the same magnitude as that of MV. [88,89] This is understandable since the
minimum energy required to sputter the under-coordinated carbon atom ina MV is ~
14 eV, significantly lower than the sputtering threshold for pristine graphene lattice (~
22 eV). [60,100] Therefore one can expect a MV to quickly convert into a DV under

electron beam irradiation. DVs in graphene are extraordinarily stable as all carbon
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atoms are saturated. The migration barrier for a DV is ~ 7 eV which is also higher than
that of a MV (~ 1.5 eV) making DVs highly immobile at room temperature. [88]
Kotakoski et al. (2014) performed prolonged STEM imaging of DVs in graphene with
a high beam current density (~ 10° e st nm) at 60 kV and found that the random walk
of a DV is done by switching between configurations, such as DV1 (5-8-5) — DV>
(555-777) — DV1 (5-8-5) and DV (555-777) — DV3 (5555-6-7777) — DV2 (555-

777). [101]

2.5.1.4 Multivacancies
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Figure 2-7. Trivacancies in monolayer graphene. (a) AC-TEM image of a trivacancy (U-
trivacancy) created using high velocity ions bombardment. (c) AC-TEM image of a bridging
atom stabilized trivacancy (B-trivacancy). (b,d) Atomic models of TEM images shown in (a)
and (c) respectively. The scale bar in panel a is 1 nm. (a,b) Reprinted with permission from
ref.[69], © 2009 American Chemistry Society. (c,d) Reproduced from ref.[102], © 2014

American Chemistry Society.

The atomic configurations for vacancies with more than two adjacent carbon atoms
missing, such as trivacancies and tetravacancies, are much more complicated, as bond
rotations can give rise to a large number of possible structural variations. In general,
vacancies with even number of carbon atoms removed (Veven) always allow full
saturation of all under-coordinated atoms, while there is at least one dangling bond in

vacancies with odd number missing carbon atoms (Vodd). Because of the instability of
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under-coordinated sp? carbon atoms, Veven defects are more energetically favorable
over the Voqd. [103] Dai et al. (2011) demonstrated that the dangling bond in the Vodd
introduce magnetism and the unpaired 2p electron of carbon atom plays a pivotal role
in the formation of magnetic moment, derived from first-principle simulations. This
result indicates that ferromagnetic coupling is present between carbon atoms in Vodd

defects. [104]

Large vacancy structures can be artificially introduced to graphene sheets by high
energy ion/atom bombardment or electron beam irradiation. Rodriguez-Manzo and
Banhart (2009) reported a method which could be used to create trivacancies in single-
and double-walled carbon nanotubes using strongly focused electron beam in a STEM.
[69] Wang et al. (2012) were also able to generate trivacancies (Figure 2-7a) in
monolayer graphene via high-energy gold ion/atom bombardment. [94] However,
Robertson et al. (2014) pointed out there is another configuration of trivacancy (Figure
2-7c, B-trivacancy) consisting of two pentagons, two octagons and an under-
coordinated carbon atom in the central bridging position. [102] The defect is generated
by focusing the electron beam within a nanoscale region to significantly increase the
beam current density in a TEM operated at 80 kV. The bridging atom, which help
stabilize the B-trivacancy, can also be found in higher (>3) order odd-numbered
vacancies under TEM observation. [102] No U-trivacancy defect was observed in their
experiment which can be attributed to the difference in defect creation methods. DFT
calculation indicates that the B-trivacancy exhibits a magnetic moment (1.92 pg)

remarkably higher than that of a U-trivacancy (1.02 — 1.04 ug). [105,106]
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Figure 2-8. Tetravacancies in graphene. (a—¢) Smoothed AC-TEM of two most frequently
observed tetravacancies and a Y-tetravacancy, along with (d-f) the accompanying atomic
models. The scale bar in all images is 0.5 nm. (g) Pathways showing how SW bond rotations
in tetravacancies lead to the most frequently observed configurations in the circle. Unannotated
colored arrows suggest indicate that the transformation requires a single bond rotation. Colored
arrows with Roman numerals indicate that transformation require two SW rotations which are
shown in the right-sided panels. The bonds are highlighted with black arrows. The formation
energy of all defect structures is calculated by DFT method. (a—g) Reproduced with permission
from ref.[107], © 2014 American Chemistry Society.

Tetravacancies in graphene exhibit even more configurations. Robertson et al. reported
the observation of 17 different types of tetravacancies in graphene (corresponding
atomic models shown in Figure 2-8g) generated by exposing the sample to the focused
electron beam for a certain period of time. [107] Figure 2-8a and b show the two most
frequently occurred configurations of tetravacancy defects. The Y -tetravacancy (Figure
2-8c) which is frequently modelled in literatures, however, is rarely observed in their
experiments. The variety of tetravacancy configurations is mainly due to the large
number of C-C bonds in the defect which could undergo a SW bond rotation. Figure

2-8g shows the paths by which various tetravacancy structures relax to the
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configuration with lower energy and finally reach the most frequently observed
structure (circled) via bond rotations. It has been indicated that a tetravacancy is more
likely to rotate backwards to a lower energy state, as the energy required for a SW

relaxation is less than that for another SW rotation to a higher energy state.

Figure 2-9. Multivacancies assembled by several divacancy defects. (a) AC-TEM images

of a large vacancy including an extended zigzag chain of divacancies indicated by the blue
arrow. (c) AC-TEM image of a closed loop assembled by three (5555-6-7777) divacancies. (b,
d) Atomic models of TEM images shown in (a) and (c) respectively. Scale bars in all images
are 0.5 nm. (a—d) Reproduced with permission from ref.[108], © 2013 The Royal Society of
Chemistry.

Compared with divacancies, trivacancies and tetravacancies are far less frequently
observed in the TEM inspection of defects in graphene. To date, studies on the
graphene vacancy structure with five or more neighboring atoms missing have not yet
been systematically reported. In most cases, the multivacancy generated after
prolonged exposure of electron beam inside the TEM are the assembly of divacancies.
Figure 2-9 shows the TEM images and corresponding atomic model of an extended
zigzag divacancy chain (Figure 2-9a) and a closed divacancy loop (Figure 2-9b) in
monolayer graphene. [73] The extended zigzag carbon chain defect has been suggested
to exhibit the band structure of a one-dimensional metallic wire embedded in the
graphene sheet. [109,110] The closed pentagon-heptagon loop in Figure 2-9c¢ can be

regarded as the assembly of three (5555-6-7777) divacancies. DFT calculations reveal
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that the formation energy per missing atom for the loop defect is significantly lower
than those of the other defect structures with six carbon atoms lost. [111] However,
experimental results demonstrate that if a large number of carbon atoms are
simultaneously removed from a small region in graphene (i.e., by energetic ion
bombardment), it is more likely to form a hole with unsaturated bonds around its
circumstance. [95] Another way to reconstruct defective graphene is to form a pair of

edge dislocations, which will be discussed hereinafter.

2.5.1.5 Sub-nanometer pores

Very recently, Robertson et al. (2015) demonstrated the atomic structure of
subnanometer pores in graphene by in situ high temperature experiments in an AC-
TEM. [112] Figure 2-10 identifies several types of subnanometer pores that have been
experimentally observed with the number of lost carbon atoms ranging from 6 to 13.
However, these pores have been reported to have an extremely low frequency-of-
occurrence, since there are alterative, more generically favored configurations. It has
also been indicated that subnanometer pores may only exist at elevated temperatures

and under vacuum condition.
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Figure 2-10. Subnanometer pores in graphene. (a) A low magnification AC-TEM image of

a subnanometer pore with 6 atoms missing. (b—f) High magnification AC-TEM images of five
different subnanometer pores. (g—k) Accompanying atomic models. Dashed circles highlight
possible mobile atoms inside the pores. Scale bars are 2 nm in panel a and 0.2 nm in other

panels. Adapted with permission from ref.[112], © 2015 American Chemistry Society.
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2.5.1.6 Adatom and excess-atom defects

Figure 2-11. Perspective (a—c) above (d-f) and side (g-i) views of atomic models

illustrating three kinds of possible adatom (blue atom) position: (a,d and g) the bridge site
(B), (b,e and f) the hollow site (H), and (c,f and i) top site (T). Reproduced with permission
from ref.[108], © 2013 The Royal Society of Chemistry.

Interstitial atoms in graphene and other 2D materials always occupy a third dimension,
as the energy barrier to place an extra atom into the 2D plane is extremely high. There
are practically three high symmetry sites for carbon adatoms on graphene lattice: bridge
(B), hollow (H) and top (T), all shown in Figure 2-11a—c respectively. The bridge is
the energetically favored position among the three sites, with the formation energy of
top site and hollow site being 0.22 eV and 0.37 eV higher respectively. [113] When a
carbon adatom interacts with a pristine graphene layer, some sp? C-C bonds may
switch to sp3-hybridization and get out-of-plane bonded with the adatom. The
calculated binding energy of a carbon adatom on bridge site is 1.2 — 1.8 eV. [114]
Lehtinen et al. (2003) demonstrated that the carbon adatom on graphene introduces a
magnetic moment of about 0.5 pg. [115] They have shown that the ab initio calculated
migration barrier for a carbon interstitial is 0.4 eV, which means the single carbon
adatom is highly mobile on the graphene sheet at room temperature and is difficult to

capture using TEM.
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Figure 2-12. Excess-carbon atom defects in graphene. (a) Atomic models showing two
carbon adatoms located on a pristine graphene layer, before reconstructed into the ISW defect
(b). The inset panel in (b) illustrates a SW rotation. (c) A further bond rotation indicated by the
black arrows in (b) results in the formation of a C, defect. (d) Four carbon adatoms
reconstructed into a C4 defect in (e). (f) Six carbon adatoms reformed into a Cs defect in (e).
All carbon adatoms are highlighted in yellow. (h—-k) Maximum filtered AC-TEM images
corresponding to the C,, C4 and Cs defects in (c, e and g) respectively with scale bars being 0.5
nm. (i) Perspective view of DFT calculated atomic model of a C, defect. (a—i) Reproduced with
permission from ref.[116], © 2014 American Chemistry Society.

If two carbon adatoms are successively incorporated into the graphene lattice, a 7-55-
7 configured defect can be generated. This defect consisting of two pentagons and two
heptagons is termed as an inverse Stone-Wales (ISW) defect, since its configuration is
the inverse version of 5-77-5 Stone-Wales (SW) rotation (inset in Figure 2-12b).
[72,117-120] DFT calculations show that the formation energy of an ISW defect is 6.2
eV, higher than that of a SW rotation (5 eV). A further step of bond rotation could

transform the ISW defect into a 3-fold symmetry defect shown in Figure 2-12c. Here,
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Cx is used to define the reconstructed excess-atom defect containing x additional atoms,
while a C» defect is defined only to refer the configuration in Figure 2-12c rather than
an ISW defect (Figure 2-12b). The formation energy of a C, defect calculated by DFT
Is 6.07 eV which is slightly lower than that of an ISW defect. The C» (555-777) (Figure
2-12h) defect was observed by Robertson et al. (2014) using an AC-TEM operated at
a low accelerating voltage of 80 kV, along with the C4 (555-777) (Figure 2-12j) and Cs
(5555-7777) (Figure 2-12k). [116] They have revealed that these defect are highly
immobile and the added carbon atoms would be quickly sputtered (less than 2 min)
under electron irradiation. The excess-atom defects shown in Figure 2-12 introduce
local out-of-plane distortion and generate hillocks, as demonstrated by the DFT
optimized atomic model in Figure 2-12i. [121] Although it has been proposed that these
defects can be used to tailor the electronic properties of graphene, [72,120] their

instability and short lifetime would make it a great challenge.

2.5.2 One-dimensional defects

2.5.2.1 Dislocation

Dislocations are practically one type of line defects which play a crucial part in
determining the strength of a material. The first concept of dislocation was proposed
in the beginning of 20th century for the purpose of explaining the plasticity of materials
in microscopic scale. Since then numerous research efforts have been devoted into this
field. Analogy to their role in bulk crystals, dislocations strongly affect the elasticity
and plasticity of graphene. [122-124] In bulk materials the real-time monitoring of
dislocations at the atomic level is restricted by the spatial and temporal resolution limits

of current characterization techniques. Graphene serves as a perfect candidate for AC-
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TEM characterization due to its two-dimensional nature. Sub-Angstrom resolution can
be achieved in the state-of-the-art AC-TEM which is sufficient to resolve each single
carbon atom. The study of dislocations in graphene provides a perspective in improving
the theoretical understanding of how dislocation affects the mechanical properties of

crystals. [125]

Figure 2-13. Schematic atomic models illustrating the formation of a pair of dislocations.
(a) Monolayer graphene sheet with a zigzag chain of carbon atoms removed, which
subsequently transformed into a pair of pentagon-heptagon dislocation cores, shown in (b) via
sp-bond reconstruction. Adapted with permission from ref.[125], © 2012 American

Association for the Advancement of Science (AAAS).

Because of the decreased dimensionality, screw dislocations which involve the
interaction between layers do not actually exist in graphene and only edge dislocations
can be found. [125] Figure 2-13 schematically illustrates the initial and relaxed
geometry of a graphene sheet with a zigzag chain of carbon atoms removed. The full
saturation of dangling bonds in the initial geometry leads to the formation of a pair of
pentagon-heptagon defects. The pentagon-heptagon configuration is the most

commonly reported (1, 0) dislocation core, which adds a row of atoms along the
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armchair axis. Similar conclusions can be reached if an armchair chain of carbon atoms
is removed. In theory, a pair dislocation can also be generated with zero density deficit
by separating the two pentagon-heptagon defects in a SW defect. Yazyev and Louie
(2010) found that the formation energy increases with the distance between two
dislocations and approaches a constant value, 6.17 eV for a single dislocation. [123]
This values is in the same order with those of simple point defects, such as SW rotations

(5 eV) and monovacancies (7.5 eV).

The direct observation of dislocations using TEM was first achieved in the 1950s.
Despite the low spatial resolution at that time, it is undoubtedly one of the most
important discoveries made by TEM in the past century. [50,51] In 1969, Cockayne et
al. introduced the weak beam method in TEM which enables them to determine the
position of dislocation lines with more accuracy. [126] Since then the TEM has been

extensively applied in imaging the structure and arrangement of dislocations. [127]

TEM operated at a low accelerating voltage has been long used to resolve the lattice
structure of graphitic nanomaterials. [77,95,128-135] First TEM studies of dislocations
in graphite were reported in the early 1960s. [136,137] In 1966, Roscoe and Thomas
built an atomic model of tilt-grain boundaries in graphite and proposed that the edge
dislocation consists of pentagon-heptagon pairs. [138] Hashimoto et al. (2004)
demonstrated that edge dislocations can be created in graphene layers when exposed to
the electron irradiation. [128] However, the lack of aberration-corrector and
monochromator prevented further imaging the atomic configuration of dislocations in

graphene.
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Figure 2-14. The migration of a dislocation in graphene. (a—c) Real-time AC-TEM images

showing the basic glide (b) and climb (c) motions of a 5-7 dislocation. The dislocation are
highlighted with white Ts. (d—f) Corresponding atomic models. Reproduced with permission

from ref.[56], © Copyright © 2012 American Association for the Advancement of Science.

In 2012, Warner et al. atomically resolved the structure of a dislocation pair in graphene
using an AC-TEM with monochromated beam source. [56] They have shown that
similar to those in 3D crystals, the dislocations in graphene also migrate via glide or
climb motions. In Figure 2-14, time sequential TEM images demonstrating the
migration of a 5-7 dislocation are shown. A SW-like bond rotation of the C-C bond
highlighted in yellow in Figure 2-14d and e leads to a lattice shift of the dislocation
colored in blue (a glide step), making the dislocation pair moving closer. The

dislocation then rapidly moves horizontally along the zigzag direction via the
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sputtering of a carbon dimer (a climb step). A maximum of 26% contraction and 27%
elongation of the C-C bonds in the dislocations have been revealed by directly
measuring the bond lengths in HR-TEM images. It is also indicated that the strain field

for both dislocations extends a few Angstroms to intersect.

The time interval between the TEM frames in Figure 2-14 is 2 — 3 min. In order to
increase the frequency of structural changes in graphene, Lehtinen et al. (2013) raised
the beam current density to 1x10% e nm?s?in an AC-TEM operated at 80 kV, which
is one to two orders of magnitude higher than that is used for normal defect examination.
[139] As a result, they have managed to observe the full life circle of dislocations in
graphene, from birth to annihilation. TEM images in Figure 2-15 illustrate the real-time
dynamics of the formation of a dislocation pair by the gradual sputtering of carbon
atoms under prolonged electron irradiation. A D1 (5-8-5) defect is created in the first
place, which can be seen as the assembly of two pentagon-heptagon defects (Figure 2-
15a). With the increase in the number of missing carbon atoms, the multivacancy
eventually rearranges itself into a missing chain of carbon atoms between two
dislocation cores (Figure 2-15e). This result corresponds to the previous theoretical
prediction that a dislocation pair is more energetically favored than a multivacancy
structure with >10 missing atoms. [140,141] Figure 2-16 shows a more complex form
of dislocation glide discovered by Lehtinen et al. [139] A SW bond rotation first occurs
next to the dislocation core, generating a 555-777 defect structure which can be
regarded as three adjacent dislocation cores (Figure 2-16b). This chain of dislocation

cores has been shown to have a lower formation energy in CNTs under high stress
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conditions. [142] A further SW bond rotation of another C—-C bond relaxes the upper

two dislocations and brings the initial dislocation two steps downwards.

Figure 2-15. AC-TEM images illustrating the birth of a dislocation pair in graphene. The
upper panels are the smoothed AC-TEM images. Their corresponding maximum filtered
frames are displayed in the panels below. The scale bar in panel a is 1 nm. Reproduced with
permission from ref.[139], © 2013 Nature Publishing Group.

Figure 2-16. Maximum-filtered AC-TEM images showing a complex glide step of a 5-7
dislocation. Reproduced with permission from ref.[139], © 2013 Nature Publishing Group.
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Figure 2-17. HR-TEM images showing real-time transformation from point defects to a

pair of 5-7 dislocations. Reproduced with permission from ref.[143], © 2014 The Royal
Society of Chemistry.

Lee et al. (2014) utilized a focused electron beam at 80 kV to create irregular defect
structures (Figure 2-17a) and observed the defects gradually reconstructed into a pair
of edge dislocations under electron irradiation in the imaging mode (Figure 2-17h).

[143]

Unlike bulk materials, freely suspended graphene membrane can flex and buckle in a
third dimension. [144-146] Theoretical modelling has revealed that the intrinsic
rippling structure is practically one of out-of-plane distortions that help to stabilize
graphene. [147,148] Since the TEM images are the 2D projection of the 3D object, the

bucking fields in graphene can only be indirectly observed as in-plane compressive
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strain. The length scale of the intrinsic buckling is 20 — 100 nm while the displacement
in z-axis is only 0.5 — 2 nm), which makes subsequent change in d-spacing resulting

from the lattice tilt quite inconspicuous even in AC-TEM.

Figure 2-18. TEM imaging of the out-of-plane deformations introduced by two
dislocations in graphene. (a) AC-TEM image showing two dislocation cores. (b) The same
image shown in (a) after several steps of image filtering. (c) Large field-of-view imaging of
ripping extending over a long distance. (d) A perspective view of the atomic model with the
same configuration in (a), relaxed in a molecule dynamics simulation. () Atomic model same
as that in (d), but with the system strained to be flat. (e,g) Simulated and filtered TEM images
correspond to the models in (d) and (f) respectively. Scale bars are 1 nm in panel a and e, and
5 nm in panel c. Reproduced with permission from ref.[139], © 2013 Nature Publishing Group.

It has been confirmed by various experiments that the graphene sheet can be
extensively rippled by introducing dislocations. [148-150] In Figure 2-18a an AC-

TEM image of two interacting dislocation cores (not a pair) is shown. Lehtinen et al.
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have discovered that the center of a tilted polygon in an AC-TEM image is less bright.
[139] They further applied a maximum filter to the image to amplify the darkness of
the tilted area (Figure 2-18b). There is an apparent dark contrast line between the
dislocation cores, suggesting that the projection size of graphene lattice along that line
is reduced. However, this could also result from the C—C bond contraction. To verify
which scenario happens, they performed TEM image simulation to a molecular
dynamics relaxed atomic model with same dislocation configuration, which is in good
agreement with the experimental results. Another simulation carried on the same
atomic model but strained to be flat shows no sign of dark contrast between the
dislocation cores, ruling out the effects of compressive strain of C—C bonds. Warner et
al. (2013) reported a method to remarkably increase the magnitude of rippling in
graphene by introducing a large number of dislocations using focused electron beam
with 80 keV energy in a TEM. [150] They raster-scanned the focused e-beam back and
forth in a graphene sheet in order to provide the scanned area with multiple short
exposures. By doing so they managed to create a large amount of dislocations without

opening holes at the same time.
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2.5.2.2 Gain Boundary

Figure 2-19. Mapping grains with different lattice orientations using dark-field TEM
imaging. The false color used in the dark field image corresponds to the diffraction spot circled
with the same color. Both scale bars are 500 nm. Reproduced with permission from ref.[129],
© 2011 Nature Publishing Group.

Figure 2-20. STEM images of a GB composed of adjacent pentagon-heptagon dislocations.
(a) STEM image showing two graphene grains intersect with a 27° mismatch angle. (b) The
same image from (a) with pentagons, heptagons and distorted hexagons highlighted in blue,
red and green, respectively. Both scale bars are 0.5 nm. Reprinted with permission from
ref.[129], © 2011 Nature Publishing Group.

Chemical vapor deposition is currently the only route to synthesize high quality
graphene on an industrial scale. However, CVD synthesized graphene is inevitably
polycrystalline and contains a large amount of GBs, which would introduce local
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property deviations and influence potential applications of graphene. As a result, GBs
in graphene have attracted far more research attention than point defects and

dislocations in both theory and experiment.

Grains with different orientations in polycrystalline graphene can be easily
distinguished in the dark-field (DF) imaging mode in a HR-TEM. By using an objective
aperture filter in the back-fold plane to one by one select the diffraction spots, the grains
corresponding to the selected orientations can be revealed in the real space, as shown

in Figure 2-19.

Recent advances in aberration correction in (S)TEM enable the direct observation of
the atomic configuration of the graphene grain boundary. Huang et al. (2011)
demonstrated that the atomic structure of the tilted grain boundary is an alternating
pentagon-heptagon chain using atomic resolution STEM imaging (Figure 2-20). [129]
This conclusion was later confirmed by a large number of TEM and STM observations.
[151-153] It has been suggested that the density of dislocation cores in a GB increases
with the mismatch angles. [124] Lahiri et al. (2010) also reported the observation of 5-
8-5 linear GBs (Figure 2-21) in polycrystalline graphene grown on Ni (111) by
chemical vapor deposition, the formation of which is due to the strong interaction

between graphene and Ni substrate. [109]
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Figure 2-21. STM image of an extended 5-8-5 configured GB in graphene synthesized by
CVD method on Ni substrate. Reprinted with permission from ref.[109], © 2010 Nature
Publishing Group.

In most cases graphene GBs are classified as symmetric and asymmetric. GBs from
CVD-synthesized graphene are often highly asymmetric and curved as shown in Figure
2-20. Westenfelder et al. (2011) demonstrated that highly meandering GBs could
reconstruct into symmetric ones under the combined effect of electron irradiation and
extreme heat (1000 °C). [154] Yang et al. (2014) reported that thermal annealing at
temperatures above 600 °C helps to straighten curved GBs and improve crystalline
quality of graphene. [153] The migration of GBs in graphene is very similar to that of
dislocations. Kurasch et al. (2012) revealed that it is mediated by the rotation of C—C
bonds under 80 kV electron irradiation by providing time sequential TEM images,
which resembles the glide motion of dislocations. [152] Lee et al. (2015) performed ab
initio simulation and suggested that GB migration could be also driven by the
evaporation of a carbon dimer, similar to the climb step of a 5-7 configured dislocation,

[155] which was later confirmed by the experimental results shown in Chapter 6.
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A large number of reports have indicated that GBs in graphene can strongly impact its
mechanical, electronic and chemical properties. [47,124,156-163] Wei et al. (2011)
revealed that GBs can either enhance or weaken the strength of graphene, dependent
on the detailed arrangements of pentagon-heptagon pairs. [156] Grantab et al. (2010)
suggested that the strain at failure and ultimate strength increase with the mismatch
angle of GBs in both zigzag- and armchair-oriented graphene using MD and DFT
calculations. [124] The 5-8-5 configured GB discovered by Lahiri et al. has been
reported to act as a quasi-one-dimensional metallic wire embedded in a perfect
graphene sheet. [109] Yazyev et al. (2010) identified the presence of a well-defined
transport band gap of 1.04 eV in graphene introduced by a particular asymmetric
graphene GB, which makes it promising to develop graphene-based transistors. [47]
Yasaei et al. (2014) observed that a GB has ~ 300 times higher sensitivity towards
absorbed gas molecules [dimethyl methylphosphonate (DMMP), chosen for its
electron-donating nature] than pristine graphene. [163] These findings open up new

pathways for the design of graphene sensors and devices.
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2.4 Conclusion

Graphene has grabbed appreciable research attention since its debut in 2004, mainly
because of its unique properties. A variety of synthesis routes have been developed to
produce graphene for multiple applications. Nevertheless, the law of physics has
determined the existence of a certain level of lattice disorder in all materials. The
imperfection in synthesis and transfer processes also introduces defects and
contaminations into the graphene lattice, which makes some if its extraordinary
properties remain only in theory. On the other hand, certain types of defects can be
intentionally doped to tailor graphene properties for nanoengineering and nanoscale

device fabrication.

Aberration-corrected high-resolution TEM plays a crucial role in not only direct
imaging the two-dimensional lattice in great detail, but also controllably creating
defects via electron irradiation. The application of AC-TEM has made a remarkable
contribution to numerous researches in the field of graphene and other 2D materials in
the past decade. This chapter highlights the pioneering studies on graphene ‘self-
doping’ defects, including point defects, dislocations and grain boundaries, and gives

the background for the next few chapters.
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Chapter 3

Methodology

3.1 Introduction

This chapter elaborates specific experimental and analytical techniques that are
exclusively applied in this research project, including CVD synthesis of graphene,
transferring onto TEM grids, AC-TEM imaging and image processing and analysis.
Instead of looking into the working principles of these techniques, this chapter focuses
on delivering the experimental details, such as CVD recipes, instrument models and
parameters. With the provided operation details, it is expected that all the experiments

and analysis performed in this thesis can be replicated.

3.2 CVD synthesis of graphene

Graphene was synthesized by atmospheric pressure CVD using the experimental set-
up illustrated in Figure 3-1.This method was originally developed by Dr Wu and his
colleagues. [36] Molybdenum (Alfa Aesar, 99.95% pure, 0.1mm thick) and high purity
copper foils (Alfa Aesar, Puratonic 99.999% pure, 0.1 mm thick) were cut into 1x1
cm? pieces and immersed into HCI solution (Alfa Aesar, 37% HCI:H20 = 1:3) for 2 —
3 min to wash off the oxide layer, followed by the sonication in acetone and IPA both

for 10 min.
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Figure 3-1 A photograph and schematic diagram of the CVD setup used to prepare
graphene samples in this thesis.

The pretreated Cu and Mo pieces were loaded into a ceramic boat with Cu on top and
Mo at the bottom, which was then placed in the middle of a 1-inch quartz tube in the
CVD system. The Mo act as a support layer to prevent melted copper from balling. The
CVD reaction can be divided into the following steps. First, 100 s.c.c.m. Hz/Ar (20%
Hz in Ar), 100 s.c.c.m. CHs (1% CHs4 in Ar) and 200 s.c.c.m. 100% Ar were flowed to
flush the system for 30 minutes. Afterward, CH4 flow was switched off and H> flow
was reduced to 80 s.c.c.m., while the reaction chamber was heated to 1090 °C to anneal

the sample for 30 min. Next, 10 s.c.c.m. of 1% CHs in Ar was added into the system
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for 90 min for graphene growth. Following this, the methane flow and furnace were

turned off, and the ceramic boat was moved out of the heating zone for rapid cooling.

3.3 Transfer onto TEM grids

A poly-methyl-methacrylate (PMMA) supportive scaffold (8% wt in anisole, 495K
molecular weight) was spin cast onto the graphene side of the graphene/Cu/Mo stack
at 4700 rpm for 60 s. The sample was then baked at 180 °C for 90 s in air for PMMA
to solidify. The Cu layer was etched by floating the sample on the mixed solution of
iron (111) chloride and hydrochloride for several hours. Mo was also etched by iron (111)
chloride but at a much slower rate than Cu. After the etching of Cu, the PMMA-
graphene film floated on the surface while the Mo layer sank to the bottom. The film
was then transferred onto the top of deionized (DI) water for 30 min using a clean glass
slide. This process was repeated three times to fully dissolve residual iron chloride,
before transferring the film onto targeted substrates. In this work, the PMMA/graphene
film was transferred onto a SisNs4 grid (Agar Scientific Y5385) or a heating grid
designed for in situ TEM experiments. The sample was left in the fume hood for 4 — 6
hours and heated at 150 °C for 15 min for complete drying. Eventually, the grid was
cured in the CVD furnace at 350 °C overnight to burn out PMMA, leaving only

graphene on the grid.
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3.4 Scanning electron microscopy/focused ion beam
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Figure 3-2. SEM micrographs showing TEM grids partially covered by monolayer
graphene film. (a,b) Agar Scientific Y5385 holey SisN4 grid. (c,d) Pt coil imbedded TEM chip
designed for in situ heating experiments (DENS Solutions SH30-4M-FS) with 0.2 x 3 um

windows fabricated by FIB. The green arrow in panel d indicates a window fully covered by

graphene and the red arrow indicate an empty window.

The instruments used in this thesis is Hitachi S-4300 field-emission SEM and ZEISS
NVision 40 FIB-SEM (Focused lon Beam-Scanning electron microscope dual system).
The FIB was used to fabricate 0.2 x 3 um windows in the SisN4 membrane of TEM
grids (DENS Solutions SH30-4M-FS, Figure 3-2d) designed for in situ transmission
electron microscopy. These windows as shown in Figure 3-2 allow HR-TEM imaging

of suspended graphene at atomic resolution.

SEM in this project was generally used to examine the coverage and surface cleanliness
of graphene on TEM grids at an accelerating voltage of 3 kV. In Figure 3-2, windows
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covered by graphene can be easily distinguished as their contrast is lighter than the

empty ones.

3.5 Aberration-corrected transmission electron microscopy

The atomic resolution TEM images analyzed in the following chapters were capture by
Oxford-Jeol 2200MCO field-emission TEM with a CEOS probe and aberration
corrector at an accelerating voltage of 80 kV. A Zemlin tableau is automatically
acquired by the software with beam tilts predefined by the user. A series of
diffractograms are taken on a very thin amorphous area with different tilt angles at
500K x magnification. Figure 3-3 shows a phase plate after aberration correction (a)

and a tableau of 21 diffractograms with an outer tilt angle of 24 mrad. The details of

residue aberration are listed in Table 3-1.

Figure 3-3. A Zemlin tableau taken with an outer tilt angle of 24 mrad before the
acquisition of images in real space. (a) Phase plate due to residual aberrations. (b) 21

diffractograms taken with different beam tilt angles using an enhanced tableau.
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Table 3-1. Details of the Residue Aberration in Figure 3-3

Aberration Coefficient Notation | Value
Defocus C1 -145.7 nm
2-fold astigmatism Al 289.9 pm
3-fold astigmatism A2 21.05 nm
3" order Spherical aberration | C3 - 1.247 pm
Coma B2 21.05 nm

These values vary each time the aberration correction software is run. In order to
achieve sufficient spatial resolution to resolve graphene lattice configuration, these
aberrations are limited within a specific range: A1 <1 nm; A2 <50 nm; B2 <20 nm; -
5 um <C3 <2 um; A3, S3 <1 um. After that the magnification can be raised to 1 —
2M x for graphene real space imaging. Original TEM frames were recorded using a
Gatan Ultrascan 4K x 4K CCD camera with 0.5 — 2 s acquisition time and 2 pixel

binning. The time interval between two sequential images are 5 — 15 s (mono-off).

A small proportion of TEM images shown in Chapter 4 — 7 were taken with the
additional use of a double Wien filter monochromator with a 7 pm slit which reduces
the energy spread of the electron beam to ~ 0.21 eV. Figure 3-4 shows the comparison
in spatial resolution between original TEM frames taken with monochromator on and
off. It is apparent that the application of monochromator significantly improves image
quality, but it also requires protracted time for the fine manual adjustment of
aberrations. The interval between two images are therefore extended to ~ 20 s on

average. In practice, a majority of TEM data in this thesis are recorded in mono-off
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mode, as the resolution in Figure 3-4b is sufficient to resolve the lattice structure in

graphene.

Figure 3-4. Original AC-TEM images acquired by Oxford-Jeol 2200MCO with

monochromator (a) and (b) off.

3.6 In situ heating holder

Heating experiments were performed using a commercially available in situ heating
holder (DENS Solutions SH30-4M-FS). Inside the holder, the specimen was heated by
passing a current through the platinum resistive coil which is imbedded in the TEM
chip (DENS Solutions DENS-C-30). As there is a linear correlation between
temperature and chip resistance, the specimen temperature can be measured and

controlled with high accuracy.
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3.7 AC-TEM image processing

Bandpass Gaussian .
(1-100 px) (radius 4 px) Adjust B&C Inverse contrast

Maximum
(radius 6 px)

Figure 3-5. An example showing the processing techniques of AC-TEM images. A
bandpass filter (1 — 100 pixels) is first used to even the image illumination (panel b), followed
by a Gaussian filter with a radius of 4 pixels (panel c). Subsequently, the brightness and contrast
of the image is adjusted. The contrast of the image can be inversed to show light atoms on a
dark background (panel €). A maximum filter can be applied to panel (d) to highlight the atomic
configuration of graphene.

Raw TEM data often has low signal-to-noise ratio and is hard to interpret via visual
inspection. Thus it is necessary to develop image processing techniques to facilitate
further inspection and analysis. Figure 3-5 shows the imaging processing procedure
employed in this thesis using the Image J software. A FFT bandpass filter (1 — 100
pixels) is first applied to remove the shading effect due to the uneven illumination
during image capturing (Figure 3-5b). The image is then blurred to further reduce the
noise using a Gaussian filter with a radius ranging from 2.0 to 6.0 pixels, depending on

the signal-to-noise ratio of the image (Figure 3-5c¢). Following this, the brightness and
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contrast (B&C) is optimized for a better visual effect (Figure 3-5d). Most raw TEM
images in this research show dark atoms on a light background and the contrast can be
inversed using ImageJ (Figure 3-5e). Sometimes in order to highlight non-hexagon
rings in graphene, a maximum filter with a radius of 4-6 pixels is applied (Figure 3-

5f).,

3.8 AC-TEM image analysis and simulation

3.8.1 TBMD and DFT calculations

The density functional theory (DFT) and tight-binding molecular dynamics (TBMD)
simulations are performed by Professor Gun-Do Lee at Seoul National University. The
atomic models which correspond to the graphene lattice to analyze are initially
prepared in Accelrys Discovery Studio 3.5 Client. DFT calculations are were carried
out within the generalized gradient approximation of Perdew—Burke—Ernzerhof (PBE)
functional using Vienna ab initio simulation package (VASP) code. [164,165] TBMD
simulations are performed using a modified environment-dependent tight-binding
(EDTB) carbon potential, [166] which is modified from the original EDTB carbon
potential to study carbon sp? bond networks, [167] and has been successfully applied
to investigations of various defect structures in graphene and carbon nanotubes. The

details of the TBMD simulation methods have been described in ref.[168].

3.8.2 JEMS simulation
TEM image simulation is an important tool in TEM studies, as it gives the simulated

TEM view of a predefined structure that can be used to compare with the real images.
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All simulations shown in the following chapters are performed in the JEMS software
(developed by Dr P. A. Stadelmann). The DFT/TBMD optimized atomic models are
converted into JEMS readable files using a Python script provided by Dr C. S. Allen.
The simulated images are produced based on multislice algorithms in the software.
[169,170] The defocus spread, 2-fold, 3-fold astigmatism and coma of simulated
images can be adjusted in JEMS using aberration data from real experiments (Section

3.5).

3.8.3 Geometric phase analysis
Geometric Phase Analysis (GPA) was performed in Digital Micrograph using Koch’s
FRWR tools plugin, based on the methods proposed by Hytch et al. [171] The details

of this analysis approach are discussed in Chapter 4.
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Chapter 4

Spatial Dependent Lattice Deformations for Dislocations at

the Edges of Graphene

4.1 Introduction

Dislocations play a key role in the plasticity of materials and their 3D deformations.
[172-174] However, a century after it was first proposed, the real-time atomic-scale
motion and annihilation of dislocations in 3D crystals is still limited. Graphene is a
one-atom-thick crystal with extraordinary electronic, magnetic and mechanical
properties, which are easily affected by defects and dislocations. [1,5,9,175-178] The
two-dimensional nature of graphene makes it a perfect candidate to study dislocations

at the atomic level using transmission electron microscopy (TEM). [56,128,139]

High resolution TEM operated at an accelerating voltage of 80 kV drastically reduces
knock-on damage to graphene. When chromatic aberration effects are reduced by
monochromation of the electron source combined with aberration correction it is
possible to obtain ~ 80 pm spatial resolution. [77,108,179,180] Recent work showed
that focusing an electron beam at 80 keV greatly increases the beam current density
and it can controllably create defects in graphene including vacancies, dislocations and
holes. [73] These defects are likely to be introduced by a complex chemical etching
process, rather than direct knock-on sputtering. The formation, migration and

interaction between two dislocations have been illustrated recently at the atomic level
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using AC-TEM. [56,139] It has also been reported that a dislocation in graphene is a
very stable form of defect, which can only be eliminated from the lattice of graphene
by either annihilation from two opposite orientated dislocations or by migration to the

edge of the lattice. [143,181]

Freely suspended graphene membranes can flex and buckle in z-direction.
[144,146,182] Rippling is an out-of-plane distortion that is thought to help stabilize
graphene. [147,183] It was theoretically predicted and later experimentally confirmed
that dislocations lead to rippling in free-standing graphene sheets. [148-150] The study
of how dislocations behave close to the edge of graphene has not been experimentally
examined and is the subject of this chapter. By using atomic resolution TEM this
chapter aims to understand the changes in the local strain properties around dislocations

at the edge compared to those located in the bulk.
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4.2 Results and discussion

4.2.1 Creation of dislocations and edges

Dislocations were created in graphene using a focused electron beam, as previously
reported, and in some circumstances holes opened up next to the dislocations to provide
an edge to interact with. [73] Figure 4-1a shows the formation of a hole and two
pentagon-heptagon dislocation cores after the first exposure to the focused beam for 60
s. Once the edge is created, the atoms on the edge are susceptible to sputtering by the
80 keV electrons. A second and third exposure to a focused electron beam for 60 s after
10 and 15 min accelerated the sputtering of edge atoms. After that the beam was
expanded back to image the irradiated area (Figure 4-1b—d). When the beam current
density was reduced to ~ 10° e nm s in the imaging mode, the hole still kept on
expanding, but at a very slow radial expansion rate of 1.4 pm s. With the gradually
sputtering of carbon atoms on the edge, the distance between the edge and the
dislocations was reduced. The dislocation on the right side finally vanished 27 min
after it was created (Figure 4-1e and f). The 55-77 and 555-7-8 defects on the left side,
indicated in Figure 4-1c and e are the reconstructed dislocation structure with a Stone-
Wales rotation to the pentagon-heptagon structure. The two dislocation cores
highlighted in Figure 4-1 are not paired, i.e., they do not have opposite direction, which
means there must be at least two more dislocations within this local area. These two
dislocations are highlighted because one of them is located near the edge (yellow box),
whereas the other is located further away from the edge (white box). This gives a good
comparison between the behaviors of dislocations at the edge and in the bulk. In order

to understand what changes may result from a dislocation being located near the edge
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of graphene, density functional theory (DFT) calculations of similar atomic structures

were performed.

Figure 4-1. AC-TEM images showing the formation of dislocations near the edges of holes
in graphene (magnified and maximum filtered views shown in the insets). Images were taken
attimesof (@)t =0, (b)t=7minand 13s, (¢c)t=12minand 41 s, (d) t=18 minand 41s, (e)
t=25minand 24 s, (f) t =26 min and 40 s. The scale bar in panels a is 2 nm. The color scheme
in the maximum filtered images represents the number of carbon atoms in each ring, with 5 =

yellow, 7 = blue, and 8 = pink.
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4.2.2 Lattice deformation introduced by dislocations at different positions

Figure 4-2. Density Functional Theory (DFT) simulations of ripples introduced by two
dislocations located at different positions in graphene and their analysis. (a—¢) DFT
calculated atomic models of graphene with two dislocations (one in the center and one at the
edge) (top, side and 3D views), provided by Professor Gun-Do Lee’s group from Seoul
National University. Multislice images simulation (e) is applied to the atomic model of the red
box in a (d) with - 2 nm defocus and 4 nm defocus spread. (f-i) Geometric phase analysis (GPA)
strain plots (f) ex, (9) &x, (h) &y and (i) rotation (radians) based on the image in e. Color scale
bar used for GPA plots is in panel f (-1 to 1).

59



Figure 4-3. AC-TEM images of graphene with dislocations and their GPA plots. Smoothed
AC-TEM images taken (a) before and (f) after Dislocation B disappeared. (b—e) GPA analysis
based in panel a with (b) &x, (C) &xy, (d) &y and (e) rotation (radians). (g—j) GPA analysis based
on panel f with (g) ex, (h) &y, (i) &y and (j) rotation (radians). Time between panels a and f is

67 s. The scale bar in panel a is 2 nm.
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Figure 4-4. Smoothed and maximum filtered AC-TEM images and accompanying GPA

plots of both dislocations cropped from Figure 4-3a. (a) Same TEM image as in Figure 4-
3a with a dashed yellow rectangular box showing the cropped area presented in (b). (c)
Maximum filtered image of panel b. (d—g) GPA plots of panel b, (d) &, (€) &y, (f) &y and (g)
rotation (radians). (h) Binarized version of panel f, with the area where &,, < - 0.1 being black,
rest being white. (i) Binarized version of panel g, with the area where |rotation| > 0.1 is black.

The scale bar in panel a is 2 nm.
Figure 4-2a—c shows the atomic model of two separated dislocations in graphene
calculated by DFT. The simulation results indicate that both dislocation cores introduce

rippling. Furthermore, it can be observed that the size of the ripple introduced by the
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dislocation near the graphene edge is smaller than that introduced by the dislocation in
the center of graphene. A rough value of the height of the two ripples is measured and
shown in Figure 4-2c; the ripple introduced by the central dislocation is about twice
(0.2 nm) that of the one located near the edge (0.1 nm). To further study the difference
in lattice distortion introduced by two dislocations, a multislice image simulation using
the DFT atomic model (the red box region in Figure 4-2a) was performed, shown in
Figure 4-2d, and then analyzed the image using geometric phase analysis (GPA).
Applying GPA to HR-TEM images is an effective way to identify and measure the out-
of-plane distortion of graphene. [56,150,169-171] Previous research has demonstrated
that the tilting of graphene lattice in z-direction is resolved as a noticeable decrease in
lattice spacing in HR-TEM images, as the 2D projection of graphene 3D structure. [150]
Theoretical simulations also indicated that C—C covalent bond lengths barely changed
within the hexagonal rings. Thus, the “compression” in strain plots conducted by GPA
can be interpreted as the lattice tilting of ripples, which is confirmed by the ex strain
plot in Figure 4-2f. The magnitude and location of the green region (corresponding to
- 0.2 in strain) in Figure 4-2f are in accordance with visual inspection of the atomic
model in Figure 4-2c. The rotation plot from GPA can also be used to measure the in-
plane C-C bond rotation. The light blue region (corresponding to + 0.2), indicated with
a white dashed circle in Figure 4-2i, shows the area with significant bond rotation,

which is mostly located between the right dislocation and the edge.

61



4.2.3 Bond rotation and other defect structures at graphene edge

In Figure 4-3 the experimental TEM images are examined. Figure 4-3a shows both
dislocations cause lattice distortion of the surrounding area (indicated with red lines).
When the dislocation disappeared, the additional row of atoms and the lattice distortion
were eliminated (Figure 4-3f). This result is further analyzed using GPA, as is shown
in Figures 4-3b—e and g—j. The “compression” shown in GPA plots (exx, exy and &yy) in
Figure 4-3 is due to the tilting of the graphene lattice from ripples. Figure 4-4 shows
the GPA in higher magnification. The green region (corresponding to - 0.2 in strain) in
exx, &y and eyy strain plots represent the regions with significant change in lattice
distance. In a similar way, the light blue and green colors in the rotation plots in Figure
4-3f,j and 4-4 indicate noticeable in-plane C—C bond rotation in these regions. It is
found that the dislocation at the inner side of graphene (A) causes a much larger
rippling of its surrounding area. The relative rippling area where &y < - 0.1 (black
region in Figure 4-4h) introduced by Dislocation A (0.215 nm?) is ~ 18 times that
caused by Dislocation B (0.0120 nm?). In the maximum filtered image (Figure 4-4c),
the pentagon in Dislocation A and its neighboring hexagon are far less regular and less
clearly resolved than those in Dislocation B, which also suggests Dislocation A causes
a more severe out-of-plane distortion than B. On the contrary, the in-plane rotation
(Jrotation| > 0.1) caused by Dislocation A is only restricted in a small surrounding area,
while that of dislocation B extends to a much larger area out to the edge. The strain
introduced by the dislocation is accommodated differently if the dislocation is located

near the edge of graphene. It gives rise to extensive in-plane rotation in the lattice
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between the dislocation and edge, rather than “hillocks” (large area of out-of-plane

distortion) resulting from ripples.
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Figure 4-5. Bond rotations at the edge of graphene. AC-TEM images of the edge of
graphene (a) before and (d) after a bond rotation at the edge. (b) Maximum filtered image of
(a), with magnified view shown in the inset. (c) Rotation plot from GPA of the cropped area in
panel a. () Maximum filtered image of (d), with magnified view shown in the inset. (f)
Rotation plot from GPA of the cropped area in panel d. (g) Boxed line profile from the dashed
square in panel ¢ and f showing the average rotation over vertical 158 pixels corresponding to

a distance of 0.65 nm. The scale bar in panel a is 2 nm.
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Instead of a large area of C—C bond rotation, the lattice mismatch introduced by the
dislocation can also be accommodated by defect structures at the edge. Bond rotation
of edge atoms is the most frequently observed behavior, shown in Figure 4-5d and 4-
6a. Two similar TEM images, one with Stone-Wales rotation on the edge (Figure 4-
5d), the other without (Figure 4-5a) are analyzed. The rotated area (green and blue area
in rotation plots) around the dislocation core reduced significantly with the Stone-
Wales rotation on the edge (Figure 4-5c, f). The mean value of rotation in the vertical
direction of the same region away from the dislocation in both images is also measured.
The result shown in Figure 4-5g reveals that the existence of Stone-Wales rotation on
the graphene edge can lead to the decrease of rotation in the area far from the

dislocation core.

Figure 4-6. Different kinds of defects found at the edge of graphene when a dislocation is

nearby. AC-TEM images (with corresponding maximum filtered images below) showing (a)
bond rotation, (b) an isolated pentagon, (c) a 5-7-5 structure, (d) double bond rotation structure,
(e) a 555-8 structure. The scale bar in panel a is 1 nm. The color scheme in the atomic models

represents the number of carbon atoms in each ring, with 5 = yellow, 7 = blue and 8 = pink.
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To study the time-dependent edge structure with the dislocation nearby, in total 54
TEM images over 608 s, with 11 s per image on average were taken. About 40 images
were taken when the dislocation was near the edge and the remaining 14 were taken
after the dislocation disappeared by migrating to the edge. Along with the bond
rotations, various other types of defects were also found on the edge, which are listed
by the frequency-of-occurrence in the 40 images in descending order. The bond
rotation was present in 31 out of 40 images (Figure 4-6a) in the exact same position.
The individual pentagon was the second most frequently occurring structure (18 times),
shown in Figure 4-6b. The 5-7-5 reconstructed edge (Figure 4-6¢) and the double bond
rotated structure (Figure 4-6d) both occurred 6 times. And the 555-8 structure (Figure
4-6e) which might go through several rotations and edge reconstructions, showed up 5
times. After the dislocation disappeared, none of these structures appeared in the
remaining 14 images for 2 min 9 s as is shown in Figure 4-3f, indicating they are
primarily caused by the dislocation. It is worth noting that bond rotations and defects
can still occur at the edge of holes, without nearby dislocations, it is just that the
frequency of occurrence drops dramatically. However, small holes have curvature
effects, which are absent from large holes, and this can also increase the occurrence of
bond rotations at the edge. The hole examined in Figure 4-6 was large enough that

curvature did not play a major role.
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4.2.4 Migration of dislocation to graphene edge

-

[ XY t i d i Edge
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Figure 4-7. AC-TEM images taken (a) before and (b) after a dislocation disappeared, with

magnified, maximum filtered views and atomic models presented in the insets. The time
between two images is 67 s. The scale bar in panel a is 2 nm. (c) Atomic models showing two
possible paths of how the dislocation glides to the edge. The color scheme in atomic models
represent the number of carbon atoms in each ring, with 5 = yellow, 7 = blue. Orange lines

indicate the distortion of the graphene lattice line is released when the dislocation is gone.

Figure 4-7 discusses some of the final structural pathways that could lead to the
dislocation migrating to the edge. There are numerous ways in which the dislocation
can make this journey, and therefore only simplest pathways are discussed here. Figure
4-Ta shows the dislocation close to the edge, with the orange line indicting the
curvature of the lattice, and in Figure 4-7b, the dislocation is gone and so too has the
curvature. The disappearance of the dislocation between Figure 4-7a and b can be
explained by several glides via bond rotation. Figure 4-7c gives two possible
explanations. In path 1, three bond rotations occur first. As a result, the heptagon in the

dislocation core disappears to the edge and the lattice distortion is released. After the
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sputtering of the green atoms by the electron beam, the atoms highlighted in red are
rotated to form a 6 member ring. Figure 4-7¢ shows a second path in which green atoms
are etched first, followed by two bond rotations. Consequently, the lattice distortion is
released and a 5-7-5 edge structure is formed. 5-7-5 then reconstructs into three
hexagons with an additional carbon atom. Both pathways presented in Figure 4-7
require the dislocation to move along its glide plane through at least two bond rotations
to reach the edge. Prior to this the dislocation remained fixed in its position. DFT and
TBMD calculations (Figure 4-8) indicate that it is energetically favorable for the

dislocation to glide toward the edge of graphene once it is close enough.

Erp =4.92 eV Ers=0eV
Eprr = 5.15 eV Eyer=0eV

Figure 4-8. Tight-bonding molecular dynamics (TBMD) and DFT calculated relative
formation energies for graphene with dislocations located at different positions near the
edge, with the formation energy in panel b set to zero. The simulation results are provided

by Professor Gun-Do Lee’s group from Seoul National University.
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4.3 Conclusions

The ability to track in real time two dislocations in graphene, one near a hole and
another within the bulk, has allowed the understanding of local strain properties and
how the dislocation affects the edge of graphene. The dislocation near the edge causes
larger in-plane C—C bond rotations at the expense of reduced “hillocks” caused by out-
of-plane distortions. Bond rotations at the graphene edge help alleviate the strain from
the in-plane lattice rotations caused by nearby dislocations. Dislocations remained
localized in their positions even to within a few lattice spacings of the edge, before it
either glides toward the edge or the edge is sputtered all the way to the dislocation and
it then disappears. These results provide important fundamental insights into the
behavior of edge dislocations in graphene in the bulk and near the edge. The strain
properties induced by the dislocation are substantially different when near the edge and

highlight the sensitivity to the local structural environment.
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Chapter 5

Thermally Induced Dynamics of Dislocations in Graphene

at Atomic Resolution

5.1 Introduction

The exceptional electronic, magnetic, and mechanical properties of graphene can be
modulated by introducing defects and excess-atoms. [1,5,9,175,177,178,184-186]
Dislocations have higher stability against quenching compared with other intrinsic
defects such as monovacancies and divacancies. [140,187] A dislocation in graphene
can be annihilated through either the recombination of two opposite orientated
dislocations or by gliding toward the edge of graphene. The movement of dislocations
plays a crucial role in determining the macroscopic plastic deformation of materials,
especially at elevated temperatures. Thus, understanding the atomic structure and
dynamics of dislocations in graphene is of significant importance for developing a
complete structure model. Various work over the years has revealed that the motion of
dislocations in CNT and graphene is quite different from that in three-dimensional
crystals. [139,140,188-192] The migration of dislocations in graphene normally occurs
by Stone-Wales (SW) bond rotations (glide) or the loss of a carbon dimer (climb) at
certain positions. Due to the high surface-to-volume ratio, dislocations are also found
to introduce rippling (out-of-plane distortion) in free suspended graphene.

[143,144,150,182,193] Despite the large amount of research in the structural study of
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graphene, only few reports have focused on the high temperature dynamics of defects
and dislocations in graphene and other carbon nanomaterials. Kotakoski et al. have
studied the random walk and structural changes of divacancies in graphene under
electron irradiation in an aberration-corrected scanning transmission electron
microscope (STEM). [101] Suenaga et al. reported the direct imaging of pentagon-
heptagon defects in a SWNT at equivalent temperatures of 2273 K, which are suggested
to be responsible for the plasticity of the material. [194] He et al. have studied the
atomic structure of graphene edges at different temperatures using both TEM and
STEM and have proved the edge configuration in graphene is temperature dependent.
[195] Huang et al. have also performed in situ HR-TEM experiments at more than
2000 °C and observed the superplasticity of SWNTs and the shrinkage of giant
fullerenes. [196,197] The dynamics for the migration of isolated dislocations at

elevated temperatures has not yet been explored.

Aberration corrected transmission electron microscopy (AC-TEM) has been a powerful
tool in resolving the graphene lattice and controllably creating defects in graphene with
a focused beam. With aberration correction and a monochromated electron source, it is
possible to obtain a spatial resolution of 80 pm. [102,107,179,192,198,199]
Experimental analysis suggests that operating TEM at or below an accelerating voltage
of 80 kV could remarkably reduce electron irradiation damage to the graphene
specimen, but does not prevent occasionally sputtering of carbon atoms and bond

rotations. [64,66,73,77,134]

In this chapter, an in situ heating holder within an AC-TEM is utilized to study the

atomic structure and dynamics of dislocations in graphene at different temperatures.
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Defects were initially created by focusing the electron beam onto the sample using a
previously reported approach and then searching for isolated dislocation cores to study.
[73] An accelerating voltage of 80 KV is used to acquire atomic-resolution images with
minimized knock-on damage when using a beam current density of ~107 e s nm=,
The contribution of electron beam impacts to the dynamics of dislocations may not
depend heavily on temperature, and by increasing the temperature, addition movement

of dislocations associated with increasing thermal energy is detected.

5.2 Results and Discussion

5.2.1 Dislocation behavior at different temperatures

The pentagon-heptagon (5-7) configuration is the most commonly reported structure
of a dislocation core in graphene. The migration of a dislocation can be accomplished
by either a Stone-Wales bond rotation (a glide step) or the removal of a carbon dimer
(a climb step). The bond-rotation driven dislocation glide was reported by Yakobson
as early as 1998 in simulating the mechanical relaxation in CNTs. [188] In 2007,
Ding et al. further showed that the pseudoclimb of dislocation also plays a role in the
plastic elongation of CNTs. [189,190] The activation energy for a bond rotation is
calculated to be 510 eV, depending on the local sp?-bond configurations. [76,96] The
density functional theory (DFT) calculation gives a value of 6.95 eV for a basic glide
motion, which is significantly higher than the thermal vibration of the graphene lattice
(0.068 eV), [78] and results in a dislocation at room temperature that is fixed in its
position. Figure 5-1 is an example showing a dislocation that remains in its position
over 7 min and 13 s. However, in some cases under 80 kV electron irradiation, a SW
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rotation is induced by the electron beam, as is shown in Figure 5-1b,d. [98,200] Both
rotated defects remain stable for more than 60 s, as the energy barrier for the SW

rotation to unwind is ~ 5 eV.

Figure 5-1. Beam-driven structural changes of a dislocation in graphene at room

temperature. A total of 35 images were taken over 7 min and 13 s. (a—e¢) AC-TEM images
showing the structural changes of a dislocation under electron irradiation. The lifetime of the
structure shown in panels b and d is 73 + 14 and 92 * 14 s, respectively. (f—j) Atomic models
of (a—e) with blue arrows and atoms highlighted in red indicating bonds that undergo a SW
rotation in the next panel. The color scheme in the atomic models represents the number of
carbon atoms in each ring, with 5 = yellow and 7 = blue. (k-0) Multislice simulated TEM
images with 1 nm defocus and 4 nm defocus spread using the atomic models in (f),

respectively. The scale bar in panel ais 1 nm.

Figure 5-2 shows a sequence of AC-TEM images of a dislocation core in graphene at
500 °C. The dislocation no longer stays immobile as it did at room temperature. It
slowly shift its position by SW rotations, the trajectory of which is shown in Figure 5-

2c. The migration path of the dislocation is one-dimensional restricted in the gliding
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plane at 500 °C. Four glide steps in a time period of about 9 min occurred. No climb

steps were observed at room temperature or 500 °C.

Figure 5-2. Migration path for a dislocation in graphene at 500 °C. A total of 39 frames
were taken over a period of about 9 min and 10 s. (a—d) AC-TEM images showing the position
of an isolated dislocation core. The trajectory is drawn by connecting the central point of the
pentagon from each dislocation with white dashed lines. The start and end position are
indicated by a filled and a hollow circle, respectively. (e-h) Corresponding atomic models. The

scale bar in panel ais 1 nm.

When the temperature of the specimen is increased to 700 °C, dislocations start to move
more rapidly via both bond rotations and removal of carbon dimers. The migration path
of a dislocation at 700 °C in 13 min and 38 s is shown in Figure 5-3. The time interval
between each AC-TEM frame is ~13 — 15 s. Only the frames in which the dislocation
shifts its position and is relaxed to the form of isolated pentagon—heptagon are included
in Figure 5-3 (Figure 5-3n is an exception for the dislocation directly glided to its
position in Figure 5-30 without the bond rotation reverted). Twenty-four glide and

eight climb steps are detected during the imaging period.
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Figure 5-3. Trajectory of a dislocation in graphene at 700 °C. A total of 63 frames were

recorded over 14 min and 30 s. Only those frames where the dislocation is in the form of an

isolated pentagon-heptagon (expect panel n) are included. The scale bar in panel a is 1 nm.

The trajectory of the dislocation in Figure 5-3is apparently different from the
previously reported random walk of point defects in graphene. [101] This is due to the
different mechanisms for the glide and climb behavior. The glide motion for the 5-7
dislocation occurs rigorously along the Burger vector via the rotation of a carbon dimer
by 90° of its middle point (marked by the red ellipse in Figure 5-4a). Since there is no
other defect nearby for the dislocations in Figure 5-2 and 3 to interact with, it is of
equal probability for the dislocation to glide toward both directions in the slip plane.
On the other hand, the climb motion is perpendicular to the slip plane, requiring the
removal of a pair of carbon atoms (highlighted by the green ellipse in Figure 5-4a).
Theoretically, a dislocation can climb toward the opposite direction by introducing two
extra carbon atoms to the graphene lattice, which is however not observed in this
specific study. This is probably because after the ejection of the first carbon atom, it

requires far less energy to sputter the under-coordinated carbon atom, while
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successively incorporating two carbon atoms into the graphene lattice is a more
difficult process. Thus, all the climb components in the trajectory are in the same
direction, which leads to the migration path schematically shown in Figure 5-4b with

glide motions combined.

5.2.2 Mechanisms for dislocation behavior at elevated temperatures

38 o
. o\\ 00
©

Figure 5-4. Schematic diagrams showing the possible migration directions for
dislocations in graphene. (a) A dislocation can migrate along the gliding plane via bond
rotations (basic glide step, indicated by the red arrows) or perpendicularly to the gliding plane
via the removal of a carbon dimer (basic climb step, marked by the green arrow). (b) Schematic
trajectory of a dislocation with both glide and climb motions involved. A complex migration
step can be regarded as several equivalent basic glide and climb steps, which is particularly
discussed in Figures 5-6-10.

Here, the theory for the dependence of both glide and climb steps on temperature is
discussed. The behavior for dislocation glide can be explained by the two-dimensional
diffusion. According to the definition of two-dimensional diffusivity, the diffusion

coefficient is calculated by
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where § is the average jump distance and 7 the jump time. It is assumed that the glide
motion over more than one lattice is accomplished by several separate basic steps. The
jump distance of each step is approximately equivalent to the graphene lattice constant
0.24 nm. Some migration steps consist of both glide and climb behavior and only the
displacement in gliding plane is taken into calculation. By analyzing the data in Figure
5-2 and 5-3, D = 1.51 x 10 nm? 571 (773 K) and 4.10 x 10~* nm? s71(973 K) is obtained.
In this experiment, the glide motion of the dislocation is driven by both the thermal
energy and electron beam irradiation. The relation between diffusion coefficient and

experimental conditions is given by

D= Doe(~ )
it kBT + Ebeam

in which D, is the diffusion constant, kg = 8.617 x 10~° eV/K the Boltzmann
constant, E}, the diffusion energy barrier for a bond rotation which is 6.95 eV calculated
by DFT. Ep.qam represents the contribution of electron beam in driving dislocation
glide, while kgT represents the contribution from thermal energy. As the number of
scattering events is in proportion to the beam current density and the imaging condition
(beam current density) is basically the same for experiments preformed at different
temperatures in this chapter, Ep.qom Can be treated as a constant. Putting the

experimental measured diffusion coefficient into the equation gives

Dy

E E
= = exp(— 2 2
Dz

+ .
kgT1+Epeam kBT2+Ebeam)

Epeam 1S the only unknown in the expression, solving gives Ej.qm = 0.353 eV.
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The theory above can only be used to analyze the temperature-dependent glide motions.
The climb behavior, however, needs to overcome a much higher energy barrier and
further involves atom loss. It is studied by calculating the sputtering cross section using
the analytical method developed by Meyer et al. [66] The minimum energy to sputter
a three-coordinated carbon atom from the pristine graphene lattice is approximately 22
eV. [64-66,201] However, a dislocation introduces an out-of-plane distortion in the
local area. The displacement threshold energies in curved area are calculated to be
lower. [190] The threshold for removing a carbon atom from the pentagon in a 5-7
configured dislocation is calculated to be 2 — 3 eV lower. [139] Thus, in this work the
threshold for a climb process is assumed to be 19 eV, which is used to calculate the
sputtering cross section as a function of temperature, the result of which is shown in
Figure 5-5 and Table 1. The cross section for sputtering a carbon atom in the pentagon
Is 40 — 600 times that in the perfect lattice, which explains why the atom loss is only
observed in or next to the dislocation rather than the creation of new defects in the
pristine lattice. The curve shows a strong positive correlation between the sputtering
cross section with a 19 eV-threshold and specimen temperature, which provides

theoretical support for the temperature-dependency of the climb motion.
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Figure 5-5. Dependence of carbon displacement cross section on temperature where
sputtering threshold energy is 22 eV (blue) and 19 eV (red).

Table 5-1. Comparison of Displacement Cross Sections at Three Different Temperatures
Where Thresholds Are 19 and 22 eV, Respectively

Temperature (K) 293 773 973

Tinr=19 eV | 0.0893 0.390 0.602
Sputtering Cross Section (barn)
Twn=22eV  1.43x10* | 5.84x10° | 1.62x102

5.2.3 Complex migration motions for dislocations

The higher frequency of dislocation motions at elevated temperatures allows more
opportunity to study the detailed structural change of a dislocation in a migration
process. It is observed that in the majority of cases the dislocation migration at elevated
temperatures is still accomplished by basic glide and climb steps. However, in rare
cases, the 5-7 dislocation reconfigures into a complex defect structure as an
intermediate state during the migration process. A basic glide step is normally done by

a SW bond rotation of two neighboring carbon atoms in the heptagon. However, at
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500 °C, a complex glide step is observed in which two carbon atoms next to the
dislocation core (highlighted in red in Figure 5-6d) underwent a SW rotation in the first
place, forming a 555-777 defect structure (Figure 5-6e), which is reported to have a
lower formation energy in carbon nanotubes. [142] The defect can be regarded as the
assembly of 5-7 dislocation and a SW defect, or three adjacent dislocation cores. With
the SW defect on the left side unwound, the dislocation shifted two lattices away from
its original position. The same process has been reported by Lehtinen et al. in the TEM
imaging of graphene at room temperature using a higher beam current density of 1 x

108 e st nm2. [139]

The climb process could occur in a similar way at 700 °C by generating a complex
defect as an intermediated structure. In Figure 5-7, a SW rotation next to the dislocation
core first took place (Figure 5-7d), forming a defect structure (Figure 5-7¢) which could
be seen as the assembly of a 5-7 dislocation and an inversed-Stone—Wales (ISW) defect
(the 7557 structure in the dashed ellipse). After the removal of the highlighted carbon
dimer in Figure 5-7e, the defect eventually annealed back to a normal dislocation core,
as shown in Figure 5-7c,f. The whole process is equivalent to one basic glide plus one

basic climb step.
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Figure 5-6. Complex glide of a dislocation in graphene at 500 °C. (a) AC-TEM image of a

pentagon—heptagon configured dislocation core. (b) A SW rotation next to the dislocation leads
to the formation of three adjacent dislocation cores. (c) The SW defect on the left side is relaxed,
leaving a dislocation two lattice away from its original place. (d—f) Atomic models
corresponding to the TEM images. The scale bar in panel a is 1 nm. The color scheme in the
atomic models represents the number of carbon atoms in each ring, with 5 = yellow and 7 =

blue.
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Figure 5-7. Complex migration of a dislocation at 700 °C. (a) Gaussian-filtered AC-TEM
image of a 5-7 dislocation. (b) An evolved dislocation structure following a SW rotation. (c)
The removal of a carbon dimer transforms the structure back to a 5-7 dislocation. (d—f) Atomic
models corresponding to panel a—c. Bonds that undergo a SW rotation in the next panel are
highlighted in red and by the blue arrows. Atoms to be removed are highlighted in green. The
scale bar in panel a is 1 nm. The color scheme in the atomic models represents the number of

carbon atoms in each ring, with 5 = yellow and 7 = blue.
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The energy barrier for this process is calculated using DFT. The result is shown by the
blue curve in Figure 5-8, with two different possible pathways as a comparison. It is
revealed that a bond rotation next to the dislocation core needs to overcome an energy
barrier 1.27 eV higher than the bond rotation associated with a basic glide step. On the
other hand, the energy barrier for evaporation of the highlighted dimer in the 7557-57
defect in Figure 5-6e is 1.12 eV lower than a basic climb motion. This is in accordance
with the previous work which reported the instability and a relatively short lifetime of
an ISW defect under electron irradiation. [116] The total formation energy of the
system does not change much after the bond rotation but is increased by 12 — 13 eV
after the dimer sputtering, which explains why the bond rotation is more frequently

observed in this experiment than atom displacement.

Figure 5-9 and 5-10 are two examples showing more complex evolution of dislocations
under electron irradiation at 700 °C. A dislocation core in Figure 5-9 a first underwent
carbon dimer sputtering in the pentagon, leading to the formation of a 5-77-5 defect
(Figure 5-9b). A further SW rotation transformed the structure into an irregular
configuration consisting of three pentagons and three heptagons as is shown in Figure
5-9c. The defect subsequently relaxed to the 5-7 configuration and migrated to its
position in Figure 5-9d. A probable order of four SW rotations for this transformation

is illustrated schematically by the atomic models in Figure 5-9g-j.
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Figure 5-8. Density functional theory (DFT) simulations showing the energy barrier of
different pathways for the structural change in Figure 5-7. The green curve indicates the
pathway in which a SW rotation in the heptagon occurs before the evaporation of a carbon

dimer and the red curve otherwise. The mechanism observed in Figure 5-7 is indicated by the
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blue curved line. The simulation results are provided by Professor Gun-Do Lee’s group from

Seoul National University.
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Figure 9. Another example showing a complex migration process at 700 °C. (a) Filtered
AC-TEM image of a dislocation core. (b) A 5-77-5 defect after the sputtering of two atoms in
the pentagon. (c) An irregular defect structure after two SW rotations, before annealing to the
5-7 dislocation in (d) via a few more rotations. (e-g, j) Atomic models for the corresponding
TEM images. (g—j) A probable path way for the detailed structure reconfiguration between the

defects in panel ¢ and d. The scale bar in panel ais 1 nm.

In Figure 5-10, one climb step accomplished by the successive sputtering of two
nonadjacent carbon atoms is observed. The migration process started from the
formation of a 5-8-5 divacancy next to the dislocation (Figure 5-10a). The defect then
evolved into a metastable configuration with bridging atoms (Figure 5-10c), following
the sputtering of one single carbon atom highlighted in green in Figure 5-10h. It has
been previously proposed that under-coordinated carbon atoms in bridging positions
play a role in stabilizing odd numbered vacancies under electron irradiation.
[102] After the removal of a further atom in Figure 5-10i, the defect reconfigured into
the same structure in Figure 5-10h. The atomic models in Figure 5-10h—j can also be
regarded as a climb step for the 7-55-8-5 configured dislocation. Afterward, the
dislocation transformed to a 5-77-5 structure (Figure 5-10e) before finally quenched to
the 5-7 configuration (Figure 5-10f). The reconfiguration between Figure 5-10d
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and Figure 5-10e cannot be achieved by merely SW rotations. Figure 5-10j—m suggests
a possible pathway, in which bonds with red crosses in Figure 5-10j broke initially,
followed by the rotation of the red bonds (Figure 5-10k) and their rebonding with the

under-coordinated carbon atoms.

Figure 5-10. Complex migration of a dislocation at 700 °C via the formation of an

intermediate structure with bridging atoms. (a) AC-TEM image showing an isolated
dislocation core. (b) A 5-8-5 divacancy formed next to the dislocation. (c) The removal of a
carbon atom leads to the formation of a defect with bridging atoms. (d) A further atoms is
sputtered, yielding to the same defect in panel b. (e) A 5-77-5 defect formed after breakage and
rotation of bonds. (f) A finally quenched dislocation core. (g—j, m, n) Atomic models
corresponding to the TEM images. (j—m) A possible pathway for the structural change between

panels d and e. The scale bar in panel a is 1 nm.

5.2.4 Large-scale jump of dislocations

Apart from the step by step random walk, large-scale jumps of a dislocation are also
observed between sequential frames. Figure 5-11a shows a large jump of a dislocation

at 500 °C, over a distance of 2.9 nm. The mechanisms for the large jump are likely to
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be different from the theories discussed above, as the migration rate is at least 100 times
higher. The migration distance is equivalent to 12 basic glide and 1 basic climb steps.
It is worth noting that the glide direction for the dislocation in Figure 5-3 is randomly
distributed, while the large motion consists a dozen of glide steps toward the same
direction. Thus, this large migration movement is more likely driven by the Peierls
stress resulting from the different thermal expansion between the graphene sheet and
SizN4 substrate at elevated temperatures.[202] Further work is still required to gain a

deeper understanding of this phenomenon. Figure 5-11c—f gives two more cases at

800 °C, indicating the long-distance glide at 500 °C is not an isolated event.
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Figure 5-11. AC-TEM images showing the long-distance glide steps of a dislocation. (a
and b) Two consecutive frames taken at 500 °C with a time interval of 17 s, showing a large
glide motion of a dislocation core over 2.9 nm. (c—f) Two more examples of the large glide
motions taken at 800 °C, where the time interval is 62 and 12 s and jump distance is 4.0 and
3.6 nm, respectively. The scale bar in panel ais 1 nm.
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5.3 Conclusion

This chapter investigates the atomic-scale configuration and motion of dislocations in
graphene as a function of temperature, using an in situ heating holder within an AC-
TEM operated at 80 KV. An increase in the specimen temperature accelerates both glide
and climb motions, revealing for the first time temperature driven dynamics of
dislocation cores at the atomic level. Instead of the basic glide and climb processes, the
dislocation migration sometimes takes the form of a complex defect as a metastable
structure. The instantaneous slip of a dislocation over more than 10 lattices in the
heated graphene shows substantial dynamics are occurring in the system that might be
active by applying stress fields to change the strain. By presenting the detailed study
on high temperature stability of dislocations in graphene, this work may provide
insights into future studies in defect-related nanoengineering and property modification

in graphene.
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Chapter 6

In Situ Atomic Level Dynamics of Heterogeneous Nucleation
and Growth of Graphene From Inorganic Nanoparticle

Seeds

6.1 Introduction

Chemical vapor deposition (CVD) of graphene on Cu substrates has been a promising
method to synthesize large area graphene with industrial scalability. [29,177,203-206]
Graphene domains nucleate on the Cu surface and grow larger as precursor feedstock
is supplied until they eventually merge together to form a continuous polycrystalline
film. [207] The formation of graphene domains can be either from heterogeneous and
homogeneous nucleation processes. Heterogeneous nucleation involves using seeds,
often particles, to lower the precursor concentration threshold for nucleation to occur
compared to homogeneous nucleation. [162,208] Understanding these initial
nucleation processes of graphene domains is critical for developing new synthetic
strategies for CVVD growth of high quality graphene continuous films. Previous results
have shown that individual graphene domains can be single crystals, but in some cases
are polycrystalline. [29,162,209-211] Having polycrystallinity from a single domain
region significantly increases the number of grain boundaries (GB) in the final

continuous films of graphene as the domains merge together.
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The GBs can impact the mechanical, electrical, and chemical properties of graphene.
[47,124,156-163] The atomic structure of dislocations and GBs in graphene has been
investigated in both experimental and theoretical calculations, primarily for the
potential application in device  fabrication and nanoengineering.
[56,128,139,140,150,187,191,212-215] In 1988, Albrecht et al. reported the
observation of tilted GBs in graphite using scanning tunneling microscopy (STM). [216]
It was not until many years later that the atomic structure comprised of arrangements
of pentagon-heptagon (5-7) edge dislocations was revealed by high resolution
transmission electron microscopy (TEM) experiments. [129] Similar results were later
achieved by multiple TEM and STM observations. [151-153] The formation of 5-8-5
linear GBs has also been reported in polycrystalline graphene grown on Ni (111)
substrate due to the strong graphene-substrate interaction. [109] Experimental studies
of the atomic level migration of a GB using an aberration-corrected TEM (AC-TEM)
revealed migration mediated by bond rotations, however ab initio theoretical
calculations indicate that GBs can also migrate by evaporation of a carbon dimer.
[152,155] After high temperature annealing (600 °C), curved and aperiodic GBs in
CVD grown graphene reconstruct into straighter and periodic forms. [153] In situ
experiments within a TEM at high temperatures of 2000 K by Joule heating found
carbon adsorbates on monolayer graphene transformed into polycrystalline graphene

domains separated by GBs. [154]

Prior work using AC-TEM to study in situ growth of graphene has shown that carbon
can attach to pre-existing edges of graphene to further continue its growth. Liu et al.

reported the in situ growth of a second-layer graphene inside a AC-TEM from the step
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edge of an existing domain under beam irradiation. [217-221] The crystallinity and
growth rate of the newly grown area were shown to be temperature dependent, with
single silicon atoms located at the step edge suggested to act as a catalyst for the second
layer of graphene growth from hydrocarbons. [152] Homogenous nucleation of small
graphene seeds is often studied by STM and can reveal the transition from a molecular
disordered cluster to small crystalline fragments of sp? carbon. [222] However, there
are hardly any atomic level studies related to heterogeneous nucleation of graphene

domains from seeds, such as metal nanoparticles.

In this chapter, an in situ heating holder within an AC-TEM is utilized to study the
heterogeneous nucleation and growth of graphene from metal nanoparticles seeds. The
growth of the graphene domain size in regards to the site-specific addition of carbon
atoms and the GB transformations that underpin the increase in crystallinity of the
domains are also studied. The initial graphene was synthesized by ambient pressure
CVD method using melted copper on molybdenum substrate as the catalyst as
described in Chapter 3.The graphene sheet was subsequently transferred onto a SisN4
grid designed for in situ high temperature TEM experiments (DENSsolutions). The
heating holder allows the accurately control of specimen temperature from room

temperature to 800 °C and capture detailed real-time dynamics.
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6.2 Results and discussion

6.2.1 In situ growth of a second layer of graphene

500 °C

Figure 6-1. AC-TEM images of a Au nanoparticle sitting on a multilayer graphene sheet
in the temperature range between 40 and 800 °C. The scale bar in panel a is 3 nm.

Monolayer graphene was first heated up to 800 °C inside the TEM using the in situ
heating holder (Figure 6-1a), which causes the amorphous carbon surface adsorbates
to evaporate and reveal the lattice structure of graphene. This effect has also been
described with more detail in previous experiments. [195,223] However, an increase in
the specimen temperature causes the metal nanoparticles to be encapsulated with
carbon “graphitic” shells. [224] Figure 6-1a shows a nanoparticle with radius of ~ 10
nm at room temperature supported on a multilayer graphene sheet. Energy-dispersive
X-ray spectroscopy (EDX) taken on the nanoparticle shows they are Au (Figure 6-2).
The Si atoms from contamination during the CVD growth and transfer process may
also be present in the nanoparticle. When the temperature is raised to 300 °C, the
nanoparticles start to get encapsulated by few-layered graphene fragments as shown in
Figure 6-1b. No apparent change happens to the core-shell structure when the specimen
temperature is further increased to 500 and 800 °C (Figure 6-1c,d). Early research has
shown that the melting point of Au nanocluster drops below 800 °C when the particle

radius is < 3 nm. [225] Accordingly, the Au nanoparticle with ~ 5 nm diameter in
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Figure 6-3a appears amorphous and partially evaporated when the specimen is heated
to 800 °C, thus revealing the boundary of the carbon shell and the particle before
melting. 600 °C was found to be the optimal temperature where hydrocarbons attach
to the seed and begin to slowly grow graphene. At 800 °C, the rate of graphene growth
basically reached an equilibrium with the etching of edge atoms and the formation of

a secondary layer of graphene is limited.

According to the classical nucleation theory, heterogeneous nucleation is much more
commonly observed as oppose to homogeneous nucleation and the reaction process is
also much faster due to the lower nucleation energy barrier. In the case of the in situ
high temperature graphene growth in the AC-TEM, electron beam irradiation of the
pristine monolayer graphene area did not lead to the formation of a secondary layer of
graphene on top. However, around the Au particles a secondary layer of graphene
nucleates swiftly and continues to grow at 600 °C. Figure 6-3a—d shows a time series
of secondary layer growth with the underlying monolayer graphene removed from
image using a mask filter in the Fourier transform, similar to those shown in Figure 6-
5 and 6-7. The growth rate is shown in Figure 6-3e by plotting the area of the secondary
layer with time for all 39 frames over 8 min 41 s. Excluding the odd first point, the
results exhibit an excellent linear relationship. The growth rate obtained from the slope
of the linear equation is 0.14 nm?/s. This relatively slow growth rate enables the

dynamic study of the growth frontier.
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Figure 6-2. EDX characterization of nanocrystals on graphene sheet. (a) TEM image of
monolayer graphene covered with amorphous carbon adsorbates at room temperature. (b) TEM
image of a nanocrystal sitting on top of the amorphous carbon. (c, d) EDX spectrums of the
areas shown in (a) and (b), with the weight percentage and standard deviation listed in the

insets. The scale bars in panel a and b are 2 nm.
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Figure 6-3. (a—d) Time series of AC-TEM images showing the growth of a secondary
graphene layer from surface adsorbate attachment. The frontier for the second layer is
shown by the red dotted lines. The underlying monolayer graphene has been removed from the
images using a filter mask in the Fourier transform. All scale bars = 3nm. (e) The area for the

as-grown second layer is plotted against time.
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6.2.2 Mechanism for second layer growth

e e a3

On

Figure 6-4. Two different examples, (a—f) and (g-I), showing in situ atomic level dynamics
of the graphene edge growth. The time series of AC-TEM images show the cluster addition
of C atoms to the edges of amorphous graphene domains. Time between frames is ~ 10 s. The
perimeters are color coded differently to allow visual comparison between the two consecutive
frames. The color scheme in panel g represents the number of carbon atoms in each ring at the
edge, with 5 = yellow, 6 = green, 7 = blue and 8 = pink. All scale bars = 3 nm. The underlying
monolayer graphene has been removed by a filter mask in the Fourier transform.
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Figure 6-5. Another three sets of sequential AC-TEM images showing the edge growth
and reconstruction of the second layer of graphene at higher magnification: (a—c) carbon
cluster deposition. (g—i) indentation filling. (m-0) back-folding of the edge. Time between
frames is ~ 10 s. (d-f),(j-I1) and (p-r) Corresponding maximum filtered images with original
edges colored in black. Atoms attached to the edge in next frames are colored in red and yellow.
Edge atoms to be etched are highlighted in blue. The scale bar in panel ais 1 nm.

The growth front is carefully studied to gain a deeper understanding of how the domain
gradually expands its size atom by atom. At first glance, the advance of the growth
front is accomplished by alternate “carbon cluster deposition” and “indentation filling”,
shown in Figure 6-4. For example, in Figure 6-4a—f, where the time series of AC-TEM

images are examined, a cluster of atoms adds onto the pre-existing graphene to continue
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the growth process, indicated by the arrow Figure 6-4b. This leads to the roughening
of the edge in this local region and subsequent frames show that further atom cluster
deposition fills in around this to smooth the edge back out. This process of “indentation
filling” is highlighted in Figure 6-4d,f and a second example is presented in Figure 6-

4g9-1.

Here, the theory for the in situ growth of the second layer of graphene is discussed. The
dependence of growth rate on temperature, beam current density and residual
hydrocarbon gas pressure has been well investigated in Liu et al.’s previous research.
The experiment in this chapter was carried out under similar conditions and the
obtained growth rate (0.14 nm?/s) in Figure 6-3 is also comparable to their results.
However, apart from the zigzag (ZZ), armchair (AC) and reconstructed zigzag (r-ZZ)
edges, the growth front also contains certain amount of nonperiodic structure and even
some octagons (Figure 6-4g), which leads to poorer crystallinity of the top graphene
layer compared with the previous work. The crystallinity and atomic structure of the
second layer will be discussed with more detail in Figure 6-8. Here, two possible
explanations are provided which are (i) the carbon shells in Figure 6-3 acting as the
initial seeds for the in situ growth are not well crystallized and show lots of
nonhexagonal rings indicative of amorphous 2D carbon or highly defective graphene,
which could give rise to similar atomic structure in the newly grow area around it, or
(i) the hydrocarbon gas concentration near the Au nanoparticle is slightly
oversaturated, resulting the increase desorption rate of carbon adatoms and the lack of

time to form a periodic and low energy edge structure. Research on CVD graphene
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growth has shown that the growth limiting step for the reaction is the attachment of

carbon adatom species to the graphene edge and the rate of this step can be given by:

Ey
R x exp <_ﬁ)
B

where Ep is the free energy barrier, kg is the Boltzmann constant and T is the
experimental temperature. [207] The energy barriers to attach carbon adatoms to a
pristine ZZ and AC edge are 2.19 and 2.47 eV respectively. [226] The stability of r-ZZ
edge lies between them. [227] Thus, it is energetically favorable to first incorporate
carbon atoms onto the ZZ and r-ZZ edge when the growth front is smooth, which

matches the observation shown in Figure 6-4g and h (carbon cluster deposition).

Figure 6-5a—c shows examples at higher magnification where carbon clusters
containing 32 and 39 atoms are successively attached to the ZZ edge of graphene in the
next two consecutive frames. The added carbon atoms may come from the edge
structure colored in blue in Figure 6-5a, which is subsequently etched under electron
irradiation, indicating that the reconfiguration of newly attached structure also takes
place during the growth process. When the curvature of the growth front exceeds a
certain value, filling the indentation sites becomes preferable since the decrease in
surface energy partially compensates the barrier, which is also experimentally observed
in Figure 6-4d-f, j—I and Figure 6-5g—i. This provides theoretical basis of why the in
situ graphene growth is an alternating process of ‘carbon cluster deposition’ and
‘indentation filling’, rather than a uniform process in all directions by single atom

attachment at all edge sites.
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6.2.3 Back-folding of a second layer of graphene
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Figure 6-6. Back-folding of the secondary layer of graphene. (a) Schematic illustration of
the secondary layer of graphene being folded back. (b) Multislice image simulation of the
atomic model in (a) with - 2 nm defocus and 6 nm defocus spread. The inset shows the FFT of
the simulated image. (c) Reconstructed images from the FFT negative mask, shown in the
respective inset. (d) An AC-TEM image of bilayer graphene with folded edge. (e)
Reconstructed image from the FFT negative mask in the respective inset. (f,h) Intensity profiles
taken from the boxed regions in (c) and (e) along the direction indicated by the arrows.
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Figure 6-7. Dynamics of an unfolding graphene layer at 800 °C. (a—d) Time series of AC-

TEM images showing a secondary layer of graphene initially grown at 600 °C and then
examined at 800 °C. The FFTs are shown in the respective insets. (e-h) Reconstructed images
from the FFT negative mask shown in the respective insets. (i-1) Magnified AC-TEM images
taken from the red boxed regions in (e-h) to highlight the unfolding dynamics. (m—p) Front
and side views of the atomic models before and after unfolding. All scale bars = 4 nm.
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During the growth process, the increased contrast at the growth front due to back-
folding compared to other edge regions is repeatedly observed, as shown in Figure 6-
5m—-o with the white dashed area. The temperature is than increased from 600 °C to
800 °C to slow down the growth rate so that the atomic configuration of the edges and
the crystallization from amorphous to sp? could be investigated. Figure 6-6a is the side
view of an atomic model of a back-folded secondary layer of graphene, with
corresponding multislice image simulations shown in Figure 6-6b. A red dashed line
in Figure 6-6b indicates the back-folded region. It is apparent that the contrast along
the folding pleat increases dramatically. In order to quantify this, an image is
reconstructed from the fast Fourier transform (FFT) using an exclusion mask for the

set of hexagonal spots associated with the underlying graphene (inset in Figure 6-6c¢).

A boxed line profile, Figure 6-6f, was taken from the black rectangle highlighted region
along the direction shown with a black arrow in Figure 6-6¢. Figure 6-6d shows an AC-
TEM image of a region of secondary layer graphene, whose presence is evident from
the Moiré pattern. The reconstructed image in Figure 6-6e excludes the signal from the
bottom graphene layer, leaving only the secondary layer graphene for analysis. A
boxed line profile figure is also taken from the black boxed region along the arrowed
direction, and the result is presented in Figure 6-6g. The red dashed box highlights the
region with apparent enhanced contrast, accordant with what is observed in the
multislice image simulation in Figure 6-6f. As have been previously reported, the
increase in contrast originates from multiple atoms under the projection of electron

beam along the back-fold. [135,144] However, it is difficult to determine whether the
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secondary layer of graphene is folded back or just bonded to the first graphene layer,

as both introduce an increase in contrast.

Studying the dynamics of the back folded region of the secondary layer of graphene
provides further insights into the structure. Figure 6-7a—d contains a time series of AC-
TEM images with red dashed lines highlighting the frontier of the secondary layer and
shown in the inset. Figure 6-7e—h shows reconstructed images from the negative
masked FFT shown in the insets. Red rectangles highlight the areas of interest, which
are magnified and shown in Figure 6-7i—l respectively. Figure 6-7i shows a dark
contrast line that was previously discussed originating from back-folding or possibly
bonding to the bottom layer. In this time series study, it could be observed that the
darker contrast along the edge in Figure 6-7j fades away in the subsequent two frames
(Figure 6-7k,1), an area of extra graphene extends out where there used to be the darker
contrasted boarder over the course of just 10 s. This indicates the extra area came from
the unfolding of the folded area. The red dashed line in Figure 6-7k highlights the extra
region formed in the unfolding process. Figure 6-7m—p demonstrates this process with
atomistic models: with Figure 6-7m showing the folded model and Figure 6-7n
showing the structure after unfolding. Figures 6-70,p shows the side views of the two
models respectively. This study of the edge dynamics of the secondary layer of
graphene confirms the darker contrast arises from back-folding rather than edge

bonding.
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6.2.4 Crystallization of a second layer of graphene

Once the graphene domains reach a certain size, crystallization begins to be a dominant
structural factor. The small graphene domains are initially highly polycrystalline and
then begin to improve their ordering at high temperatures, achieving a better sp?
structure and Figure 6-8 shows this in detail for the elevated temperature of 800 °C.
The data set in total consists of 72 AC-TEM images taken over 34 min 7 s. Figure 6-
8a shows the same image as Figure 6a but in higher magnification in order to examine
the atomic scale lattice configuration. The image is then filtered using a mask in the
FFT to eliminate the underlying monolayer graphene and reconstructed (Figure 6-8b),
then maximum filtered (Figure 6-8c) for better visualization of nonhexagonal rings.
Yellow circles in Figure 6-8b highlight heavier atoms (probably Au) trapped in
graphene and at the edge. Unlike previous reports, the newly formed graphene is
neither fully crystalline nor purely amorphous. In Figure 6-8d the crystalline area in
the image is shaded with color, and the nonhexagonal rings are marked by the dashed
polygons. It is apparent that a large proportion of the top layer is comprised of well-
crystallized graphene grains. However, the lattice orientation of each grain is randomly
distributed, and the grain size is in the nanoscale, from 1 to 2 nm. There is also a large
amount of pentagons and heptagons and several octagons at the boundary of the grains.
The majority of the GBs can be regarded as highly aperiodic and curved 5-7 dislocation
strings. This result is similar to the TEM images taken by Westenfelder et al. at 1000

K for graphene transformed from amorphous carbon. [154]
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Figure 6-8. Crystallization of the as-grown graphene layer over time at 800 °C. (a—)
Image processing details: (a) Cropped from Figure 6-7a and then magnified with the inset
showing its FFT; (b) reconstructed image from FFT negative mask shown in the inset showing
the top graphene layer; and (¢) maximum filtered image of (b). (d—i) Six time series frames
showing the growth and coalescence of graphene grains, overlaid with false colors. The
pentagon, heptagon, and octagon in the GBs are indicated by the dashed yellow, blue, and pink
polygons, respectively. (j) Two trend lines representing the size change of the grains shade in
blue and cyan as a function of time. (k) Statistics of non-hexagonal rings in the GBs.
Topological defects within the grain or at the edge are not included. The scale bars in panel a

and d are 2 and 1 nm, respectively.
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As discussed in Chapter 5, both glide and climb motions for dislocation in graphene
can be significantly accelerated at temperatures above 500 °C under 80 kV electron
irradiation. Therefore, as expected, subsequent migration of GBs and crystallization of
nanosized grains was observed over time. Figure 6-8d—i shows a time series of AC-
TEM images of the crystallization with the images processed the same way as Figure
6-8c. A dozen graphene grains have merged into 3 larger ones with sizes of 2-5 nm in
the first 11 min. Sinuous GBs with high curvature tend to reconstruct into a more
symmetric and straight shape over the whole time period. The growth rates for the
domains shaded in green and cyan are plotted in Figure 6-8j as the form of the number
of undistorted hexagons within the domain versus time. The growth process for both
grains is discontinuous. Take the grain shaded in green for example, despite the
apparent shape reconfiguration of GBs in the first 4 min (Figure 6-8d and e), the grain
size does not change much (Stage 1, T1). A sudden change in the grain size took place
between 4 and 9 min by consuming smaller grains colored in purple and yellow (Stage
2, T2). No more grain merging is observed afterward, but the movement of GBs
continues at a much slower rate, leading to the gradual shrinkage of grain size in the
next 19 min (Stage 3, T3). The evolution of the cyan grain is similar. The statistics in
Figure 6-8k shows that significant reduction in nonhexagonal rings occurs between 6

min 1 sand 7 min 22 s, approximately the same period when the coalescence took place.
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Figure 6-9. The merging of two grains via three bond rotations. (a,b) FFT reconstructed
AC-TEM images showing the atomic structure of the second layer of graphene at 5 min 9 and
22 s later. (c,d) Maximum filtered images calculated from (a,b) with nonhexagonal rings
shaded in color. (e,h) Atomic models corresponding to (a) and (b). (e=h) A probable pathway
for the detailed structural change between the GBs in (a) and (b) suggested by high temperature
TBMD simulations. The arrows and atoms highlighted in red indicate the bond undergoes a
SW bond rotation in the next panel. The color scheme in the maximum filtered images and
atomic models represents the number of carbon atoms in each ring, with 5 = yellow and 7 =
blue. (i) DFT calculated energy barrier for the pathway shown in (e-h), performed by Professor

Gun-Do Lee’s group from Seoul National University. The scale bar in panel ais 1 nm.
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Figure 6-10. Another example showing the merging of two grains mainly through several
bond rotations happen in a short span of time. (a,b) FFT reconstructed AC-TEM images.
(c,d) Maximum filtered images. (e, f) Atomic models. In panel e, bonds to be rotated in next
13 s are highlighted in red; atoms to be evaporated are indicated in green. Carbon adatoms are
highlighted in white. The structural change from panel a to b is accomplished by 10 bond
rotations, removing carbon atom and incorporating two carbon adatoms into graphene lattice.

The scale bar in panel ais 1 nm.

In Figure 6-9, the coalescence of grains colored in cyan and pink in Figure 6-8e is
examined at the atomic level. The structural change between Figure 6-9a and b is
accomplished by three sequential SW bond rotations within 22 s, as schematically
illustrated in the atomic models shown in Figure 6-9e-h. It is found that the bond
rotations are initiated at the junction of three highly curved GBs, where there is a high
density of nonhexagonal rings (Figure 6-9a,c and e). It has been shown that bond
rotation and atom loss are more likely to occur in the defective area under electron

beam irradiation due to a lower sputtering cross section. [139] Chapter 5 shows that
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such a phenomenon becomes more pronounced at elevated temperatures. In Figure 6-
9i, the energy barriers for all three rotations are calculated to be 4.57, 5.03, and 4.81
eV, respectively; all significantly lower than the energy required to form a SW defect
(9-10eV) or dislocation glide (6.95 eV). [76,96,228] The energy for each bond rotation
to reverse back is more than 3 eV higher. This explains why the GBs unwound so
rapidly in T2, and that the temporal resolution of imaging in this thesis was insufficient
to capture any intermediate structure. As a consequence of the structural
reconfiguration in Figure 6-9a—h, the total energy of the second layer of graphene is
decreased by 9.21 eV with the curvature of GBs greatly reduced, as shown in Figure
6-9b,d and h, which is in agreement with previous research indicating that the driving
force for GB migration energetically favors decreasing GB length and curvature. [152]
Another similar example is given in Figure 6-10 where 10 bonds rotate in a time span

of 13 s leading to the incorporation of a small graphene grain into a larger one.

Figure 6-11 shows how dislocation movement can play an important role in grain
merging at the edge regions. The grains to be merged are the ones shaded in blue and
green in Figure 6-8d. A carbon dimer was removed from the GB after 16 s, resulting
in the 5-8-5-5-7 defect at the boundary, reconfiguring into a 5-7 edge dislocation and
the 5° angle mismatch in Figure 6-11a partly compensated (Figure 6-11b). The GB
totally annihilates after another 17 s (Figure 6-11c). The individual steps for this
transformation were not resolvable in current imaging conditions. Figure 6-11h-k
shows a plausible pathway by forming an isolated dislocation core at the first instance

(Figure 6-11i). The dislocation then disappears by gliding toward the edge along its
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glide plane (indicated by the red arrow in Figure 6-11i) making the lattice mismatch

eventually compensated.

| 1 | ]

Figure 6-11. The coalescence of two grains via the slip of an edge dislocation toward the
edge. (a) FFT reconstructed image of the second-layer graphene at 4 min 36 s, which loses a
carbon dimer at GB in the next frame, shown in (b). (c) A following image showing
annihilation of GB and merging of two grains at graphene edge. (d—f) Maximum filtered images
of (a—c). (g,h,k) Atomic models of (a—c). (h-k) A possible path for the structural
reconfiguration between panels b and ¢. A SW rotation first transforms the GB into an isolated
pentagon—heptagon configured dislocation (i), which subsequently disappears by gliding to the
edge. Bonds that undergo a SW rotation in the next frame are highlighted in red and by arrows.
Atoms to be sputtered are highlighted in green. The color scheme in the maximum filtered
images and atomic models represents the number of carbon atoms in each ring, with 5 = yellow,

7 = blue, and 8 = pink. The scale bar in panel a is 1 nm.

In Chapter 5, the interactions between dislocations and graphene edges are investigated
and it is demonstrated to be energetically favorable for a dislocation to glide toward
the edge of graphene, provided the distance is close enough. [193] The structural

change between Figure 6-11j and k was accomplished by two further bond rotations.
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Evidence to support this is highlighted in Figure 6-11a and c. Two rows of zigzag-
oriented graphene lattice are colored in cyan and orange in Figure 6-11a for visual
reference. They change into one zigzag row in Figure 6-11c which can only result from

the slip behavior of an edge dislocation.

bond rotation atom evaporation

Figure 6-12. Bond rotation and dimer evaporation within the GB. (a, b) AC-TEM images
showing a single bond rotation. (c, d) AC-TEM images of GB migration by sputtering a carbon

dimer. (e~h) Maximum filtered images. (i—l) Atomic models. The scale bar in panel ais 1 nm.
After the first 11 min, the original nanosized grains merged to form three larger ones
(colored in cyan, red, and green in Figure 6-8h). Instead of combining into an even
larger grain, only occasional bond rotation and atom loss occurred in or near the GBs
over the next 17 min (Figure 6-12), similar to the basic glide and climb step of a 5-7
dislocation core. [56] The relatively slow migration rate enables tracing the structural
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change of the second layer atom by atom between each frame. In Figure 6-13, it is
observed that the intermediate structure before a carbon dimer was completely
sputtered from GB. The defect structure in Figure 6-13a remained stable for 35 s, before
a carbon atom acquired enough energy in an electron collision to break two sp? bonds
and rotate perpendicular to the graphene plane (Figure 6-13b). The magnified view and
its corresponding multislice simulated TEM image on top of Figure 6-13b show that
the vertically stacked carbon dimer has a higher intensity than other carbon atoms. The
dimer was at last removed out of the graphene plane in another 32 s. Figure 6-14 shows
a comparison between the energy barriers of two mechanisms to evaporate a carbon
dimer. The flipping of the dimer first needs to overcome a barrier of 9.26 eV. The
vertically stacked structure is surprising stable with the energy only 2.41 eV higher
than ground state suggested by DFT calculation. The energy barriers to further
evaporate the vertically stacked dimer are 2.75 and 2.2 eV respectively. Theoretically
the two atoms may also be sputtered one after another but the energy required for this

process is far higher (12.7 eV).
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Figure 6-13. Evaporation of a carbon dimer in the GB. (a) FFT reconstructed AC-TEM
images of the second-layer graphene at 26 min 48 s. (b) After 35 s, a carbon dimer in the GB
is rotated perpendicular to the graphene plane. Magnified view of the flipping dimer is
presented on top, along with the multislice simulated TEM image with - 2 nm defocus and 6
nm defocus spread, based on the atomic model in (g). (c) The dimer is eventually removed
after another 22 s. (d—f) Maximum filtered images of (d—f). (g—i) Corresponding atomic models.

The inset in (h) shows its side view. The scale bar in panel a is 1 nm.
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Figure 6-14. DFT calculated energy barriers of two mechanisms for the evaporation of a
carbon dimer. (a) Energy curves for the dimer evaporation. In both pathways, the carbon
dimer needs to first overcome a 9.26 eV barrier and get vertically stacked (blue curve). The
energy barriers to subsequently sputter the dimer as a whole are 2.75 and 2.2 eV, respectively
(green curve). The two carbon atoms may also be removed one after another which requires a
total energy of 12.69 eV (red curve). (b) Atomic models and DFT calculated relative energies
for the moments of dimer evaporation. The simulation results are provided by Professor Gun-

Do Lee’s group from Seoul National University.
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Figure 6-15. The stability of GBs. (a) Maximum filtered TEM images of the second-layer
graphene at 18 min 56 s. (b) The same area imaged after 6 min 49 s, with atomic models of the
GB between grain 1 and 3, and SW defect near the edge shown in the insets. (¢) The same area
imaged 2 min 10 s after (b). (d) Dashed lines showing the evolution of the high mismatch angle
GB, which are drawn by connecting the central point of adjacent pentagons and heptagons at
the boundary. The gray rectangles indicate the symmetric lines between grains. The migration
direction of the GB is indicated by black arrows. The scale bar in panel a is 1 nm.

Here, the reason why the coalescence of grains is drastically reduced after 11 min is
discussed. When the grain reaches a certain size, the GBs progressively evolve into a
less meandering structure. As a consequence, there is no defect or edge nearby for the
GB to interact with. The maximum energy an electron can impart to a carbon atom is

~19eV in (80 kV accelerating voltage, 800 °C), which is not sufficient for a dislocation
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to make a long distance motion. [228] Although a bond rotation could still be activated
at the GB under 80 kV electron irradiation, it is not energetically favorable since the
GB has evolved to a relatively straight and symmetric shape (green inset in Figure 6-
15b). The rotated bond is more likely to quickly restore in another electron collision.
In addition, it is discovered that the stability of GBs is dependent on the misorientation
angles. Figure 6-15 shows images of a second-layer graphene taken after 18 min 56 s.
The lattice orientations for the grains 1, 2, and 3 are 0°, 9°, and 38°. The GB between
grains 1 and 2 is a low-tilted angle GB made of dislocations pointing to the same
direction. The other two with 27° and 38° misorientation angles are high-angle tilt GBs.
In total 9 bond rotations and 4 atoms lost were observed in or near the low-angle tilt
boundary between grain 1 and 2 from 18 min 56 s to 27 min 55 s, while 8 bond rotations
and only one dimer sputtering (shown in Figure 6-12) occurred in the high-angle GB.
Considering the lengths of the GBs, it is apparent that the high-angle one possesses
higher stability in the imaging condition of this thesis. This is consistent with the theory
proposed by Liu et al. [229] As the dislocation density increases with the gain
mismatch angle, the strain introduced by the dislocations partially cancels each other
and the out-of-plane distortion caused by the GBs becomes smaller, which has been
proven to be robust under electron irradiation. [139] It is worth noting that the top right
part of the high-angle GB (Figure 6-15a) rotates from the edge to the symmetric line
between two grains (gray rectangle in Figure 6-15d) in the first 6 min 49 s (migration
direction shown in Figure 6-15d), which further straightens the GB. Once it configured
into a linear and symmetric shape in Figure 6-15b, no structural change took place in

the next 2 min 10 s. The SW defect (red inset in Figure 6-15b) appeared 4 times at the
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edge of grain 3 during the same period, which has been experimentally confirmed to
help alleviate the strain induced by the high-angle GB in Chapter 4 and enhance its

stability.

6.3 Conclusion

This chapter investigates the in situ high-temperature growth of secondary layers of
graphene using Au nanoparticles as seeds for heterogeneous nucleation within an AC-
TEM. Itis found that graphene starts to encapsulate the Au nanoparticle at temperatures
above 300 °C and continues to grow the area under electron irradiation. 600 °C is the
optimum temperature to grow a second layer of graphene within the in situ environment.
The TEM chamber pressure is kept at ~ 10 Pa to maintain the TEM in a workable
condition. An Au particle on clean and defect-free graphene was particularly chosen
for the growth experiment, as the contamination coming from the graphene synthesis
and transfer process may significantly increase the local hydrocarbon gas pressure and
directly lead to the formation of amorphous carbon. The mechanism for growth front
propagation is found to be an alternate process of carbon cluster deposition and
indentation filling. A detailed study of the edge reveals that the occasionally observed
dark contrasted lines arise from back-folding of the second layer. Further increasing
the temperature to 800 °C slows down growth but accelerates the crystallization of as-
grown graphene. The secondary layer starts as highly polycrystalline, but improves its
ordering under the combined effect of beam irradiation and increased thermal energy.
Large grains grow at the expense of smaller ones via multiple bond rotations occurring

almost simultaneously. The coalescence of grains near the edge further involves the
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interaction between GB and edge. The merging of grains stopped when the grain
reached a certain size. Afterward the GB migration is dominated by single glide and
climb motions of dislocations. This sheds light on how nanoparticle impurities on the

surface of graphene could seed multilayer regions during CVVD growth of graphene.
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Chapter 7

In Situ High Temperature Atomic Level Studies of Large

Closed Grain Boundary Loops in Graphene

7.1 Introduction

Defects in graphene have a great impact on its exceptional electronic, mechanical and
chemical properties. [1,5,9,230,231] Compared with other defects, grain boundaries
(GBs) have attracted much more attention recently since their presence is inevitable in
polycrystalline graphene synthesized by chemical vapor deposition (CVD). The atomic
structure of GBs in graphene has been revealed by multiple TEM and STM studies,
which is, in most cases, a chain of adjacent pentagon-heptagon dislocation cores.
[129,151-153,216] Lahiri et al. has also found 5-8-5 configured linear GB in graphene,
the formation of which is due to the strong interaction with Ni (111) substrate. [109]
Most often GBs in graphene are classified as symmetric and asymmetric. GBs in CVD
synthesized graphene are often highly asymmetric and meandering, which could
reconstruct into periodic and symmetric forms after thermal annealing or electron
irradiation. [154,228] Theoretic calculations have shown that the symmetric GB in
graphene increases its mechanical strength and introduces magnetism. [124,156,232]
Yazyev et al. have reported the presence of a well-defined transport gap across a

particular asymmetric graphene GB. [163] These studies suggest that the GB is a
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promising candidate for graphene defect nanoengineering and nanoscale device

fabrication.

However, there is also a third type of GB where the pentagon-heptagon pairs are end-
to-end connected, generating a loop with inner honeycomb lattice rotated, known as
the closed GB loop. To date very few research efforts have been devoted to
investigating such defect in either theory or experiment. Kurasch et al. have observed
GB loops with 1-2 nm diameters and have shown that their structural change is
mediated by bond rotations with both real-time TEM observation and Monte Carlo
simulation. [152] The presence of such defect in graphene is also predicted to decrease
the thermal conductivity of the material. [233] However, the formation dynamics of
the GB loop still remains mysterious. Its stability and detailed structural evolution also

need to be confirmed by further experiment.

In this Chapter the atom-by-atom transformations associated with large closed loop GB
defects is examined using high temperature in situ AC-TEM. Monolayer graphene was
synthesized by ambient pressure CVD method on a melted copper substrate as
described in Chapter 3. The sample was then transferred onto a heating chip designed
for in situ temperature controlled TEM experiments up to 900 °C. AC-TEM imaging
was performed at an accelerating voltage of 80 kV utilizing an image corrector, which

allows Angstrom resolution imaging of the topological defects in graphene.
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7.2 Results and Discussion

7.2.1 Formation of GB loop

e - 12 atoms

b 0 atom loss

f - 36 atoms

Figure 7-1. Atomic models of multiple closed GB loop defects with different sizes and
symmetries. (a) A blister defect with 2 additional carbon atoms incorporated into the graphene
lattice. (b) The most commonly observed closed GB defect containing a seven-hexagon core
rotated by 30° . (c) Three-fold symmetric closed GB loop defect with 14 atoms lost. (d) Two-
fold symmetric closed GB loop with 20 atoms removed from the lattice. (e,f) Two six-fold

symmetric closed GB with 10 and 36 carbon atoms lost, respectively.

Figure 7-1 illustrates several different closed GB loop defects constructed of adjacent
5-7 dislocations, with the number of additional or subtractive atoms required in their
formation processes. Figure 7-1a is the smallest carbon excess-atom defect with two
additional atoms incorporated into the graphene lattice. The three-fold symmetric
defect contains one hexagon in the core rotated by 30° with respect to the bulk lattice,

surrounded by a triad of 5-7 edge dislocations. [116] This defect can be transformed
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from an inverse Stone-Wales defect via a single bond rotation, as shown in the inset in
Figure 7-la. [120] Previous research has shown that excess-atom defects are
energetically unfavorable under electron irradiation and the additional atoms easily get
sputtered. [116] The flower-like defect containing a seven-hexagon core in Figure 7-
1b has been reported in a large number of HR-TEM studies, which can be relaxed by
6 SW bond rotations. [73,152,154] It has been proposed to have relatively good
stability with a low formation energy of 7.0 eV (obtained from DFT calculations) while
the activation energy for a SW rotation in pristine graphene is 9 — 10 eV. [76,96]
However, it becomes difficult for the graphene lattice to stay zero density deficit when
creating GB loops with larger sizes. In Figure 7-1c-e, 3—fold, 2—fold and 6-fold
symmetric GB loops containing 12, 14 and 31 rotated hexagons respectively are
identified. The formation of each defect involves the removal 10-20 carbon atoms from
pristine graphene lattice. In addition, with the increase in the loop perimeter more

subtractive atoms are also required, as shown in Figure 7-1e and f.

Experimentally, large closed GB loops were occasionally found within the graphene
lattice after heating to high temperature. Focused electron beam irradiation of pristine
graphene areas at elevated temperatures of 500 °C is also used to artificially create
large closed GB loops in graphene to study. This is based on similar methods to create
defects in graphene at room temperature and partial dislocations at high temperatures
of 800 °C. [73,234] AC-TEM images of two different closed GB loop structures are
shown in Figure 7-2. The GB loop in Figure 7-2a contains 34 rotated hexagons within

the defect, which is significantly larger than prior reports. Compared with the models
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presented in Figure 7-1, the experimentally observed GB loops in Figure 7-2 are less

symmetric and regular in shape, and are often accompanied with other point defects.

A4l -26atoms . AT
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Figure 7-2. Two closed GB loops observed in monolayer graphene. (a,d) Gaussian filtered
AC-TEM images of two closed grain boundary loops, the formation of which requires the
removal of 26 and 20 atoms respectively. (b,e) Maximum filtered images calculated from (a,d)
with non-hexagonal rings highlighted in blue. The Burger’s circuit around the defect in panel
e is marked by a dashed parallelogram. (c,f) Accompanying atomic models of (a,d) with the
color scheme indicating the number of carbon atoms in each ring: 5 = yellow, 7 = blue and 8 =

pink. Scale bars in panel aand d are 1 nm.

In rare cases, octagonal rings and distorted hexagonal rings are also found within the
boundary loop. In Figure 7-2b and e, a closed circuit is drawn around the defect to
measure their Burger’s vectors, which represent the magnitude and direction of
dislocation-induced lattice deformation. The Burger’s vectors for both GB loops are
found to be 0, indicating there is no unpaired dislocation inside the defect, which makes

it possible for me to determine that 26 and 20 atoms are sputtered in the formation
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processes of the GB loops in Figure 7-2. The detailed mechanisms of how this kind of
defect is produced are not yet fully uncovered by experimental observations. The GB
loop in Figure 7-2a is found in graphene at 500 °C without any focused electron beam
irradiation and is likely to be an intrinsic defect coming from the CVD growth process
or from the high temperature heating process. At room temperature, the defects act as
anchors for the surface carbon contamination and this prevents their identification by
AC-TEM. However, heating the sample to elevated temperatures above 500 °C,
typically mobilizes the contamination and eventually causes it to evaporate off the
surface of graphene and leave the clean lattice structure beneath for AC-TEM imaging.
The defect in Figure 7-2b is created by exposing the pristine graphene to the focused
electron beam for 1 min at 500 °C. At room temperature, defect structures with more
than 20 atoms loss resulted from prolonged focused beam exposure typically lead to
nano-sized pores. The carbon atoms at the edge are under-coordinated and have a
tendency to reconstruct into saturated vacancy structures. Previous research has
suggested that the displacement cross section for carbon atoms in graphene increases
with temperature. It is particularly apparent in the defective area when temperature is
above 500 °C. Therefore, a higher frequency of structural changes driven by bond
rotations or atom evaporation is expected at elevated temperatures (>500 °C). [228]
Figure 7-3 reveals a possibility of how large GB loops can be formed using a focused
electron beam at elevated temperatures. The beam is first focused within a 10-nm
diameter spot to significantly increase the beam current density. The exposure time can
be varied for the purpose to create different types of defects. After that the beam is

expanded back to image the graphene lattice. Figure 7-3a shows an example where a
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sub-nanopore and a multivacancy were initially generated by the sputtering damage at
800 °C. The increased thermal energy together with beam irradiation enable rapid
reconfiguration of the defect into a structure with lower formation energy. [228] As
shown in Figure 7-3, the multivacancy connected to the sub-nanopore after 4 min 35 s
(Figure 7-3b) and then filled the pore after another 6 mins, yielding a GB loop defect
with almost all carbon atoms saturated (Figure 7-3c). This helps explains why the
closed GB loop with size shown in Figure 7-2 is more likely to be observed at

temperatures above 500 °C, as the defects at room temperature lack the sustainable

energy supply to restructure.

Figure 7-3. Time series of AC-TEM images showing the coalescence of a multivacancy
and a sub-nanometer pore in monolayer graphene. (a) A multivacancy and a sub-nanometer
pore are created by sputtering damage under electron irradiation. (b) Two defects get attached.
(c) The vacancy and the pore get further merged, yielding a GB loop containing 6 hexagons.
Non-hexagonal rings and dangling bonds are marked by yellow balls and sticks in all panels.

The scale bar in panel ais 1 nm.

7.2.2 Evolution of GB at 500 °C

The image sequence in Figure 7-4 shows the structural evolution of the GB loop,
initially shown in Figure 7-2d, from creation to annihilation. The rate of structural

change is significantly accelerated at 500 °C, which facilitates this research. [228] The

124



data set in total consists of 130 frames recorded over 28 min 8 s. The acquisition
interval between two consecutive frames is ~ 10-15 s. The GB loop was changing
frequently throughout the transformation process. Structural reconfiguration was
typically observed between two consecutive images, as seen from the time line chart
of loop size in Figure 7-4qg. The GB loop was relatively stable between 2 min 4 s and
7 min 42 s, as indicated by the larger blue ellipse in Figure 7-4q. This is probably due
to the presence of the partial-dislocation like “tail” (Figure 7-2b). Previous research has
shown that partial-dislocations incur less out-of-plane distortions than perfect
dislocations. [234] Thus, the “tail” in Figure 7-2b may help to accommodate the
rippling introduced by the GB loop and reduce the displacement threshold for atoms
within the defect. At around 8 min, the defect split into two separate loops as shown in
Figure 7-4c. Images showing their subsequent structural evolution are presented in
Figure 7-4d—j and Figure 7-4k—p respectively. The loop at the bottom left in Figure 7-
4c first evolved into an extend line defect made up of a string of non-hexagonal rings,
as shown in Figure 7-4k. The line defect then got gradually unwound in the next 8 min
and reconstructed into a 5-7 dislocation at 18 min 4 s, which then rapidly moved out of
the imaging area within 12 s (Figure 7-4p). The loop at the top right of Figure 7-3c,
however, maintained the closed loop configuration for quite some time. It first
continued to grow larger and attained the maximum size at around 19 min. Thereafter,
the defect started to shrink until it reached a “double-flower” configuration as shown
in Figure 7-4h. The double flower defect is the assembly of two flower defects
illustrated by the model in Figure 7-1b which was robust under beam irradiation. After

being stable for 2 min + 13 s, it was observed to unwind into a single flower defect via
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6 bond rotations (Figure 7-4i). Soon afterwards the single flower defect also quenches

via bond rotations.

The result in Figure 7-4 may give the impression that the closed GB loop defect is fully
relaxed to pristine lattice after a nearly 30 min of continuous beam exposure at 500 °C.
However, examination a wider region of the area after the final frame showed that two
dislocation cores far apart from each other were left (Figure 7-5a). Taking into account
the dislocations in the bottom left of Figure 7-40 (position indicated by Figure 7-5b
inset), the five dislocations can be regarded as two pairs with their slip planes indicated
by the blue and orange lines in Figure 7-5b. By counting the number of slip planes
between the parallel lines, it is able to tell that 110 carbon atoms have been removed to
generate these two dislocation pairs. Since there are possibly other undetected
dislocations (such as the one paired with the 5-7 dislocation in the upper inset in Figure
7-5b) and the dislocations in the insets could make further climb motions after
migrating out of the imaging region, 110 is the minimum number of missing atoms.
Therefore, the majority of atom losses occurs during the shape evolution process. This
is also confirmed in the frame-by-frame structural study in Figure 7-6, where the
structural reconfiguration of the GB loop is not only driven by bond rotations as
previously reported (Figure 7-6a,b). [152] Occasional carbon dimer evaporation within
the defect is also inevitable under 80 kV electron irradiation (Figure 7-6¢,d). Previous
work has demonstrated that a dislocation in graphene is a very stable form of defect.
[56,140,143] It can only annihilate by combining with an opposite dislocation or
migrate to the edge of graphene (See Chapter 4 for details). Thus, it can be concluded

that isolated dislocations are the terminal state of a GB loop.
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Figure 7-4. Structural evolution of the closed GB loop shown in Figure 7-2d at 500 °C. (a—
¢) Three time series frames showing the structural change of a GB loop in 8 min 2 s. In panel
¢, the initial GB loop splits into two smaller ones. The unwinding processes for both of them
are presented in (d—j) and (k—p). (q) Line chart indicating the size change of the GB loop with
time by counting the number of undistorted hexagons within the defect. The scale bar in panel

aislnm.
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Figure 7-5. Maximum filtered AC-TEM image showing the final state of the GB loop
shown in Figure 7-4 after 28 min 8 s beam irradiation. (a) Maximum filtered AC-TEM
image. (b) Same TEM image as (a) with dislocations and their slip planes highlighted and
overlapping insets showing the image of the same area at 18 min 4 s (upper) and 14 min 35 s

(bottom), respectively. The scale bar in panel a is 2 nm.

14:12 22:47 S 22:57

Figure 7-6. Structural change of the GB loop driven by bond rotation and carbon
evaporation. (a,b) Bond rotation. (c,d) Carbon dimer evaporation. (e-h) Maximum filtered
images. (i-1) Atomic models with atoms to be rotated highlighted in red and atoms to be

sputtered colored in green. The scale bar in panel ais 1 nm.
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Figure 7-7. Ejection of a 5-7 dislocation during the unwinding process of the GB loop. (a)

AC-TEM image showing the same GB loop as in Figure 4 at 15 min 36 s with the top right
area cropped by the dashed box and presented in (b). (b—d) Time sequential images showing
the separation of a 5-7 dislocation from the loop. (e-g) Maximum filtered images of (b—d), with
the magnified view of the dislocation shown in the inset. The trajectory of the dislocation over

the whole time period is presented in (g). The scale bar in panel a is 2 nm.

In Figure 7-7 the origin of the dislocation observed in the top right corner of Figure 7-
5 is examined. The dislocation was initially a part of the GB (colored in yellow in
Figure 7-7e), before being detached from the loop by migrating northeastwards (Figure
7-7c¢,f). This motion is equivalent to a basic glide plus basic climb steps. After that it
continued migrating as an isolated dislocation via both bond rotation and atom
evaporation just as previously reported. [56,139] The migration path over the next 12
min and 18 s is illustrated in Figure 7-7g. The results in Chapter 5 have suggested that
it is of equal probability for a dislocation to glide along both directions in the slip plane,
if there is no other defect nearby for the dislocation to interact with. [228] However, in
Figure 7-7 it is apparent that the dislocation is inclined to glide away from GB loop,

indicating that there may be a mutually exclusive interaction between them.
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7.2.3 Evolution of GB at 800 °C

The process through which the GB loop in Figure 7-2a was observed to unwind is
shown in Figure 7-8. The specimen temperature was maintained at 500 °C in the
beginning. The “tail” of the defect (Figure 7-8a) was first relaxed within 4 min 47 s.
The GB loop was relatively stable in the next 3 min 33 s with only minor structural
changes taking place in the meantime (Figure 7-8b,c). Increasing the temperature to
800 °C afterwards resulted in the accelerated shape evolution of the defect, shown in
Figure 7-8g—i. Figure 7-8g is not as clearly resolved as other images since the structural
change happened so quickly, leaving insufficient time to adjust the thermal-expansion
induced focus change. But the shape of the GB loop can still be recognized from the
contrast inversion between the pristine lattice and the rotated one inside the loop.
Similar to the observation at 500 °C, the defect separated into two smaller loops (Figure
7-8h), which reconfigured into a flower defect and a line defect respectively in Figure
7-8i. Both of them were observed to annealed back to pristine lattice in 8 min 11 s
(Figure 7-8g—i and 7-9). It is also worth noticing that the Burger’s vector for the defect
was initially 0 and became (1, 0) after the disappearance of the “tail” and was back to
0 again after the splitting into two parts (Figure 7-8l). One reasonable speculation is
that the line defect attached to the GB loop in Figure 7-8a reconstructed into an isolated
dislocation which soon after jumped out of the imaging area. Figure 7-8c and i there
could be another dislocation emission event like in Figure 7-7, thus giving rise to the

changes in the Burger’s vector.

In Figure 7-9, the structure and stability of the line defect cropped in Figure 7-8i is

studied by showing time series frames at higher magnification. The line defect is
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actually the assembly of 5 excess-atom defects with the atomic structure shown in
Figure 7-1a. Prior work on excess-atom defects have been limited to smaller point
defect structures with no observations of line defect made of carbon excess-atom. This
long line excess-atom defect is unexpected since the graphene lattice keeps losing
atoms over the imaging period as a result of irradiation damage. The 5 added carbon
dimers were observed to be sputtered one after another in Figure 7-9. Robertson et al.
have demonstrated that excess-atom defects are energetically unfavorable under 80 kV
electron irradiation and the life time for high-order excess-atom defects (containing 4/6
additional atoms) is on a ~ 30 s time scale at room temperature. [116] However, in this
work, the elimination of the line defect takes place in a deliberate manner at 800 °C
and the average life span of each single excess-atom defect is ca. 112 s. If further
considering that the sputtering of carbon atom is far more likely to occur at 800 °C than
at room temperature, [228] it can be concluded that the stability of excess-atom defect
is enhanced by generating a string of them, which makes its application in graphene

defect nanoengineering more promising.
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Figure 7-8. Time series of AC-TEM images showing the evolution of the GB loop from
Figure 7-2a. (a—c,g—i) Gaussian filtered images. The temperature was increased from 500 °C

to 800 °C between panel ¢ and g. (d-f,j—k) Maximum filtered images with non-hexagonal rings,
Burger’s circuit and Burger’s vector marked. The scale bar in panel a is 1 nm.
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Figure 7-9. Evolution of a line defect assembled by carbon excess-atom defects. (a—e)

Gaussian filtered AC-TEM images. Panel a shows magnified view of the cropped area in Figure
7-8i. (f—)) Maximum filtered images. (k—0) Corresponding atomic models. The scale bar in

panel fis 1 nm.
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7.3 Conclusion

In summary, high temperature in situ AC-TEM is used in this chapter to investigate the
formation, evolution and annihilation of large closed GB loop defects in graphene with
atomic resolution. It is shown that the unwinding of GB loop is accompanied with
splitting into smaller loops and the emission of 5-7 dislocations. The GB loop can never
be fully relaxed under beam irradiation with the final state being isolated dislocations
nanometers away from one another. During the evolution process the formation of a
line defect consisting of several adjacent excess-atom defects has been discovered,
which is relatively robust even at 800 °C. It is also indicated that the flower defect
consisting of 6 bond rotations in graphene could be produced by the unwinding of more
complicated defect clusters, indicating that it originates from a top down change of
larger closed loop structures into smaller ones, rather than from the bottom up by direct
bond rotations. With all these results, this chapter aims to provide insights into the

stability and dynamics of high order defects in graphene at elevated temperatures.
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Chapter 8

Conclusions, and Future Outlook

8.1 Thesis summary

This doctorate thesis aims to provide a comprehensive and profound understanding of
the atomic configuration and behavior of one-dimension defects (dislocation and GBs)
in graphene, with the help of Oxford’s state-of-the-art aberration-corrected high
resolution transmission electron microscope and various advanced image analysis
techniques. It can be divided into the following four broad areas of focus: (i)
interactions between a 5-7 dislocation and the edge of graphene; (ii) high temperature
behavior of isolated dislocations in graphene; (iii) in situ heterogeneous nucleation of
graphene from Au nanoparticles; (iv) high temperature studies of a particular type of

GB - GB loop.

8.2 Overall conclusions

The application of graphene’s exceptional electronic properties is often hindered by the
topological defects within the lattice. Also, some defects can be artificially introduced
into graphene to tailor its properties for targeted applications. The modern AC-TEM

system is particularly suited to investigating the structure and behavior of graphene
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defects with single atom sensitivity. Recent advances in in situ microscopy further

enables these studies at elevated temperatures.

The first part of the investigation was designed for the purpose of understanding the
interaction between a 5-7 configured dislocation and the edge of graphene. In Chapter
4, it is demonstrated that when a dislocation is located near an edge, a decrease in the
rippling and increase of the in-plane rotation occurs. The increased in-plane rotation
near the edge causes bond rotations at the edge of graphene to reduce the overall strain
in the system. Dislocations were highly stable and remained fixed in their position even
when located within a few lattice spacings from the edge of graphene. These results
show detailed information about the behavior of dislocations in 2D materials and the

strain properties that result.

The use of a heating holder enables in situ heating experiments up to 800 °C performed
in Chapter 5, 6 and 7. As described in Chapter 5, the control of temperature enables the
differentiation of electron beam induced effects and thermally driven processes. At
room temperature, the dynamics of dislocation behavior is driven by the electron beam
irradiation at 80 kV; however at higher temperatures, increased movement of the
dislocation is observed and provides evidence for the influence of thermal energy to
the system. An analysis of the dislocation movement shows both climb and glide
processes, including new complex pathways for migration and large nanoscale rapid
jumps between fixed positions in the lattice. The improved understanding of the high
temperature dislocation movement provides insights into annealing processes in

graphene and the behavior of defects with increased heat.
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In Chapter 6, the heterogeneous growth of graphene from Au nanoparticles in an AC-
TEM is investigated. Heating monolayer graphene to an elevated temperature of 800 °C
removes the majority of amorphous carbon adsorbates and leaves a clean surface. The
aggregation of Au impurity atoms into nanoparticle clusters that are bound to the
surface of monolayer graphene cause inhomogeneous nucleation of secondary
graphene layers from carbon feedstock present within the microscope chamber. This
enables the in situ study of heterogeneous nucleation and growth of graphene at the
atomic level. In Chapter 6, it is shown that the growth mechanism consists of
alternating C cluster attachment and indentation filling to maintain a uniform growth
front of lowest energy. Back-folding of the graphene growth front is observed,
followed by a reversal process that involves it flipping over and reattaching to the
surrounding region. How the highly polycrystalline graphene seed evolves with time
into a higher order crystalline structure is also indicated using a combination of AC-
TEM and tight-binding molecular dynamics (TBMD) simulations. This helps
understand the detailed lowest energy step-by-step pathways associated with GB
migration and crystallization processes. The motion of the GB is discontinuous and
mediated by both bond rotation and atom evaporation, supported by density functional
theory calculations and TBMD. These results provide insights into the formation of

crystalline seed domains that are generated during bottom-up graphene synthesis.

Finally, the configuration and dynamics of GB loops in graphene is examined at the
atomic level in Chapter 7. Temperatures up to 800 °C are used to accelerate dynamic
evolution of the defect clusters, increasing bond rotation and atomic addition/loss. As

demonstrated in Chapter 7, the large closed GB loops relax under electron beam
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irradiation into several isolated dislocations far apart from each other. Line defects
composed of several adjacent excess-atom clusters can be found during the
reconfiguration process. Dislocation ejection from the closed GB loops are seen in real
time and are shown to help the reduction in loop size. These results show detailed
information about the stability and behavior of large GB loops in 2D materials that

have importance in the high temperature processing of these materials.

8.3 Future outlook

However, there is still much to learn about the dynamics of defects in graphene, such
as the long-distance jump of dislocations in Chapter 5. The dynamics studies in this
thesis is subjected to the scale of exposure time (0.5 — 2 s) and interval time (5 - 15 s)
of image capturing. The future advance in CCD camera and anti-drifting technique will
permit analysis of graphene defects with higher temporal resolution and more detailed
dynamics. In situ electrical measurement can also be performed inside the TEM to
experimentally correlate the presence of defects to the deviation of graphene electronic
properties. Moreover, the studies of graphene defects in this thesis can be replicated to
other 2D materials (i.e. h-BN, TMDCs) as the 2D family is rapidly expanding in recent
years. The Z-contrast techniques in STEM will facilitate the atomic-scale imaging of

binary 2D materials by providing atomic number related contrast.
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