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Abstract

Graphene is a promising candidate for future nanoelectronics due to its unique and extraordinary physical
properties. In order to prepare high quality graphene, controllable synthesis and subsequent
characterizations are required. In this thesis, I have focused on the domain structure of chemical vapor
deposition (CVD)-grown graphene and related physical properties. CVD growth is known as a powerful
method to produce large area graphene with low cost. The quality of CVD-grown graphene, however,
should be much improved for realization of various applications, especially for graphene-based electronics
applications. An effective approach to control the structure of graphene is tuning the orientation of
graphene domains. [ have compared the domain structure and quality of graphene grown on
heteroepitaxial Cu(111) and Cu(100) by low energy electron diffraction and microscopy (LEED and
LEEM). Subsequently, the interfaces of adjacent graphene domains are investigated based on Raman
spectroscopy and charge transport measurements, and the charge scattering sites in CVD-grown graphene
are discussed. In addition, fictionalization of CVD-grown graphene by molecular self-assembly has been
performed. Considering assembled structure of molecules, domain structure of CVD-grown graphene
can be easily observed by low-temperature scanning tunneling microscopy (LT-STM). These results
contribute to the development of CVD synthesis of high quality graphene and observation of graphene’s

domain structures, which are expected to assist the future development of graphene-based electronics.
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Chapter 1:

Introduction

1-4 Graphene and its research fields
Although the current electronics industry has developed based on the semiconductor material, silicon,
the technical advantages from improving such performances are diminishing especially in terms of

integration and miniaturization issues.''

From the viewpoint of new flexible devices, new materials are
desired for breakthrough. Carbon electronics has captured the attention of many researchers due to their
potential in electronics applications as well as environmental impact and harmlessness to human
bodies.”* The use of nanocarbon materials for electronics can realize extremely small and novel
electronic devices for future technologies."

Carbon has the atomic number 6 and electrons occupy the 1s?, 2s>, 2p, ', and 2p y 'atomic orbitals in the
ground state. Pure carbon material exists in several different allotropes, thanks to the formation of sp-,
spz-, and sp3- hybridized orbitals, with carbon atoms. The most well known allotropes are diamond (sp3)
which is an electrical insulator and graphite (sp”) which is electrically conductive material. These
materials have different atomic structures reflecting different bonding orbitals. Figure 1.1 describes the

formation of sp” hybrid orbitals, which is the bonding in a graphene sheet (as well as graphite). Carbon

atoms have four valence electrons, two in the 2s subshell and two in the 2p subshell, and electrons in 1s



which are not available for bonding. When three carbon atoms make use of sp2 hybrid orbitals for ¢
bonding, the three bonds lie on the same plane, where the bond angle between the hybridized orbitals is
120°. Then, one set of m bond electrons are left and free electrons contributing to conduction exist above

and below the plane of carbon atoms in graphene.

(a) (b) (c)
The ground state i
Px Py P sp*-hybridized sp-hybridized  2p
: A
2p 4+~ 4 — nhybridized — T+ + + A T
2s N
1s & 1s & 1s N

Figure 1.1 Atomic orbital diagram of a carbon atom. The four electrons in the doubly occupied spherical
and the half occupied dumbbell-shaped 2p-orbitals participate in the chemical bonding of carbon. (a)

Ground states, (b) sp’-hybridised as in a diamond, and (c) sp>-hybridised as in graphite and graphene.

In the following three sections, nanocarbon materials, especially “graphene”, as well as their possible
applications are briefly introduced. I then discuss our challenges of this thesis in detail, including
motivation for the control and characterization of the domain structure of chemical vapor deposition

(CVD)-grown graphene.

1-4.1 Nanocarbon materials

Nanocarbon materials, such as fullerenes, carbon nanotubes (CNTs), and graphene, have attracted great
interest of researchers due to their novel properties. A basic building of allotropes of carbon materials with
sp>-hybridized orbitals is depicted in Figure 1.2. The graphene sheet is tightly packed into a
two-dimensional (2D) honeycomb lattice and other carbon allotropes can be geometrically constructed as

variations on the lattice structure of graphene; wrapped up into 0D fullerenes, rolled into 1D CNTs or



stacked into 3D graphite.[(’]‘

Figure 1.2 Illustration of nanocarbon materials with different dimensionalities ((b) fullerene, (c) CNT, and

(d) graphite) building from 2D graphene film (a) (adapted from [6]).

CNTs have a cylindrical structure rolled up of graphene sheet (Figure 1.2(c)). Prof. Sumio [jima
discovered them in 1991 while working in NEC by using transmission electron microscopy (TEM).!”*
Depending on how single-walled CNTs (SWCNTs) are rolled, their diameter, precise atomic structure,
and electrical structure (metallic- or semiconducting-) vary. SWCNTs have a diameter around 1 nm as
well as aspect ratios significantly exceeding that of any other known material, effectively making them
one-dimensional objects. Similar to graphene, CNTs show very high carrier mobility and mechanical

]

strength.”'""  Also, graphene can be wrapped up into a spherical shape, forming a zero-dimensional

structure, so called “fullerene” (also known as buckyball) (Figure 1.2 (b)). They were discovered in 1985

and the 60-carbon (Cgy) buckyball was the first carbon nanomaterial to gain widespread attention.!'!)



Even though they are not the focus of this thesis, they have great potentials in various fields, especially in

electronics and related fields.

1-4.2 Graphene
Graphene is a single atomic layered sheet of sp>-hybridized carbon atoms with a hexagonal lattice, as

shown in Figure 1.2a, and shows unique physical properties, such as extremely high carrier mobility, high

[12-16]

optical transparency, and superior mechanical flexibility. However, graphene has no band gap so

that it cannot completely turn off a current flow even when tuned by electric gating. This has prevented
graphene from being used as the active material in logic transistors so far. The electronic structure of
graphene will be explained in more detail in Chapter 2-1. Nevertheless, possibilities for the use of
graphene in electronics applications either as a metal or semiconductor still exist because of its excellent

unique physical properties.

]

Here, graphene history is briefly introduced (Figure 1.3).'"" The earliest reports related to graphene

oxide (or graphite oxide) (GO) and graphite intercalation compounds (GICs) can be traced back to the

[18-22]

1840s and they were popular research topics for more than 100 years. Also, some theoretical works

on graphite had been done during the 1970s and the fact that effectively massless charge carriers in

23]

graphene would carry electric current was predicted theoretically in 1984.! The growth of graphene on

metal surfaces have been reported since the 1970s, but strong interactions with the metal surface always

prevented the true properties of graphene being measured experimentally.**>*

Around the same time,
graphene produced from silicon carbide had been demonstrated.””’ Regarding the name of atomic
layered sheet of carbons, “graphene” was defined in 1986 since Boehm et al. recommended standardizing
[28,29]

the term as “the ending -ene is used for fused polycyclic aromatic hydrocarbons”.

In 2004, two researchers Andre Geim and Konstantin Novoselov at Manchester University, United



Kingdom (UK), discovered a new approach to produce graphene through mechanical exfoliation by using

B In the first publication, the ambipolar electric field effect on graphene which is a

the scotch tape.
semimetal with a tiny overlap between valence and conductance bands was discussed.””  Subsequently,

1231321 This simple and useful

the quantum Hall effect even at room temperature was reported.[

exfoliation method made huge and widespread impact on graphene research in many areas of physics and

materials science, and Geim and Novoselov won the Nobel Prize in Physics in 2010; "for groundbreaking

r [33,34]

experiments regarding the two-dimensional material graphene’

Blakely and co-workers Ruoff and co-workers
Graphite oxide Morgan and Somorjai prepare monolayer Boehm and co-workers micromechanically Geim and co-workers
prepared by obtain LEED patterns graphite by segregating recommend that the term | | exfoliate graphite into prepare graphene via
Schafhaeutl, Brodie, produced by small- carbon on the surface of “graphene” be used to thin lamellae micromechanical
Staudenmaier, molecule adsorption Ni(100); several describe single layers of comprised of multiple exfoliation; numerous
Hummers, and others onto Pt(100) subsequent reports follow graphite-like carbon layers of graphene reports follow
. N ™ ,
) | T | | -
1840-1958 1962 1968 1969 1970 1975 1986 1997 1999 2004
Boehm and co-workers May interprets the data van Bommel and IUPAC formalizes the definition of
prepare reduced graphene collected by Morgan and co-workers prepare graphene: “The term graphene should
oxide (r-GO) by the chemical Somorjai as the presence monolayer graphite by be used only when the reactions,
and thermal reduction of of a monolayer of graphite subliming silicon from structural relations or other properties
on the Pt surface silicon carbide of individual layers are discussed.”

graphite oxide
Figure 1.3 Timeline of graphene history selected events in the preparation, isolation, and characterization

(adapted from [17])

1-4.3 Applications
Graphene’s unique physical properties can bring about various applications, e.g. transparent electrodes
I' capacitors,””

integrated circuits,””! high-frequency transistors,"®

for touch panels,[”] solar cells,*®
photonics, plasmonics, and broadband optoelectronic devices,!*! and energy storage

sensors,*")
4241 n particular, many researchers in the world have been interested in developing electronics

devices.!
applications of graphene. These electronic devices inevitably require large-area graphene with high



crystallinity.

1-5 Motivation and purpose

For realization of graphene applications, a scalable process is required. CVD growth over the surface
of transition metal films is one promising method to offer large-area graphene with low cost.”>***!  The
CVD growth on a Cu catalyst is most widely studied due to the preferential growth of single-layer
grpahene thanks to the low carbon solubility. However, recent works demonstrate that the single-layer
graphene films are polycrystalline, consisting of a number of small graphene domains whose orientations

46,47]

are randomly distributed due to nature of Cu catalysts.! The domain boundaries are believed to

significantly influence the electrical, mechanical, thermal, and magnetic properties of graphene.**>"
Thus, tailoring the domain structure of CVD-grown graphene and investigation of physical properties at
domain boundaries are essential challenges. Moreover, developing observation methods of the domain
structure is also an important issue.

In this thesis, therefore, controlling the domain structure and characterization of domain boundaries in

single-layer graphene grown by CVD method have been studied. To observe and discuss domain

structure in CVD-grown graphene grown on Cu catalyst, new observation methods are also explored.

1-6 Outline of this thesis

Chapter 1 is the introduction part of this thesis where graphene, its research fields, and motivation and
purpose are explained. In Chapter 2, the overviews of the fundamental structure and physical properties
and preparation methods of graphene are described. In particular, graphene synthesized by the CVD
method is discussed in more detail. Chapter 3 presents crystalline plane-dependent graphene orientation

using heteroepitaxial Cu(111) and Cu(100) films. Subsequently in Chapter 4, the domain boundaries



between two large hexagonal graphene domains are characterized in terms of electrical transport
properties and structural defects. These studies relate to the growth mechanism and domain structure of
CVD-grown graphene, which is very important for the future development of graphene-based electronics.
In Chapter 5, the self-assembled structure of dipole phthalocyanine molecules, chloro-aluminum
phthalocyanine (CIAIPc), on graphene grown on a Cu film is discussed. Finally, in Chapter 6, the results
are concluded and future outlook for graphene and 2D nanosheets (beyond graphene materials) is

presented.
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Chapter 2:

Graphene

2-1 Fundamental structure and physical properties of graphene!'™

Fundamental structure of graphene

In graphene (a single layer of graphite), sp>-carbon atoms form in-plane covalent bonds affecting the
planar hexagonal “honeycomb structure”. Graphene has a lattice constant a=v/3a, where ao ~ 0.142 nm
is the carbon-carbon bond distance. The unit cell of graphene can be taken as the area enclosed by the
rhombus with a basis of two atoms (A and B) in Figure 2.1a. The blue and yellow circles represent sites
of the corresponding A and B triangular sublattices. The real space basis vectors of unit cell a; and ;, are

written as

) e 5) e

When the first Brillouin zone is selected as shown in Figure 2.1b, we obtain three high symmetry points; 7',

K, and M as indicated. The reciprocal basis vectors b, and b, can be represented as

b, :(27'[/\/5(1>’ bzz(Zn/\/Ea

2n/a —27T/a> (22)

Thus, the reciprocal lattice constant is 47/ \/§

12



Figure 2.1 Crystal structure and Brillouin zone of graphene. (A) Real space lattice of graphene made out
of two interpenetrating triangular lattices. a, and a, are real space basis vectors of the unit cell. (B) The
first Brillouin zone in reciprocal lattice. b, and b, are reciprocal basis vectors. Three high symmetry

points /', K, and M are labeled (adapted from [2]).

The term “graphene” is used often for ultrathin graphite layers. However, the electronic properties of
graphene depend strongly on the number of graphene layers. The interplane distance between two
adjacent graphene layers in AB stacked graphite is 0.335 nm. Only single-layer graphene (SLG) and
double-layer graphene (DLG) are zero-gap semiconductors with a single type of electrons and holes. In
the case of the so-called few layer graphene (FLG, 3 to 10 ~ layers), the valence and conduction bands

overlap, and several charge carriers (electrons or holes) appear.

Electronic structure of graphene

The atomic orbitals of the carbon atoms hybridize in the sp2 configuration in graphene, leaving one set
of p, orbitals perpendicular to the graphene plane to form delocalized = (occupied or valence band) and
7 * bonds (unoccupied or conduction band). A tight binding calculation is applied to describe the band
structure of single-layer graphene by considering only nearest neighbor interactions. In this simplest

approximation, the dispersion relation in graphene can be written as:™*!

E*(ky ky) = -|_-y0\/1 + 4 cos ¥2x? cos% + 4 cos? % (2.3)

13



where a is V3ay, Yo is the nearest neighbor overlap integral, and k = (k,, ky)is the electron wave vector.

The resulting band structure is shown in Figure 2.2. The occupied valence and empty conduction bands

meet at the highly symmetric K and K’ points. In intrinsic (non-doped) graphene, the Fermi level Er is

situated at the point known as the Dirac or charge neutrality points. Since it is further indicated that the

electronic density of states (DOS) precisely vanishes at these points, graphene is classified into a zero

band gap material.

The electrical properties of graphene reflect the energy band structure at the Dirac points as shown in

Figure 2.2 (right). The linear dispersion relationship between energy E(k) and momentum k& can be

approximated to first order as
E(k) = tvpk (2.4)
where 2 is the wave vector measured relative to the Dirac points, and vz~ 10° m/s is the Fermi velocity.

Therefore, charge carriers in graphene close to the Dirac points thus behave as massless Dirac Fermions.

, ' 0

T W2k
2

k Pl

Figure 2.2 Three-dimensional band structure of graphene. The valence and conduction bands meet at the

Dirac points. The right figure is zoomed the one of Dirac points showing the linear dispersion relation at

small & values. (adapted from [2])
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2-2 Preparation methods of graphene films

There are several preparation methods of graphene: mechanical exfoliation, chemical reduction of
graphene oxide (GO), epitaxial growth on a silicon carbide (SiC) substrate by thermal decomposition, and
chemical vapor deposition (CVD).5?

- Mechanical exfoliation

Due to the layered structure of graphite with weak m—m stacking, a simple approach to obtain a 2D sheet
by the exfoliation technique is to peel off carbon layer-by-layer from graphite mechanically and/or
chemically. Mechanical exfoliation involves attaching an adhesive tape to the surface of graphite, such as
Kish graphite (single crystal graphite flakes) and highly ordered pyrolytic graphite (HOPG), to obtain a
flake, applying a force, and rubbing it against another substrate to reduce the thickness. Exfoliated
graphene has originally been used to investigate physical properties of graphene because it could give
highly crystalline graphene flakes. However, the flake size is limited up to several micrometers, and it
lacks uniformity in the number of layers.”

- Reduced-GO (r-GO)

Chemical reduction of GO is a possible route for the large-scale production and manipulation
of graphene.l68  The most common method to produce GO is the Hummers method, which is
one example of the chemical exfoliation of graphite.[!!. GO is strongly hydrophilic due to the
attachment of epoxide and hydroxyl groups to the basal planes and carbonyl and carboxyl
groups at the edges. In the following steps, partial reduction of GO can be achieved by
treating with hydrazine hydrate, hydrogen plasma, or a strong pulse of light. Some defects
and the attached functional groups still remain in r-GO. Thus, the quality of r-GO is

limited by the precursor quality and the efficiency of the reducing agent (or process).

- Epitaxial Growth on SiC Substrate
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Epitaxial growth of graphene is achievable on insulating (or semiconducting) SiC substrates. By
annealing at high temperature, sublimation of silicon atoms on the surface of SiC substrate occurs,
reconstructing graphene on the top of the substrate. This technique is very clean because no metal or
hydrocarbons are needed during the growth. Moreover, the grown graphene can be patterned using
standard lithography. Although the technique is suitable for radio and THz frequency electronics where
excellent performance is required, the price of the initial SiC wafer is relatively expensive compared to

that of silicon wafers.['%!!]

In addition, graphene transfer is difficult due to the formation of buffer layer.
- CVD growth

As mentioned in Chapter 1, the CVD method can produce large-area graphene, and is scalable for
industrial production because the sizes of graphene are limited only by the metal film and furnace

2131 CVD graphene on a metal film is easy to transfer to a target substrate, e.g. a Si0,/Si substrate

size.
and plastic materials. In addition, it is possible to control the number of layers and the shape of the
graphene film by optimization of the growth conditions. A carbon source, such as hydrocarbon gases, is
introduced into a reactor and decomposed at high temperature. Subsequently, a graphene film grows on
the surface of a metal film catalyst. Indeed, graphene growth has been demonstrated on a variety of
transition metals; Ni,[14’15] Co,[l(””] Ru,[lg’lg] Ir,[zo] Pd[zll, and Cu.??! In particular, CVD growth on a Cu

catalyst is one of the most promising and widely employed methods to produce large-area single-layer

graphene due to the low carbon solubility and low cost of Cu.

2-3 Growth mechanism of CVD-grown graphene on metal catalysts'>> "]
During the CVD growth, hydrocarbon gases are fed into the reactor, such as a quartz tube covered with

an electrical furnace, and pass over the surface of metal catalyst at elevated temperature. The catalyst

decomposes the hydrocarbon gases to provide a supply of carbon atoms, and a graphene film is formed on
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the catalyst surface. There are multiple nucleation sites of graphene domains across the surface. In
general, each domain has one or more crystal orientations distinct from neighboring domains, and as a

[28,29]

result their interfaces form domain boundaries. The grain boundaries and the surface roughness of

Cu are known to stimulate the graphene nucleation.’*"

Because various parameters of CVD growth,
e.g. temperature, pressure, a balance of gases (CHy4, H, and Ar), crystallininity of the metal catalyst, and
impurities, should be considered to control the domain structure of graphene, optimization of the CVD
condition is for the most part an experimental study.

CVD growth using Cu catalysts can provide large-area and single-layer graphene, and Cu foil is most
widely used as a catalyst metal. This is because Cu metal has a relatively low C solubility (0.001—0.008
wt % at 1083 °C) compared with that of like Ni (or Co) (=0.6 wt % at 1326 °C).***3>**I Figure 2.3 shows
the phase diagram of Ni-C and Cu-C. The low C solubility can limit the C atom diffusion into the Cu

J Furthermore, it is able to stabilize

catalyst, leading to graphene growth only on the surface.”
graphene & electrons with only weak bonds on the Cu surface because of Cu’s electron configuration (3d

orbitals are fully occupied).
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Figure 2.3 Phase diagrams of nickel and carbon (Ni-C) (a) and copper and carbon (Cu-C) (b).***!

(adapted from [23])
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2-4 Domain structure of CVD-grown graphene
2-4.1 Morphology and observation of domain structure
Recently, it is found that CVD-grown graphene grown on Cu foil is polycrystalline consisting of a

number of small domains that are separated by domain boundaries. The presence of domian boundaries

[34,35 36,37]

in polycrystalline graphene films are theoretically predicted to alter its electronic,”***! mechanical,'
and chemical properties,”® from those of the pristine perfect graphene lattice.
Various techniques have been reported to observe spatially resolved information about the domain

29,39

structure in graphene. High-resolution transmission electron microscopy (HR-TEM)®**! and scanning

tunneling microscopy (STM)“***!

can provide atomic scale images of the graphene lattice, although the
observation areas are limited. The imaging process based on electron diffractions enables an observation
of configuration (size and orientations) of the domain structure of graphene over large areas, because the
angle distribution of graphene domains is given by selecting the diffraction conditions. Both dark-field
TEM (DF-TEM) and DF low energy electron microscopy (DE-LEEM) have been successfully applied to
analyze domain structures. Figure 2.4a,b shows the DF-TEM image and corresponding diffraction

patterns.”*”!

A single crystal of graphene should give one set of diffraction, but many sets of
6-fold-symmetric spots were observed from CVD-grown graphene grown on Cu foil. In DF-TEM, by
placing a small aperture at one set of diffraction allows us to selectively convert to the real space image of
the graphene domains in the limited range of angles. Each color is assigned to the orientation of
graphene domain in Figure 2.4a,b. Although TEM analysis can realize the visualization of domain
structures as well as the atomic observation, it sometimes suffers from contamination and damage during
the graphene transfer to a TEM grid. In contrast, DF-LEEM does not require a transfer process and has

the advantage of obtaining information regarding graphene's orientation relative to the substrate, as shown

in Figure 2.4c-f* The numbers, which are 1, 2, and 3, in Figure 2.4c-f show different Cu grains.
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CVD-grown graphene has many domains with different orientations even in one Cu grain. It is also able
to determine the number of graphene layers from the electron reflectivity as a function of accelerating

voltage in the bright field (BF)-LEEM.*!

Figure 2.4 The electron micrograph of domain structures of single-layer graphene grown on Cu foil.
DF-TEM image of the transferred graphene (a) and corresponding electron diffraction patterns (b)."*”
Different colors are used for graphene domains with different hexagon orientations. BF-LEEM image of
the as-grown graphene on Cu foil with numbers indicating different Cu grains (c¢) and DF-LEEM images

showing the distribution of graphene domains (d-f).1* (adapted from 24)

There are other methods to observe the graphene domains indirectly. Self-assembly of liquid crystal
molecules on graphene has been utilized to visualize the domain structure using a polarized optical
microscope (POM), because the orientation of adsorbed molecules can reflect the orientation of a

graphene domain.**! The spatially resolved mapping of Raman spectroscopy enables us to represent the
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presence of defects in graphene!™ and the domain structure of *C- and '>C-labeled graphene.*®' The
CVD growth using *C/"*C isotope-labeled CH, also indicates that the graphene domains develop laterally

with increasing growth time.

2-4.2 Electrical transport property rerated to domain boundaries in CVD-grown graphene

The grain boundaries in polycrystalline graphene are expected to induce different electronic behaviors,
which reflect their atomic arrangements. The electrical transport across grain boundaries with perfectly
periodic structures may be either highly transmissive or reflective over a wide range of energies,

depending on the relative orientations of adjacent domains."*"

An example of such an extended defect
has been experimentally identified using STM for graphene grown on nickel, as its electronic density of
states exhibited metallic character, in contrast to the semimetallic properties of the perfect graphene
lattice.*"! As shown in the previous section, however, grain boundaries in CVD-grown graphene form not
only periodic defect structures but also imperfect atomic connections or overlap one another even on the

29,39,47,48]

nanometer scale.! It is important to understand the electrical impact of realistic graphene grain

boundaries and its influence on transport properties of large-scale graphene device.

2-5 Recent research trends of CVD-grown graphene

Considering influences of graphene’s domain structure and boundaries (Figure 2.5b) on physical and
chemical properties, tailoring the domain structure, especially synthesis of single-crystalline graphene
without domain boundaries (Figure 2.5a), and improving observation techniques of domain structure is
required. The following section, then, explains previous researches and essential challenges. In

addition, recent research to tune graphene’s properties are also introduced.
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@
Figure 2.5 Illustration of atomic structure of graphene films; an ideal single crystal (a) and the

polycrystalline CVD-grown graphene (b).

2-5.1 Synthesis of single-crystal graphene

Two approaches are proposed to realize synthesis of single-crystalline graphene. One is to obtain
hexagonal single-crystal graphene domains as large as possible. In this approach, reducing the number
of nucleation sites and increasing the domain size is required. Recently, large graphene domains are
synthesized even on Cu foil which is polycrystalline by optimizing the CVD conditions, especially by
tuning the balance of CH4 and H, gases (Figure 2.6 a).[*>"!

Figure 2.6b depicts another approach which is orientation-controlled growth achieved by epitaxial CVD
growth using single crystal or hetero-epitaxial metal films deposited on single-crystal sapphire
(a-Al,05(0001)) and/or MgO(111) substrates.'*'****2 " Dye to the high crystallinity of the metal catalyst,

graphene can epitaxially grow with respect to the crystal orientation of the catalyst.

(@)

Figure 2.6 The recent achievements of synthesis of single-crystal graphene; (a) large hexagonal graphene
domains (adapted from 50), and (b) illustration describing crystallographic relationship between graphene

and the Cu film deposited on c-plane sapphire (adapted from 42).
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2-5.2 Functionalization of graphene

Functionalized graphene is one of the key topics in graphene research for the realization of
graphene-based flexible electronics. The functionalization is achieved through the formation of new
covalent bonds or interaction between the functional groups and graphene, inducing some property

]

changes for graphene.”” Several approaches for graphene’s functionalization, especially to improve

tuning and modifying graphene’s electronic structure, have been proposed by introducing different

[54-47

atoms/organic groups into graphene, such as heterogeneous atoms doping,”**"! and diazonium coupling.

(58601 Furthermore, self-assembly of functional molecules on graphene is another promising method,
because m-m interaction is a non-covalent interaction between the m orbitals of the graphene and the

adsorbed molecules, thus maintaining the original sp*-network of the graphene. 1'%

2-6 Wet transfer process

For both fundamental and application based research, the transfer of graphene to arbitrary target
substrates is required. CVD growth can provide transferrable high-quality and large-area graphene on a
metal catalyst surface. However, it is a developing issue to achieve defect- and contamination-free
transfer of clean graphene even now. The commonly used approach is a wet transfer assisted by a
polymer (e.g. polymethyl methacrylate (PMMA), polydimethylsiloxane (PDMS), and polycarbonate (PC))

261 The polymer spin-coated and cured on the graphene

and a metal-etching, as shown Figure 2.7.
surface serves as a supporting material. The metal catalyst film is then removed by etching solutions,
leaving only the PMMA/graphene film. Aqueous iron nitrate (Fe(NOs;);) and iron chloride (FeCl;) have

been reported as possible etchants. The remnant etching solutions on the film is rinsed off using

de-ionized (DI) water and aqueous hydrochloric acid (HCI), and then transferred onto a substrate.
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Residual PMMA is removed by acetone, and a graphene film is placed on the top of the target substrate.
However, this graphene transfer process is reported to sometimes cause cracks in the graphene due to gaps
between the polymer/graphene films and the target substrate induced by large roughness of graphene on
the metal catalyst. To this end, heating of the polymer up to its glass temperature (7g) is effective way to
introduce better contact between the polymer/graphene films and the substrate, avoiding cracks.!®%!

D
-

; . Si0,/Si
Etching solution Acetone

Figure 2.7 Schematic of transfer process of CVD-grown graphene using a polymer support and metal

etching.
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Chapter 3:

Domain structure in single-layer graphene

grown on Cu (111) and Cu (100) films

Abstract:

Size, orientation, and boundaries of graphene domains were the current focus of chemical vapor
deposition (CVD) growth, because they were closely related to graphene’s physical properties. Here, I
studied the domain structure of single-layer graphene grown by ambient pressure CVD over
heteroepitaxial Cu(111) and Cu(100) films. Low energy electron microscope measurements revealed
that the Cu(111) film gave uniform single-layer graphene whose orientation was consistent with the
underlying Cu lattice for areas over 1 mm”.  On the other hand, single-layer graphene grown on Cu(100)
film exhibited clear multi-domain structure with two main orientations rotated by 30°. Moreover, a weak
intensity Raman D-band was observed along the domain boundaries for the graphene grown on the
Cu(100). Our results gave new insights on the growth mechanism of CVD-grown graphene over Cu

metals and offer a new direction for the realization of single-crystalline graphene.
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3-5 Introduction

Recent works demonstrate that CVD graphene has a polycrystalline structure consisting of a number of
small graphene domains with random orientations, reflecting the polycrystalline nature of the Cu foil.
The Cu foil is consisting of a face-centered cubic (fcc) (100) plane that has a square lattice is not suitable
for orientation control of graphene domains in terms of mismatch of the lattice symmetry. Even though
some groups synthesized large graphene domains on Cu foil through the optimization of the growth
condition, it is still challenging to connect the domains atomically at the boundaries since the neighboring
graphene domains have different orientations.

On the other hand, epitaxial CVD growth is a promising approach to control the orientations of
graphene domains. The low energy electron diffraction (LEED) measurement with ~1 mm spot size has
proven previously that the average orientation of hexagons is controlled by using heteroepitaxial metal
films,!"*! but the microscopic domain structure has not been well understood. These previous studies
only investigated the metal films with hexagonal closed packed structure (hcp) (0001) or face-centered
cubic (fcc) (111) planes whose symmetry match with the graphene structure, but commonly used Cu foil

has four-fold symmetry fce(100) plane.

Microscopic analysis, mainly scanning tunneling microscope
(STM) observation, has been frequently used to determine the epitaxial relationship between CVD-grown
graphene and underlying single crystal Cu(111) or Cu(100) films. These works present periodic moiré
structures which can be explained by an epitaxial relationship and lattice mismatch between graphene and

the Cu metal.>!%

However, such a method is not applicable to wide area inspection, and a more
systematic understanding is required. In addition, clarifying the influence of the Cu crystalline plane on
graphene’s domain structure is important for the understanding of the growth mechanism as well as

maximizing graphene’s physical properties for future electronic applications.

Here, I study domain structures of large-area, single-layer graphene films grown on heteroepitaxial
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Cu(111) and (100) films which are deposited on single-crystal MgO(111) and (100) substrates,
respectively. Low energy electron microscope (LEEM) is used to observe the domain structure for the
as-grown graphene without a transfer process. By combination with Raman analysis, | investigate the
strong influence of the Cu crystalline plane on domain structure, domain size and orientation of

CVD-grown graphene.

3-6 Experiment
- Preparation of Heteroepitaxial Cu Films for the Catalyst

Single-crystalline MgO(111) and (100) substrates were cleaned by sonicating in acetone and isopropyl
alcohol. A 500 nm thick Cu film was deposited on these substrates with a power of 300 W in Ar
atmosphere (0.6 Pa) by radio frequency (RF) magnetron sputtering (Shibaura Mechatoronics Corp.,
CFS-4ES). During sputtering, the substrate temperature was kept at 300 °C to promote epitaxial growth
of the Cu film.
- Synthesis of GrapheneFfilms

For the ambient pressure CVD growth of graphene, the Cu film was annealed in a mixed Ar (800 sccm)
and H, (14.2 sccm) flow for 30 minutes at 1000 °C, followed by switching the gas to a mixture of CHy4
(0.5 sccm), H, (14.2 sccm), and Ar (800 sccm) for 10 minutes. After CVD, the sample was rapidly
cooled down to room temperature by taking out the sample from the furnace in the flow of Ar and H,
gases.
- Transfer of Graphene to SiO/Si Substrate

A wet transfer process was applied. After CVD, the surface of graphene film was covered with diluted
PMMA by spin-coating, and the thin PMMA was mechanically supported with thermal tape (Revalpha,

Nitto-Denko).""!  Then, the Cu film was dissolved with aqueous solution containing FeCl; and HCI to
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release the graphene supported with PMMA and thermal tape. The thermal tape/PMMA/graphene stack
was washed with deionized water and placed on the SiO,/Si substrate. Finally, the thermal tape was
removed by heating at 120 °C, followed by PMMA removal with acetone.
- Characterizations

Crystallinity of the heteroepitaxial Cu films was measured by x-ray diffraction (XRD) (Riguku, RINT
2500) and scanning electron microscopy (SEM) (Zeiss, Ultra55) equipped with electron backscattered
diffraction (EBSD) (TSL Solutions, OIM). LEED and LEEM analyses were performed to characterize
crystal orientations of the as-grown graphene films. LEED patterns of as-grown graphene were recorded
in a ultra-high vacuum (UHV) chamber of 8x10” Pa with a Spectaleed (Omicron, Germany) instrument.
LEEM images and spectra were measured with Elmitec LEEM III. To remove impurity from the surface,
we applied thermal annealing in vacuum before the measurement. Transferred graphene films were
analyzed by optical microscope, AFM (Bruker, Nanoscope Illa), and Raman spectroscope (Tokyo

Instruments, Nanofinder30). Excitation wavelength was 532 nm.

3-7 Results and discussion

Heteroepitaxial Cu films were prepared on MgO(111) and (100) substrates at 500 °C by radio RF
magnetron sputtering. After thermal annealing in H,/Ar flow at 1000 °C to improve the metal
crystallinity, the sample was reacted with a mixed gas of CH4/H,/Ar flow at the same temperature to grow
graphene on the Cu surface. From XRD, the Cu film deposited on MgO(111) showed a sharp diffraction
peak at ~ 42° assigned to Cu(111) diffraction (Figure 3.1a). The EBSD image clearly shows that the Cu
film has (111) plane normal to the substrate and it is free from the metal grain boundary (Figure 3.1b).
In particular, twin structures observed for the Cu film sputtered on sapphire at room temperaturem] are

completely suppressed, resulting in high quality single-crystalline Cu(111) film due to high temperature
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sputtering and MgO crystal structure. The combined analyses of XRD and EBSD prove that the whole
Cu film has a Cu(111) single crystal structure. Similarly, grain boundary-free single-crystalline Cu(100)
film was successfully obtained on MgO(100) substrate, as seen in Figure 3.2. LEED patterns measured
at 400 eV showed three and four sharp diffraction spots from the Cu(111) and Cu(100), respectively

(Figure 3.1c and 3.2c). These results also prove the high crystallinity of the Cu film.
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Figure 3.1 Heteroepitaxial Cu(111) film deposited on MgO(111). XRD profile (a) and EBSD data (b) of
Cu films measured after CVD. (c) LEED patterns measured at high electron energy (400 eV).
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Figure 3.2 Heteroepitaxial Cu(100) film deposited on MgO(100). XRD profile (a) and EBSD data (b) of
Cu films measured after CVD. (c) LEED patterns measured at high electron energy (400 eV).

After transferring both graphene films from Cu(111) and Cu(100) films onto target SiO,/Si substrates,
graphene films showed characteristic Raman spectra of single-layer graphene (Figure 3.3a and 3.4a);

stronger 2D-band intensity than G-band (lp/lg ~1.5) and narrow 2D-band with 30-40 em™ width.

13,14]

Negligible defect-related D-band intensity also indicates that the graphene is of high quality.! In

33



addition, analysis of optical contrast also supports the single-layer graphene and uniformity of the film
(insets of Figure 3.3a and 3.4a).!""!

We investigated orientation of as-grown graphene on the Cu films by LEED. Shown in Figure 3.3b
is LEED pattern measured with a 100 eV electron beam whose spot size is around 1 mm. The graphene
formed on Cu/MgO(111) showed six sharp diffraction spots (Figure 3.3b). The analysis of the energy
dependence signified that these six peaks are originated from both the graphene lattice (green circle) and
Cu(111) lattice (red circle). This result proves that graphene is epitaxially formed on the
Cu(111)/MgO(111). Note that Cu(111) lattice has three-fold symmetry while the graphene hexagonal
lattice has six-fold symmetry. Thus, at high electron energy (400 eV), three diffraction spots coming
solely from the Cu(111) lattice became prominent (Figure 3.1c). For comparison, we also performed
LEED measurement for single crystalline Cu(111) substrate after surface cleaning process inside LEED
chamber (not shown here). The LEED pattern of the pure Cu(111) surface is almost identical to that of
graphene/Cu(111). In addition, their /-V curves of LEED patterns are essentially the same for the
Cu(111) and graphene/Cu(111) except for the clear diffraction from graphene only at low incident
electron energies. These results indicate the absence of reconstruction of Cu(111) surface due to
graphene growth.

On the other hand, graphene/Cu(100)/MgO(100) showed a more complex LEED pattern (Figure
3.4b). There are two sets of diffraction patterns. We interpret that outer twelve broad streaks (green
circle) are originated from graphene and inner four peaks (red) are from Cu(100) lattice, because the latter
Cu(100) diffraction peaks are very sharp and become stronger with increasing the electron energy (Figure
3.2c). From the LEED pattern, it is concluded that the graphene covers the Cu surface with two
preferential [10] orientations with angles of 0 + 2° and 30 £ 2° with respect to the underlying Cu[011]

lattice. Wofford et al. reported the evolution of four-lobed graphene domains in associated with square
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Cu(100) lattice,” and our result is consistent with their observations. Note that there also exists weak

and broad diffraction streak between 0° and 30° position corresponding to the mis-aligned graphene

domains.
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Figure 3.3 CVD graphene grown Cu(111). (a) Raman spectra and optical microscope images (inset) of
graphene transferred on the SiO,/Si substrate. (b) LEED images of as-grown graphene on Cu measured
with 100 eV. Red square in (a) inset shows the area where Raman spectrum was obtained. Green and red

circles in (b) show the diffraction spots originating in graphene and the underlying Cu lattice, respectively.
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Figure 3.4 CVD graphene grown Cu(100). (a) Raman spectra and optical microscope images (inset) of
graphene transferred on the SiO,/Si substrate. (b) LEED images of as-grown graphene on Cu measured
with 100 eV. Red square in (a) inset shows the area where Raman spectrum was obtained. Green and
red circles in (b) show the diffraction spots originating in graphene and the underlying Cu lattice,

respectively.

The above mentioned crystalline-plane dependent orientation of graphene hexagons is qualitatively

consistent with the previous report.*! However, the LEED analysis gives the average orientation of
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graphene domains existing in a large beam spot size (~1 mm), thus it lacks information on the microscopic
domain structure. Recently, spatial domain distribution was visualized by using dark-field TEM for
single-layer graphene transferred from a Cu foil (Chapter 2). Relatively small graphene domains up to
several um are observed for the large-area graphene sheet. TEM observation requires a transfer process
by dissolving the metal catalyst so that it is difficult to analyze the relative orientation of graphene domain
against the metal lattice. In addition, TEM is not suitable for large-area inspection, partly because the
graphene surface can be contaminated with PMMA residue. Another tool is STM which gives atomic
resolution image of graphene on the metal. STM was used for atomic scale characterizations of

single-layer graphene grown on Cu foil and single-crystalline Cu(111) and (100) films.”""

However,
the scan area is typically very small, and it is not suitable for large-area statistical analysis.

To investigate the domain structure of the CVD-grown graphene, we measured LEEM for the
graphene on the heteroepitaxial Cu films. Although LEEM is used to analyze graphene formed on metal
catalyst and SiC substrates, the growth is usually done in an ultra-high vacuum chamber.*'" We
measured the ex-situ LEEM for the graphene grown by the ambient pressure CVD. This ambient
pressure CVD is advantageous because it is applicable to large-scale graphene growth with low cost and
suppresses thermal evaporation of Cu which is problematic in vacuum CVD. In addition, the LEEM
does not require a graphene transfer process and can scan large area by simply moving the sample stage.
Moreover, the electron reflectivity enables determination of the graphene thickness.!®

After introducing as-grown sample into the LEEM chamber, the sample was annealed to remove the
surface adsorbents in vacuum because of inevitable exposure to air during the transfer. We measured
bright-field (BF) and dark-field (DF) images that are formed from the reflection and diffraction of electron

beams, respectively. From BF LEEM measurement, the spatial distribution of the number of graphene

layers is obtained from the electron reflectivity as a function of accelerating voltage. Shown in Figure
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3.5a-c is BF LEEM images of as-grown graphene on heteroepitaxial Cu(111) measured at different
electron energies. The BF image showed the uniform white contrast except for some dark spots and
linear lines. The reflectivity data measured at three points of Figure 3.5b is displayed in Figure 3.5d.
The white area (marked with red square) shows a feature of single-layer graphene, indicating the
formation of uniform single-layer graphene. The thick dark line observed at the center of Figure 3.5b
(blue and green squares) is likely 2-3 layers of graphene. We interpret that this line represents a wrinkle
of the graphene film that can be formed by different thermal expansion coefficients of graphene and Cu
metal. The narrow lines running from upper left to lower right are probably originated from the surface
morphology of the Cu film. The dark spots correspond to either metal nanoparticles or surface
adsorbates that remain on the graphene surface.

The DF LEEM was measured for the same area, as shown in Figure 3.5¢. The image was taken
under the diffraction condition shown in the inset. The contrast of the DF image is quite uniform in the
entire view, representing the single orientation of graphene in the measured area. Further measurement
revealed that the diffraction pattern is unchanged after scanning ~1 mm (Figure 3.6a). In addition, large
area (0.2 mm) DF LEEM images also indicate the uniform growth of orientation-controlled graphene
without any clear boundary (Figure 3.6b). In the previous STM studies, it is proposed that there are two
preferential graphene orientations on single-crystalline Cu (111) film; the angle between [10] direction of
graphene and [101] direction of Cu(111) is 0° and 705191 Gao et al suggested that graphene domains

with 0° orientation occupy 30% in the measured area.”

Whereas, in our case, the rotation-free (i.e. 0°
orientation) graphene extends for very large area, occupying nearly 100%. Our optimized growth

conditions are thus verified to produce highly-oriented single-layer graphene on heteroepitaxial Cu(111).
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Figure 3.5 (a—c) BF LEEM images of as-grown graphene on heteroepitaxial Cu(111) measured with
different electron energies. (d) Electron reflectivity data measured at points highlighted in (b). (¢) DF

LEEM image measured for the same area as (a—c) with the diffraction condition shown in the inset.
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Figure 3.6 (a) LEED patterns of graphene/Cu(111) scanned for ~1 mm areas. The diffraction patterns are
acquired along y direction of a substrate. (b) DF LEEM images scanned for ~200 um areas. Dark spot

indicated by the white circle is the defect in the microchannel plate.

I further studied the transferred graphene by atomic force microscope (AFM) and Raman mapping
measurements. From the AFM image shown in Figure 3.7a, the graphene was found to have very
smooth surface except for the linear wrinkles. The Raman mapping images of I>,p/lg and Ip/l; ratios are
displayed in Figure 3.7c and 3.7d, respectively. Here, 532 nm excitation laser line with spot size of
around 600 nm was used. Although there are some fluctuations in the I,p/l; ratio, all the measured
areas displayed ratios higher than 1.5, indicating uniform single-layer graphene. As seen in the Raman
spectra (Figure 3.7e) the D-band intensity was negligible. The /p/lz mapping also supports that the
D-band is weak in the whole 5 um x 5 um measured area except for wrinkles (see Figure 3.8). Since the
Raman D-band is associated with defects and domain boundary of a graphene film,""” our epitaxial
graphene film grown on Cu(111) might be free from domain boundary based on the absence of D-band

and the DF LEEM images.
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Figure 3.7 (a) AFM image of a graphene film transferred from Cu(111) onto the SiO2/Si substrate. (b)
Height profile measured by AFM along the blue line indicated in (a). Raman mapping images of the
relative 1, /I, ratio (¢) and I/l ratio (d). The measured 5 x 5 pm area is indicated by the white square

shown in (a). (¢) Raman spectrum measured at the point marked in (c,d).
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Figure 3.8 Raman mapping (a,b) and AFM (c) images of transferred graphene from Cu (111) onto SiO,/Si

substrate. White arrows show the identical graphene wrinkle.
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We also performed LEEM measurements for the as-grown single-layer graphene on Cu(100), which

can be regarded as a model system of widely studied Cu foil. Figure 3.9a,b shows BF LEEM images of

the graphene on Cu(100) measured with different electron energies. = The images show some dark

contrasts with 1-2 pm size, and they became stronger with the increase of the energy. However, the

electron reflectivity profiles (Figure 3.9c) indicate that the four points marked in Figure 3.8b are

essentially the same, supporting the single-layer graphene for all the positions. This is consistent with

the optical contrast shown in Figure 3.4a inset that proves uniform single-layer graphene formation even

on Cu(100) surface. There are two possible reasons for the observed dark contrast in the BF LEEM

images. One reason is slight surface oxidation of the Cu surface; the surface oxidation slightly increases

the work function of Cu metal that can give dark contrast in the BF image. This is plausible, since we

exposed our sample to air during transferring into the LEEM chamber. Another possibility is adsorption

of impurities on the graphene surface; although we applied heat treatment prior to the LEEM measurement,

the surface adsorbents are difficult to be removed completely from the graphene surface.

Interestingly, the DF LEEM images of graphene/Cu(100) (Figure 3.9d,e) showed a marked contrast

to that of graphene on Cu(111) (see Figure 3.5¢). We discovered that the as-grown graphene possesses a

clear multi-domain structure with patches of small domains. Under one selected diffraction condition, a

mosaic structure appeared (Figure 3.9d), while the diffraction condition rotated by 30 ° gave a different

mosaic pattern (Figure 3.9¢). This can be attributed to the multiple graphene domain structure, similar to

that reported by the dark field TEM analysis. The size of our graphene domains is below several um,

and domains form irregular boundaries. The domain structure was analyzed in terms of the domain

orientation, as depicted in Figure 4f. The image analysis indicates that the graphene domains with 0° and

30° rotational angles occupy 46 % and 34%, respectively. Note that these two orientations, 0° and 30°

rotation, are crystallographically equivalent. When the mis-orientation of + 2° is allowed, the domains

41



occupy 55% (for 0+ 2°) and 41% (for 30+ 2°), as shown in Figure 4.10. We should note that most of the
graphene domains prepared in our work have only two rotational directions, which are different from the
previous graphene grown on Cu foil, in which a wide variation of rotational angles are observed. Being
consistent with our epitaxial growth of graphene on the heteroepitaxial Cu(111), epitaxial graphene
growth also occurs on heteroepitaxial Cu(100) surface. Previous STM studies suggested graphene

7-10

growth with specific orientations, 0°, 30°, and 6°, against Cu (100) lattice,”'" but here we demonstrate the

distribution of the two major graphene domains quantitatively.

—
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Figure 3.9 (a,b) BF LEEM images of graphene films grown on Cu(100) with 1.0 and 44.5 eV electron
energies. (c) Electron reflectivity data measured at four different points marked in (b). (d,e) DF LEEM
images of graphene measured under different diffraction conditions shown in the insets. (f) Spatial
distribution of graphene domains determined from the DF LEEM images. The blue and green areas show

the graphene domains rotated by 0° and 30° with respect to the underlying Cu lattice, respectively.
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Figure 3.10 DF LEEM images of graphene films grown on Cu(100). The LEEM images were measured
with different diffraction conditions: (a) -2°, (b) 0°, (c) +2°, (d) 28°, (e) 30° and (f) 32°. (g) Result of
image analysis of these LEEM images. Blue and green areas show graphene domains rotated by 0 = 2° and

30 £ 2° respectively.

The wrinkle structure was also observed for the transferred graphene from Cu(100) using AFM and
Raman D-band intensity (Figure 3.12). Except for this wrinkle structure, the growth of uniform
single-layer graphene was confirmed by optical microscope (see Figure 3.4a inset) and Raman mapping of
L/l ratio (Figure 3.11c). However, the Ip/lg mapping shown in Figure 3.11d indicates curved line
features in the D-band intensity. As seen in Figure 3.11d, the D-band weakly appeared along the line.
Note that no wrinkle structure was observed by AFM for the mapped area. From the characteristic

structure of curved D-band image and the scale that are comparable to the DF LEEM images (see Figure
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3.9d-f), we infer that the observed D-band reflects the domain boundary of graphene.

When two

adjacent graphene domains with 30° rotation meet at the boundary, the boundary cannot be atomically

connected, since the orientations of hexagons are different.
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Figure 3.11 (a) AFM image of a graphene film transferred from Cu(100) onto the SiO,/Si substrate. (b)

Height profile measured along the blue line indicated in (a). Raman mapping images of Lp// (¢) and Ip/Ig

(d) ratios. The measured 5 X 5 u m area is indicated by a white square shown in (a). (¢) Raman spectra

measured at the points marked in (c,d).
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Figure 3.12 Raman mapping (a,b) and AFM (c) images of transferred graphene from Cu (100) onto

Si0,/Si substrate. White arrows show the identical graphene wrinkle

Here, atomic models of graphene grown on Cu(111) and Cu(100) metals are discussed. Figure 3.13
represents the graphene epitaxially grown on Cu(111), as revealed by LEED and LEEM. The relative
orientation is described as [10]gaphene//[101]cuciin. A periodic moiré pattern is seen in Figure 3.13, which

is consistent with the previous STM images."!

On the other hand, on Cu(100), there are two major
orientations, [10]graphene’/[011]cui00y and [01]graphene’/[011]cui00). In both cases, C-C bond of graphene
hexagons are aligned parallel to the Cu-Cu bond of the top most Cu surface. Stripe-like moiré pattern
should appear as illustrated in Figure 3.13b, because Cu(100) has four-fold symmetry while graphene has
six-fold symmetry. This is experimentally verified by STM for the graphene on Cu foil.”) When
graphene is grown on Cu(100) surface, grain boundary should remain due to the mis-oriented interface as
illustrated in Figure 3.13b. The DF LEEM images (Figure 3.9d-f,3.10) clearly indicate the presence of
domain boundaries. It is considered that this is the reason why the D-band was observed at the boundary
(see Figure 3.11d) when the orientations of two adjacent graphene domains are not identical. In the case
of single-layer graphene grown on Cu(111), all the graphene domain nuclei have the same hexagon
orientation. Our LEEM and Raman results suggest that the boundary of the neighboring graphene

domains grown on Cu(111) may be seamlessly connected during growth, in contrast to the graphene

grown on Cu(100).
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Figure 3.13 Atomic models of graphene grown on Cu(111) (a) and Cu(100) (b) surfaces. The graphene
grown on Cu(111) is experimentally verified to have single orientation, while that on Cu(100) is found to
have two orientations rotated by 30°. The red line in (b) represents a schematic of the domain boundary

that is formed between two adjacent rotational domains.

Recently, graphene domain boundaries were studied by Raman mapping and scanning electron

]

microscope (SEM) for the initial growth stage on Cu foil.'”! It was demonstrated that the graphene

domain boundary gives increased D-band intensity, when the hexagonal graphene nuclei meets at the
boundary. Therefore, the absence of D-band in the graphene on Cu(111) may indicate the boundary-free
graphene growth. Based on STM observation, Lahiri et al. proposed the formation of one-dimensional

]

defect lines for the graphene grown on Ni(111)."  They suggested that carbon octagon-pentagon pair is

formed at the boundary even for the orientation-controlled graphene film. However, their growth
temperature is much lower than the typical CVD temperature (~1000 °C) and they used Ni metal as a
catalyst; they synthesized graphene by annealing the ethylene-adsorbed Ni(111) substrate at 620 °C for 30
min. We reported that the graphene grown on Cu at 900 °C gives higher D-band intensity than that at

(2]

1000 °C, implying significant defect or boundary formation at low growth temperature. Moreover, the

domain structure can depend on metal employed for the graphene growth."!  Therefore, the

one-dimensional defect model proposed in the previous literature!'®!

cannot be simply applied to our
system. However, since the lateral resolution of LEEM is not sufficient for the direct observation of

atomic defects and/or domain boundaries, further microscopic study, such as TEM and STM, are
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necessary for atomic-scale understanding of the domain boundary in relation with the orientation of

graphene hexagons.

3-8 Summary

We succeeded in observing the domain structure and boundaries of CVD-grown graphene on

heteroepitaxial Cu(111) and Cu(100) films by combining LEEM and Raman measurements. The

heteroepitaxial Cu films give large-area single-layer graphene film by ambient pressure CVD. The

graphene grown on Cu(111) is found to have a single orientation in the large area with no detectable

D-band except for at wrinkles. In contrast, the graphene on Cu(100) exhibits clear multi-domain

structure with two preferential domain orientations, reflecting the mismatch of the lattice symmetry of

graphene (six-fold symmetry) and the Cu lattice (four-fold). = The graphene boundary is detected by the

Raman mapping measurement. This is due to the 30°-rotated adjacent domains which cannot be

atomically connected. Most of research works try to increase the graphene domain size through the

optimization of CVD condition for Cu foils. In our method of CVD growth using heteroepitaxial

single-crystalline Cu(111) film, the orientation of graphene nuclei is well controlled. Therefore, our

work can present a new and alternative approach to grow “single crystalline” graphene.
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Chapter 4:

Transport properties and structure of the
interface between CVD-grown graphene

domains

Abstract:

In chemical vapor deposition (CVD) grown graphene, it is important to understand the interfacial
structure of the merged domains, as well as their influence on the physical properties of graphene. Here,
the structure and properties of the interfaces between the merged large hexagonal domains with controlled
orientations were studied. Although the merged domains have various interfaces with/without wrinkles
and/or increased defect-related Raman D-band intensity, the intra-domain transport showed higher carrier
mobility reaching 20,000 cm’/V's on SiO, at 280 K (the mean value was 7,200 cm?/Vs) than that measured
for inter-domain areas, 6,400 cm*/Vs (mean value 2,000 cm?/Vs). The temperature dependence of the
mobility suggested impurity scattering dominated at the interface even for the merged domains with the
same orientation. This study highlights the importance of domain interfaces, especially on the carrier

transport properties, in CVD-grown graphene.
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4-5 Introduction

To achieve large-area growth of single-layer of graphene at a low cost, CVD on Cu catalyst is a very
promising method. Although mechanical exfoliated graphene flakes demonstrate high carrier mobilities
of 200,000 ¢cm?/Vs for suspended graphene!! and ~10,000 cm?/Vs for graphene on SiO, substrate,”
CVD-grown single-layer of graphene transferred onto SiO, substrates generally exhibits low carrier
mobilities, typically 1,000-5,000 cm?/Vs. There are several possible reasons for the lower mobility of
CVD-grown graphene, such as low crystallinity, transfer-induced defects and impurities, wrinkles formed
during the CVD process and while transferring the films, and the presence of domain boundaries in
polycrystalline CVD-grown graphene.

On conventional Cu foil, which is polycrystalline, the orientation of these hexagonal domains is not
controlled. Thus, it is difficult to merge the domains seamlessly without defects at interfaces of graphene
domains even though recent progresses have achieved large hexagonal graphene domains. However,
epitaxial CVD growth using heteroepitaxial Cu films deposited on single-crystalline substrates, such as
sapphire or MgO, can control the hexagonal domain orientation due to the crystal relationship between
graphene and Cu. It is thus of interest to study how the growing hexagonal graphene domains merge
together on heteroepitaxial Cu films, while keeping the same orientation.

In this chapter, the interfaces of the merged hexagonal graphene domains are investigated using atomic
force microscopy (AFM), Raman spectroscopy, and charge transport measurements, highlighting the

importance of interface engineering for high-performance devices.
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4-6 Experiment
- Synthesis of hexagonal graphene domains

The heteroepitaxial Cu films on MgO (100) substrates were prepared using high temperature sputtering
at ~300 °C. This experimental condition was same as that in Chapter 3-2. To grow the graphene films
a Cu/MgO(100) substrate was placed in a quartz tube in an electric furnace and annealed at 1000 °C in the
flow of H, (2.5% in Ar) gas for 40 min.  After rising the furnace temperature to 1075 °C, the mixed gases,
CH4 (10 ppm) and H, (2.25%) in Ar, were flowed under ambient pressure.m After CVD for 20 min, the
sample was rapidly cooled down to room temperature by taking the sample out of the furnace. The
domain orientation was controlled using heteroepitaxial Cu(100) films.
- Transfer of graphene domains to SiO,/Si substrate

As-grown hexagonal graphene was transferred onto SiO, (285 or 300 nm)/Si substrates using
poly-methyl methacrylate (PMMA), thermal tape, and an etching solution of aqueous FeCl; and HCI.
- Characterization of hexagonal graphene domains

The as-grown graphene domains on Cu surface were observed by scanning electron microscopy (SEM).
The transferred graphene films were analyzed with an optical microscope (NIKON Eclipse300), an AFM
(Bruker, Nanoscope Illa; Seiko Instruments Inc., SII SPA400), and a Raman spectroscope with a piezo
stage (Tokyo Instruments, Nanofinder30). The excitation wavelength used for Raman spectroscopy was
532 nm.
- Fabrication and measurement of the graphene devices

Four terminal electrodes were patterned using electron beam lithography with PMMA, followed by
vacuum evaporation of Ti and Au 5 nm and 30-50 nm thick, respectively. After annealing at 200 °C in a
vacuum (~1074 Pa) for a short time, electrical measurements were performed with the four-terminal

system in a cryostat under a vacuum (~2 x 107> Pa), with a temperature ranging from 80 to 280 K.
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4-7 Results and discussion

Large hexagonal graphene domains with lateral sizes of several tens of micrometers were formed on
heteroepitaxial Cu(100) films by ambient pressure CVD at 1075 °C. Figure 4.1a—c shows SEM images
of the hexagonal domains grown on Cu(100) films. A number of isolated hexagonal domains were
observed together with some merged domains. Contrary to the polycrystalline Cu foils, the heteroepitaxial
Cu(100) films limited the orientation of the graphene domains because of the epitaxial relationship,

allowing the angle dependence of the merged domains to be studied.
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Figure 4.1 (a—c) SEM images of as-grown hexagonal graphene domains on a Cu(100) film. The
heteroepitaxial Cu(100) film limited the orientation of the graphene domains, leading to the limited
merged angles of 0° (b) and -10° (c). (d) Angle distributions of hexagonal graphene domains grown by
CVD at 1075 °C. The Cu [100] direction is defined as 0°. (¢) Atomic models of graphene domains on the
Cu(100) lattice.
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Three main orientations, 0°, 30°, and -10°, were observed in the graphene domains, with respect to the
underlying Cu lattice. Figure 4.1d,e indicates the angular distribution and atomic models, respectively.
The rotation-free domains (0°) occupied about 70% of merged domains (Figure 4.1¢). The 0° and 30°
orientations are defined as [10]gmphene//[011]cy and [01]graphene//[011]cy, respectively.  These two
orientations were observed on the Cu(100) surfaces when they were grown at 1000 °C (Chapter 3). In
both cases, one of the C-C bonds in the graphene film aligns parallel to a Cu-Cu bond. However,
-10°-rotated graphene domains were also observed, likely because of the higher CVD temperature used
(1075 °C). Accordingly, there were several types of merged domains with limited angles, as shown in
Figure 4.1b and 4.1c. In this chapter, we mainly focus on the merged domains with the same angle (0°
rotation).

The surface morphology and Raman spectra of the merged graphene domains transferred on SiO,/Si
substrates were studied. Figure 4.2 shows the optical microscope, AFM images, and the Raman data for
the graphene domains that had the same orientation when they merged. The transferred graphene films
showed a higher Raman 2D-band intensity than G-band intensity (/2p/lg ~1.5), a narrow 2D-band (3040
cm ' in width) and a substantially weak D-band. These results, together with the uniform optical contrast,
confirm the growth of high-quality single-layer graphene domains.

At some of the interfaces of the merged domains, a clear line with height of 0.3—7 nm was observed
along the interface in the AFM image, marked by an arrow in Figure 4.2b. Figure 4.4 illustrates the
possible structures of the interfaces between the neighboring graphene domains grown on Cu surfaces.
Because the observed height was greater than the thickness of one graphene layer (see Figure 4.2b), it is
believed that this region corresponds to a graphene wrinkle, as illustrated in Figure 4.4b. However, in
some cases, interfaces lower than 1 nm in height were observed, which may come from the overlap of

graphene layers, as illustrated in Figure 4.4c. Among the 15 merged domains that were measured, seven
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interfaces (46%) showed clear wrinkles or an overlap. The distribution is shown in Figure 4.3. Figure

4.2¢,d is Raman mapping images of the /,p/lg and Ip/l; intensity ratios, and Figure 4.21 shows the Raman

spectra measured at numbered points. A weak but clear Raman D-band was observed along the wrinkles

(spectrum 1 in Figure 4.2i), while the D-band intensity was negligible inside the graphene domains

(spectrum 2). A weak D-band was observed for the other six merged domains that had wrinkles.

Wrinkles are known to form during the CVD process and are caused by the different thermal expansion

coefficients of graphene and Cu, as well as the wet-transfer process. The wrinkles observed at the

interface likely originate from the collision of the developing graphene domains (Figure 4.4b). It is

unlikely that the interface seen in Figure 4.2d is atomically connected.
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Figure 4.2 Optical micrograph (a), AFM image (b) and Raman mapping image of the lp/I;(c) and Ip/lg
(d) ratios of the graphene domains with wrinkles along the interface. The wrinkle is indicated by the black
arrow in (b). (e—h) shows the data without a clear wrinkle at the interface. These merged domains had the
same angle (0° rotation). The AFM and Raman mapping areas are indicated by the black squares shown in

(a) and (e). (i) Raman spectra measured at the points marked in (c), (d), (g), and (h).

Figure 4.2f shows that some of the merged domains possessed flat surfaces, even at their interfaces. In

addition, about half of these wrinkle-free interfaces showed a negligible or very weak D-band (see Figure
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4.2h and spectrum 3 in Figure 4.2i). The remaining half of the wrinkle-free interfaces showed a clear
D-band (see Figure 4.3a). The wrinkled interfaces always had a Raman D-band. The distribution
observed (Figure 4.3a) implied that there are variations in the wrinkle formation and the D-band intensity,

even though only the domains merged with the same angle were studied.

(a) with identical angle (b) with different angles

I /o wrinkle, io/ls < 0.05
[ wio wrinkle, k/ls > 0.05
[ with wrinkle, b/l > 0.05

Figure 4.3 Distribution of interface properties in adjacent domains; merged with the same angle (a) and

with different angles (b).

Figure 4.4d-f illustrates three possible interfaces that do not show an obvious height change: atomically
smooth connection (Figure 4.4d), defective connection (Figure 4.4¢), and terminated edges (Figure 4.4f).
The atomically smooth, perfect interface should give no D-band as it will be a single-crystalline graphene
domain. The latter two cases can potentially show a D-band because of the symmetry breaking, which
basically originates in the defects or domain edges. The direct relationship between the interface structure
and the Raman spectrum is unclear due to limitations in the spatial resolution (spot size ~600 nm) and
sensitivity of the confocal Raman spectroscope used. Even though a negligible D-band was observed for
some interfaces (Figure 4.2h), this does not prove a perfect connection. Further studies such as
tip-enhanced resonance Raman spectroscopy (TERS) are necessary to better understand the structure of
the interfaces. In spite of the spatial limits of both AFM and Raman, this work demonstrated that various

types of interfaces could be formed, even for the merged domains with the same angle.
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Figure 4.4 Schematic of the possible interfaces for the merged graphene domains. (a) Each graphene
domain grew independently, but with the same hexagon orientation. After the CVD process, there were
five possible interface structures; (b) wrinkle formation, (c) overlap, (d) perfect connection, (e) defect
formation such as 5-7 membered rings and (f) open edges. (b) and (c) show the change in height, while

(d) — (f) do not show a clear height change.

The merged domains were also measured with different angles. Figure 4.11 shows the result of the
domains merged with a - 10° rotation. Among the 13 merged domains measured, seven of the merged
domains showed wrinkles along the interface (Figure 4.4b). The result of the domains merged with a -
10° rotation are shown later in Figure 4.11. However, all the interfaces of the 13 merged domains showed
a clear D-band. This signifies that it is difficult for rotated domains to connect seamlessly.

To further study the interfaces between adjacent domains, electrical measurements of the graphene
devices were performed by attaching multiple Au/Ti electrodes, as shown in Figure 4.5. To avoid
deterioration of the charge transport properties by multiple lithography-etching processes, the hexagonal
graphene domains were not patterned. Instead, the carrier mobility was calculated by assuming a
rectangular-shaped channel (Figure 4.5). L is a distance between two electrodes. The channel width, 7,

is calculated from the following formula:
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W = {w; + (W,x2) + W3}
The specific geometry of the merged domains and the exposed side edges may influence the calculated
mobility, but these effects were not significant because of the large, micrometer-sized domains and
interfaces, and the graphene’s high carrier mobility. Structural defects, such as domain boundaries (shown
in Figure 4.4b,c,e,f) and point defects generated by electron beam irradiation, are significant for the charge
transport properties.'” Therefore, the use of hexagonal domains instead of a rectangle compensated for this
and the assumption is appropriate for comparing intra- (within a domain) and inter-domain (across

domains) mobilities in one set of devices.

Figure 4.5 Optical microscope image of graphene FET. The channel area for an electrical transport

measurement was approximated as shown by a red square.

Figure 4.6a shows an optical micrograph of a graphene device with identical orientation domains. In
this device, a 7-nm-high wrinkle existed at the interface of the merged domains (Figure 4.6b). A number
of parallel small lines observed in the AFM image can be originated in the transfer process, because the
narrow lines run in almost one direction. Using Raman mapping, the linear feature of the D-band was
observed along the interface (Figure 4.6c). For the four-terminal measurements, two outer electrodes

were used as the source (S) and drain (D) electrodes (see Figure 4.6a). A gate voltage was applied to the
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bottom of the Si substrates All of the measurements were performed in a vacuum (~5 x 10~ Pa). The
gate voltage dependence of the conductivity for both the intra- (electrodes 1-2) and inter-domain
(electrodes 2—-3) areas measured at 80 K is displayed in Figure 4.6d. The resistivity at the charge neutrality
point (CNP, Dirac point) and the hole mobility measured for the intra-domain device (red curve) were
2,600 Q-m and 10,000 cm*/Vs, respectively. This mobility is very high, and almost comparable to that of
exfoliated graphene on a SiO, substrate.”! The inter-domain device (black curve) showed a resistivity and
mobility of 21,000 Q-m and 1,100 cm?/Vs, respectively. The resistivity of the inter-domain area was eight
times higher than that of the intra-domain area. Thus, the mobility was significantly suppressed when it

was measured across a wrinkled interface.
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Figure 4.6 Optical micrograph (a), AFM image (b), In/lc Raman mapping image (c) and the charge
transport properties (d) of the hexagonal domains merged with a wrinkle along the interface. The wrinkle
present at the interface is indicated by the white arrow in (b). AFM (b) and Raman mapping (c) were
measured for the white and black areas shown in (a), respectively. The numbers in (d) indicate the
electrode pairs used to measure the conductivity. Electrode pairs 1-2 and 2—3 correspond to the inter- and

intra-domain, respectively.

Next, the merged hexagonal graphene domains without wrinkles at the interface were investigated, as
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presented in Figure 4.7. The Raman mapping image (Figure 4.7c) indicated that the D-band was very
weak for all of the graphene domains, even at the interface. Figure 5d shows the transfer characteristics for
the areas with three different electrode pairs (electrode pairs 1-2, 23, and 3—4). The highest resistivity
observed was 11,000 €2-m at the CNP for electrode pair 2—3, which corresponds to the inter-domain area.
The intra-domain devices showed resistivities of 6,400 £2-m and 9,200 Q-m for the 1-2 and 3—4 electrode
pairs, respectively. The resistivity at the area between electrodes 3—4 was high, but still lower than that
of electrodes 2-3. The carrier mobilities were determined to be 4,000, 2,500, and 2,600 cm?/Vs for
electrodes 1-2, 2-3, and 3—4, respectively. The inter-domain area (such as electrode pair 2-3) showed the
lowest mobility. Therefore, the deterioration of the charge transport properties in graphene occurred
even for the wrinkle-free interfaces. This suggested that there is an imperfect atomic connection between

the neighboring domains.
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Figrure 4.7 Optical micrograph (a), AFM image (b), Ip/lc Raman mapping image (c) and charge
transport properties (d) of the hexagonal domains merged without wrinkles. No clear linear features were
observed in both the AFM and Raman images. The Raman image was taken before attaching electrodes.

Electrode pairs 1-2, 3—4 and 2-3 correspond to the inter- and intra-domains, respectively.

We note that the carrier transport property is very sensitive to the film transfer and device fabrication
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processes. The Dirac point of the merged device shown in Figure 4.7 shifted to a positive voltage of ~20 V.

It is speculated that this shift originated in a residual contaminant encapsulated between graphene and the

Si0, surface.['”

This unintentional doping effect and/or impurity contamination reduced the charge

carrier mobility. However, the general tendency within the single merged domains was consistent for all

of the nine devices tested (Figure 4.8).
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Figure 4.8 Optical micrograph (a,c,e,g,i,k,m) and charge transport properties (b,d,f,h,j,I,n) of the merged

hexagonal graphene domains.
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Figures 4.9a and b summarize the resistivity at the CNP and the carrier mobility for nine devices (in
Figure 4.8) with 0° rotation, measured at 80 K. This data contains all of the devices measured,
irrespective of the presence of wrinkles and the appearance of a Raman D-band at their interfaces. The
inter-domain devices showed a higher resistivity and a lower mobility than the intra-domain devices. The
mean resistivity at the intra-domain area was 4,400 Q-m, and that at the inter-domain area was 13,000
Q-m, which is three times larger than the intra-domain area. In addition, the distribution of the resistivity
was scattered at the inter-domain across the two domains. The mean mobility at the inter-domain area was
2,700 cm?/Vs at 80 K (2,100 cm?/Vs at 280 K), which is less than half of that in the intra-domain area that
had a mobility of 9,900 cm?/Vs (7,200 cm*/Vs at 280 K) (see Figure 4.9b). These results strongly suggest

that electrical scattering sites are present at the interfaces of adjacent graphene domains.
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Figure 4.9 Comparison of the resistivity (a) and mobility (b) of the adjacent domains, merged with the
same angle (0° rotation). Nine isolated merged domains were measured. (c) Merged domains used to
measure the temperature dependence of the hole mobility shown in (d). Red and black data show the

mobilities of the intra-domain inter-domain areas, respectively.

The temperature dependence of the carrier transport was measured for the devices, shown in Figure 4.9¢
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and d. Different temperature dependences were observed for the intra- and inter-domain devices. The
mobility of the intra-domain device decreased with increasing temperature, which is consistent with the

devices made with exfoliated graphene.”’

This temperature dependence indicates that the thermally
activated phonon scattering of the charge carriers is enhanced at higher temperatures, implying the
absence of severe defects within the hexagonal domains. The carrier mobility was very high at 20,000
cm?/Vs for the intra-domain devices at 280 K, which is higher than that for typical exfoliated graphene
devices. Thus, our single-crystalline graphene domain is extremely high quality.

The mobility of the inter-domain device was almost constant in the measured temperature range. This
temperature dependence showed that impurity scattering influences the transport properties. The
inter-domain device showed the highest mobility of 9,600 cm?/Vs at 80 K (6,400 cm?/Vs at 280 K). This
interface-induced charge carrier scattering was observed in all of the nine graphene devices, even for the
interfaces without wrinkles and a Raman D-band. Therefore, it is likely that the interface between the
domains, even those merged with the same angle, contained structural defects, as illustrated in Figure 4.4e
and f. These linear defects acted as carrier scattering sites, thus lowering the mobility. As discussed
earlier, the spatial resolution of the AFM and Raman measurements was not sufficient to detect such
atomic defects. Although the hexagonal graphene domains had the same angle, nucleation occurred
randomly, making it difficult to seamlessly connect a series of hexagonal rings. The connection of the
growing front of the graphene domains, with limited exposure to the Cu surface, is a dynamic and
complicated phenomenon. It is speculated that a much higher temperature, near the melting temperature
of carbon, might be necessary to ensure atomic-level connection between adjacent graphene domains, as
illustrated in Figure 4.4d." Tt is considered that this is related to the domain size of graphene, as large

domains require high energies to reconstruct the atomic lattice of the graphene hexagon network.

However, smaller domains do not need high energy to entirely reconstruct the graphene lattice. Therefore,
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further optimization of the growth conditions could enhance the atomic connection of the merged
graphene interfaces, realizing large-area single crystal graphene sheets. Alternatively, current-induced
heating may be also able to heal the interface defects of merged graphene domains.

The charge transport properties varied depending on the nature of the merged domains. Some devices
showed different temperature dependences from the result shown in Figure 4.9d. Figure 4.10 shows
some of the devices that had the highest mobility as well as the largest CNP shift at ~200 K. Since the
wet-transfer process was carried out using an etching solution (HCI, FeCl;) and H,O (see Experimental
Section), impurities may be trapped between the graphene and SiO, surface. A recent report on the
fabrication of artificial stacks in two-dimensional sheets suggested that impurities, such as hydrocarbons,
are present between the transferred graphene and SiO,/Si substrate.'” Before the measurements were
performed, the graphene devices were annealed in a vacuum at 200 °C to remove any impurities, and it
was confirmed using AFM measurements that there were no significant impurities on the surfaces of the
transferred graphene sheets. However, it was difficult to completely remove any trapped impurities
underneath the transferred graphene sheets, because graphene can deform elastically and is

11-13]

impermeable.! To use CVD-grown graphene in high-performance electrical devices, reduction of the

impurities should be considered.
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Figure 4.10 Temperature dependence of mobility (a) and CNP (b) of inter-domain (red) and intra-domain

(black) devices.

Here, I would like to discuss graphene domains merged with different orientations. The angle between
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two graphene domains was -10 ° and measurement areas of both AFM and Raman mapping are displayed
in an optical image (Figure 4.11a). Some lines were observed between graphene domains by AFM, as
seen in Figure 4.11c. Optical micrograph (Figure 4.11a) and Raman mapping images of I,p/lg and Ig/Ip
rations (Figure 4.11d) indicated that graphene was single-layer included parts of few layer regions and
linear D-band. Thus, these lines in AFM can be assigned wrinkles and overlapped area in graphene.
Graphene device in four terminal systems were fabricated as shown in Figure 4.11a. The resistivity were
5900 and 7300Q - m at the intra-domain (between electrodes 1 and 2) and the inter-domain (between
electrodes 2 and 3) in Figure 4.11a, and the hall-mobility 2200 cm*/Vs at the intra-domain F and 1400
cm’/Vs at the inter-domain G were estimated based on conductivity in Figure 4.11b. Again, at the

inter-domain region, carrier scattering is suggested to be predominant.
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Figure 4.11 Optical micrograph (a), AFM image (c), and Raman mapping image I,p/Ig (d) and Ip/l; (e) (¢)
of hexagonal domains merged with a different angle (-10 °). Clear wrinkle and D-band are observed at this

interface. (b) Transport properties of graphene device shown in (a).

Recently, some experimental works on the charge transport properties of CVD-grown graphene across
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14-17]

two graphene domains have been reported.[ Investigations using scanning tunneling microscopy

(STM) and spectroscopy (STS) suggest that the domain boundaries in CVD-grown graphene induce

U451 1t has also been reported that domain

disorder scattering and result in a high potential barrier.
boundaries increase the electrical resistance of graphene, compared with single domain areas.'®'” This
study focused on merged domains that all had the same angle, and from temperature dependence

measurements we revealed that thermally activated phonon scattering is dominant at the intra-domains,

while impurity scattering occurs at the inter-domains.

4-8 Summary

The charge carrier scattering sites and mechanisms were investigated in CVD-grow graphene using
charge transport measurements across the interfaces of two large hexagonal domains that were grown on
heteroepitaxial Cu films. Approximately half of the merged domains showed clear wrinkles along the
interfaces, indicating that thermal stress induced the wrinkle formation at the boundaries. Some of the
interfaces of the merged domains showed no wrinkles and a negligible D-band. The carrier transport was
reduced, even at these interfaces. In addition, the temperature dependence of the mobility showed different
tendencies for the intra-domain and inter-domain devices. The latter suffered from impurity scattering,
caused by imperfect interfaces. This work indicates that the domain interface has a strong influence on the
charge carrier transport properties and could be useful in the development of high-performance

graphene-based electronics.
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Chapter 5:

Self-assembly of polar phthalocyanine

molecules on CVD-grown graphene

Abstract:

Integration of functional organic molecules with graphene is expected to promote the development of
graphene-based flexible electronics with novel properties. Here, the self-assembled structure of dipole
phthalocyanine molecules, chloro-aluminum phthalocyanine (CIAIPc), on single-layer graphene grown by
chemical vapor deposition (CVD) over a Cu film was characterized by low-temperature scanning
tunneling microscopy (LT-STM). The phthalocyanine molecules show highly ordered assembled
structures on the CVD-grown graphene, and these molecular layers extend continuously over the steps of
the Cu film. 1 also observed specific boundaries in the self-assembled molecule arrays, which can be
explained by the presence of domain boundaries in the graphene. The STM results suggest that
CVD-grown graphene is a good molecular assembly template for surface functionalization and these

molecular arrays facilitate the study of the domain structures in CVD-grown graphene.
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5-5 Introduction

Graphene’s unique properties promise applications in many fields, in particular in flexible electronics.
Graphene is also a good candidate for tuning the surface properties after transfer to a target substrate, such
as changing the substrate’s surface energy, hydrophilicity/hydrophobicity, chemical reactivity, and charge

injection efficiency.!"™

Self-assembly of functional molecules on graphene is a promising method for
the realization of graphene-based flexible electronics without degrading the sp2 network of graphene,
because the m-m interaction is a non-covalent interaction between the m orbitals of the graphene and
adsorbed molecules, thus maintaining the original sp>-network of graphene. The understanding and
control of assembled structures of adsorbed molecules on graphene is important in terms of potential
applications in nanoscale fabrication as well as functionalization of graphene devices.

In the previous reports of phthalocyanine molecules deposited on graphene grown on metal surface,
molecular self-assembled structures are correlated with the surface structure, such as the moiré
corrugation of graphene and underlying metal substrate which acts as trapping sites of molecules.*'”  So

-1 substrates and

far, these studies were limited to highly-oriented pyrolytic graphite (HOPG)!
single-layer graphene grown on Ru(0001),'** Rh(111),”" Tr(111),!"" and SiC!"* inside an ultra-high
vacuum (UHV) chamber equipped with a scanning tunneling microscope (STM). Considering the
current advances in chemical vapor deposition (CVD) growth and transfer of graphene, it is interesting to
study graphene grown on Cu catalyst as a template for the self-assembled phthalocyanine.[”’ls] Although
CVD growth on Cu can provide a uniform and large-area single-layer graphene film, the as-grown
graphene usually has a multi-domain structures with domain boundaries which may degrade the physical
properties of graphene. Therefore, it is also interesting to investigate the effects of domain structure and

boundaries in CVD-grown graphene on the assembled structures of adsorbed molecules.

In this chapter, a low-temperature STM (LT-STM) study of self-assembled structures of polar
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phthalocyanine molecules, chloro-aluminum phthalocyanine (CIAIPc), on multi-domain single-layer
CVD-grown graphene grown over a Cu(100) film is presented. It is found that the CIAIPc molecules
form highly ordered 2D superstructures continuously on the graphene surface. The orientation and the
grain boundaries of the self-assembled 2D molecular arrays depend on the domain boundaries of
CVD-grown graphene, indicating that the geometry of CVD-grown graphene has a pronounced influence

on the assembled structure of the organic molecules.

5-6 Experiment
- Graphene growth by CVD and its characterizations

A heteroepitaxial Cu(100) film with a 500 nm thickness was deposited on a single-crystalline MgO
(100) substrate at high temperature by radio-frequency (RF) magnetron sputtering (Shibaura
Mechatoronics Corp., CFS-4ES). Single-layer graphene was grown over this Cu(100) film by ambient
pressure CVD at 1000 °C with flowing CH4, H,, and Ar gases for 10 minutes. This experimental
condition was same as that in Chapter 3-2. As-grown graphene were investigated by scanning electron
microscopy (SEM), atomic force microscopy (AFM), Raman spectroscopy, and LT-STM.
- Thermal deposition of CIAIPc molecules

The as-grown graphene was exposed to air before loading into a UHV chamber. The
graphene/Cu(100)/MgO(100) was placed inside the UHV chamber connected to a LT-STM measuring
chamber, followed by annealing at 200 °C to clean the graphene surface. After cleaning the graphene
surface, a CIAIPc molecular source was heated at 285 °C to evaporate onto the graphene surface which
was kept at near room temperature without heating the substrate. This deposition process was done
under a base pressure lower than ~107 Pa, and the amount of surface adsorbed molecules was controlled

by the evaporation time.
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- LT-STM observation
LT-STM was carried out at ~ -196 °C (77 K) and under ~10"® Pa with a constant current mode to
characterize the atomic structure of the as-grown graphene and the packing geometry of CIAIPc molecules

on it."”]

All the STM images shown in this chapter reflect height profiles.
- Thermal annealing process of CIAIPc molecular array

Effect of thermal annealing on the molecular packing structure was also investigated by heating CIAIPc

arrays on the graphene substrate at 100-265 °C in vacuum without supplying additional CIAIPc molecules.

5-7 Results and discussion

Figure 5.1 shows results about as-grown graphene on a Cu(100) film. These wrinkles were seen by
SEM (Figure 5.1c). We also observed wrinkles in graphene (marked by arrows in Figure 5.1b), which
are ascribed to different thermal expansion coefficients of graphene and Cu metal. The surface
roughness is estimated to be less than 0.5 nm RMS in a 10 um square area based on the AFM image
shown in Figure SI-la. The growth of single-layer graphene on the heteroepitaxial Cu(100) film was
confirmed by Raman spectroscopy in Figure 5.1b. The narrow full-width half maximum (FWHM) of the
2D band (<30 cm™), high intensity ratio of the 2D to G bands (2D/G ratio ~ 1.8), and negligible D band

intensity indicate that high-quality single-layer graphene is grown on the Cu surface (Figure 5.1¢).
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Figure 5.1 SEM image (a), AFM image (b), and Raman spectrum (c) of as-CVD graphene grown on a

heteroepitaxial Cu(100) film. White arrows in (b) indicate wrinkles in CVD-grown graphene.

The use of a heteroepitaxial Cu(100) film allows us to control the structure of the resulting graphene
domains, as discussed in Chapter 3. Figure 5.2 shows the surface morphology and atomic structure of
as-grown CVD-grown graphene on the Cu(100) measured by STM. STM as well as AFM images
indicate that there are two types of surface steps; periodic steps running along the <001> and <011>
direction and other steps with random orientation (Figures 5.1b, 5.2a,c). Typical step height was around
0.2-0.4 nm, as seen in Figure 5.2d. I found that graphene grows continuously across steps on the Cu film
(Figures 5.2e,f).

Note that our graphene/Cu(100) surface shows no moiré patterns in the STM images (Figures 5.2).

18-20 :
' In our experiment, graphene was

This suggests that the graphene is decoupled from the Cu film.!
grown by CVD under the ambient pressure and exposed in the air to be transferred into the UHV chamber,

followed by thermal annealing in vacuum for the STM measurement. This air exposure can cause the
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oxidation of the Cu film and may also intercalate gases between the graphene and Cu, leading to the

21,22]

decoupling of CVD-grown graphene from the Cu surface.!

Height (nm)
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Figure 5.2 (a-c,e,f) STM images of CVD-grown graphene on the Cu film measured for different scan areas,
100100 nm (a) and 10x10 nm (b) and (b) height profile measured along the white line in (c).
CVD-grown graphene continuously grew across Cu steps. The high-resolution images along the right and
left steps in (c) shown in (e) and (f), respectively. Scanning parameters:(a) Vi, = 2.0 V, I = 80 pA; (b,
c,e,f) Vi, =1.0 V, =280 pA.

Although moiré patterns were not observed, the honeycomb lattice of graphene was clearly observed by
our LT-STM measurement, as shown in Figure 5.3. I observed two major orientations in the graphene

lattice at several arbitrary points, [10]graphene//[011]cui00y and [01]graphene’/[011]cui00).  These two relative
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orientations are depicted in the insets of Figures 5.3. These two main orientations reflect the difference
of the lattice symmetry of graphene (six-fold symmetry) and the Cu lattice (four-fold symmetry), being
consistent with our previous LEED and LEEM results.”* Thus, the graphene on the Cu(100) has a
multi-domain structure with well-defined domain orientations, which offers a good platform to analyze a
self-assembled molecular structure in relation to graphene’s domain structure. Because of the limited

scan area of the STM, we could not find domain boundaries in the single-layer graphene.

Figure 5.3 The high resolution STM images of as-grown graphene on Cu(100). The insets show a
crystallographic relationship between graphene and Cu(100) lattice. Blue and yellow atoms represent

carbon and Cu atoms, respectively. Scanning parameters: Vi, = 1.0 V, 1= 100 pA.

Next I deposited C1AIPc molecules onto the graphene/Cu(100) by thermal evaporation. Figures 5.4a,b
represent atomic models of a ClAIPc molecule viewed from the top and side, respectively. This
phthalocyanine molecule is selected as a model system mainly due to the presence of rigid m-conjugated
network which is supposed to interact with graphene through s—m interaction. In addition, this C1AIPc
molecule has a permanent dipole moment perpendicular to the m-plane, which can be used to obtain a
large dipole moment in graphene. This molecule is also useful in organic solar cells, because it acts as an

23,24]

electron donor through the control of their molecular configuration.! Figure 5.4c is an STM image of
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the phthalocyanine molecules adsorbed on the graphene surface. The adsorbed ClAIPc molecules

produced a highly ordered structure on the CVD-grown graphene due to the m—m interaction and

protruding CI atoms. The molecular arrays have a uniform and continuous structure. In this case,

graphene was almost fully covered with the first CIAIPc layer and partially with a second layer. The

height difference of the first and second layers was 0.3 nm, corresponding to the thickness of a single

phthalocyanine molecule. High-magnification STM images measured for the first and second layers are

shown in Figures 5.4d and e, respectively. Different atomic images were observed in the first and second

layers. The m-planes of CIAIPc molecules lay down in parallel with the graphene surface, and there are

two orientations with respect to Cl position; Cl atom pointing to vacuum (Cl-up) and CI atom pointing to

graphene (Cl-down). The four-lobe feature with a bright central protrusion observed in the first layer

(Figure 5.4d) was assigned to the Cl-up configuration. Here, the bright spots in Figure 5.4d correspond

to Cl atoms. On the other hand, the Cl-down configuration was observed for the second layer, displaying

a square-shaped m-network of the phthalocyanine molecules (Figure 5.4e). Both the first and second

layers have a square unit cell of CIAIPc molecules, with lattice constants of a=b=1.58 nm and y=90°.

The schematic model of a unit cell of CIAIPc molecules deposited on graphene is depicted in Figure 5.4f.

The Cl-up configuration observed for the first CIAIPc layer is a consequence of the effective m—mn

interaction between the graphene and phthalocyanine, avoiding the unstable Cl-down configuration due to

steric hindrance of the protruding Cl atom. In the case of the second layer, CIAIPc molecules are likely

to be located at the hollow sites in the first layer with the Cl-down configuration in order to make a closed

packed structure and the electrostatic interaction energetically stable. The second layer has the same

orientation with the first layer, but the relative position is offset by a/2 against to the first layer. The

observed self-assembled structure of ClAIPc molecules are similar to that observed on a HOPG

27-29

surface. Thus, it is considered that the underlying Cu film does not strongly influence the
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orientation of the phthalocyanine molecules. This suggests that the molecular array has the same
structure even on a graphene sheet transferred onto any substrates. Owing to the well-defined graphene
lattice on the Cu(100), we can determine the relative orientation of ClAIPc molecules in the first layer
respect to the graphene lattice, <11>guphenc// <11>ciaipe, as displayed in Figure 5.4f. It is also observed
that the atomic steps of the Cu film with a height around 0.2-0.5 nm do not affect the packing geometry
and the orientation of the CIAIPc molecules. Figure 5.4 d,e show STM images of CIAIPc molecules
assembled across the atomic steps of the underlying Cu surface. This indicates that CIAIPc layers can

continuously extend over Cu steps.

(c)

Figure 5.4 (a,b) Structure of a CIAIPc molecule viewing from top and side. (c-e) STM image of the
assembled film of CIAIPc molecules of the first (d) and second layers (e) on graphene/Cu(100). The
ClAlPc arrays show continuous films across the Cu steps. Insets in (d,e)show the magnified images. ()
Schematic model of a unit cell of CIAIPc molecules with respect to graphene lattice. Red arrows represent
the direction parallel to b axis in the unit cell of CIAIPc molecules. Scanning parameters: (¢) Vi, =2.5V,

=75 pA; (a) Vip=2.0 V,I=75pA; (b) Vip=2.5V, =65 pA.
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Figure 5.5 (a) STM images of self-assembled CIAlPc molecular arrays (first layer) formed at the steps of
the Cu film. The adsorbed molecules form a continuous film crossing the steps. (b,c) Grain boundaries of
self-assembled ClAIPc molecules. The red squares and arrows in panels a—c represent the unit cell of
ClAlPc and the direction parallel to b axis of the unit cell, respectively. The green broken lines show the
grain boundaries of molecular arrays. (d—f) Height profiles measured along the white lines in (a—c).

Scanning parameters: (a, ¢) Vip,=2.0 V, 1= 80 pA; (b) Vi,=2.8 V, =060 pA.

However, in some areas, we found clear grain boundaries in the self-assembled CIAIPc molecule array,

as shown in Figures 5.5b,c. The orientation of the molecular unit cell was rotated by ~ 30° at these grain

boundaries (from here, we use “grain” and “domain” for molecules and graphene, respectively). Here,
we discuss the origin of changing the orientation of the molecular unit cell. Since the angle of grain
rotation (~30°) is consistent with that of the rotation of two neighboring graphene domains shown in
Figure 5.3, it is likely that the domain boundaries of graphene induce the observed grain boundary
formation in the self-assembled films. There are other possibilities of the origin of the grain rotation
observed in the self-assemble film; (i) atomic steps of Cu film, (ii) grain boundaries within a single

graphene domain, and (iii) wrinkles in the CVD-grown graphene. The change of the packing direction at

the Cu atomic steps (i) is considered unlikely, because we observed the continuity of the CIAIPc film

across the Cu atomic steps (see Figures 5.4d,e and 5.5a). Secondaly, the grain boundaries inside a
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graphene domain (ii) can be excluded, because the grain boundaries of the self-assembled film are

[25,26]

generally accompanied with the disordered atomic packing along the boundary. Also, imaging of

the wrinkles in CVD-grown graphene (iii) is not possible by our STM observations, because a steep height

27.28] Therefore, we can conclude that the

change due to wrinkle cannot be followed by a STM tip.!
domain boundaries of CVD-grown graphene make an impact on changing the orientation of the molecular
unit cell.

In the previous literature, liquid crystalline molecules with a long alkyl chain were used to visualize the

graphene domains.”*”

LEEM was also used to analyze structures of graphene formed on a metal surface
and SiC substrate, but the lateral resolution of LEEM is not sufficient for the observation of domain
boundaries and/or atomic defects. In our case, our LT-STM of phthalocyanine molecules gives more
precise atomic scale information on the graphene grain boundaries. We should note that it is difficult to
directly observe graphene domain boundaries by our LT-STM without the phthalocyanine molecules, as
the domain size of our CVD-grown graphene is much larger than the standard STM observation areas.
Low magnification STM measurement is not applicable to the atomic scale observation of graphene, but
the self-assembled molecules on graphene enabled us to distinguish the domain boundaries even by low
magnification imaging.

Finally, we studied effects of thermal annealing on the self-assembled film of the CIAIPc molecules
deposited on CVD-grown graphene in order to understand the structural stability of the molecular layers.
Firstly, the entire graphene surface was covered with the co-existed bilayer and monolayer CIAIPc
molecules with some molecular vacancies (Figure 5.6a). As already mentioned, these molecular arrays
form continuously across the Cu steps. The graphene covered with CIAIPc layers was annealed in

vacuum to partially desorb the assembled molecules. The annealing at ~114 °C was found to remove the

second ClAIPc molecular layer randomly (Figure 5.6b). After further increase of the substrate
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temperature up to 230 °C, the second layer completely evaporated, leaving the uniform first layer (Figure
5.6¢c). The packing geometry as well as the orientation of the phthalocyanine molecules did not change
by this thermal annealing; while subsequent annealing over 240 °C removed most of the adsorbed
molecules of the first layer. The surface coverage of the second and first layer CIAIPc at different

annealing temperature is shown in Figure 5.6d.
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Figure 5.6 Annealing temperature dependence of the CIAIPc assembled films on graphene. (a) Graphene
is mostly covered with the first CIAIPc layer and partial second layer. (b) After annealing at 114 °C, the
second layer molecules are desorbed partially. (c) After annealing at 231 °C, most of the second layer
molecules are desorbed. (d) Surface coverage of first and second layers measured after heat treatment at
different temperatures. Scanning parameters: (a) Vi, =2.0 V, 1 =90 pA; (b) Viip,=2.0 V, I =60 pA ; (c) Vip
=2.5V,1=280pA.

Our result clearly indicates that interaction between ClAIPc molecules and graphene surface is stronger

than that between the first and second layers of the molecules. Therefore, graphene is an ideal substrate
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to accommodate functional organic molecules to form a uniform and stable single layer molecular film.
The CVD-grown transferrable graphene offers a promising approach to modify the target substrate surface
not only by the transferred graphene itself but also by the overlaying self-assembled molecules with
different properties, such as a dipole moment like ClAlPc. Therefore, our findings open a new way to
modify the substrate surface by self-assembly on graphene as well as to visualize domain boundaries of

graphene.

5-8 Summary

The assembled structures of polar phthalocyanine molecules, CIAIPc, on single-layer CVD-grown
graphene with a controlled multi-domain structure are studied by using LT-STM. The CVD-grown
graphene on Cu(100) film are decoupled, showing no obvious moiré¢ pattern, and the CIAIPc molecules
can form a highly ordered 2D molecular dipole arrays on the graphene surface. Grain boundaries of
self-assembled ClAIPc layers with ~30° rotation are observed, which are related to the domain boundary
of underlying graphene. These results demonstrate that the CVD-grown graphene is a good template for
self-assembly of m—conjugated molecules and that the molecular assembled structure can be used as a
molecular probe to visualize the graphene’s domain boundaries. The annealing experiment verifies that
the molecule-graphene interaction is stronger than van der Waals interaction between the interlayer
CIAIPc molecules. Our studies highlight a possible route to functionalize large-area CVD-grown
graphene by molecular assembly for future flexible electronic applications of graphene. This molecular
assembly approach also offers a new method of molecular-level visualization of graphene’s domain

boundaries
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Chapter 6:

Conclusions and Outlook

6.1 Conclusions

In this thesis, the domain structure of graphene synthesized by chemical vapor deposition (CVD) and its
influence on electrical properties and molecular assembly are discussed. Orientation control of graphene
domains has been achieved by epitaxial CVD growth using Cu(111) and Cu(100) films. The key point is
the crystallographic symmetry matching of graphene and Cu catalyst film. The combination of LEEM
and Raman measurements allowed the observation of the domain structure and boundaries in CVD-grown
graphene, combined with the corresponding distribution of the Raman D-band intensity. This epitaxial
CVD approach leads to the formation of large hexagonal graphene domains with controlled orientations
and enables the evaluation of the electrical charge transport at the interfaces across two graphene domains.
Charge transport measurements evinced the significant carrier scatting at the interface of domains. It is
suggested that further understanding of the growth mechanism should improve the structural control of
graphene, improving its physical properties. At the same time, however, graphene devices within the
hexagonal domains show high quality with few defects. The carrier mobility of around 20,000 cm*/Vs at

280 K was remarkably higher than that of typical exfoliated graphene devices. It clearly shows that our
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single-crystalline graphene domains are extremely high quality. Therefore, my achievements are
believed to contribute to the development of large-scale graphene synthesized by CVD for its integration
in graphene based electronics applications.

The molecular self-assembly on CVD-grown graphene with a controlled multi-domain structure also
haa been studied. The dipole phthalocyanine molecules, chloro-aluminum phthalocyanine (CIAIPc), can
form a highly ordered 2D molecular dipole arrays with respect to the graphene lattice as well as domain
structure. To determine configurations of CIAIPc molecules, the m—x interaction between graphene and
these molecules is important. These studies highlight that CVD-grown graphene acts as a good
molecular assembly template for surface functionalization and these molecular arrays have the possibility

to visualize the domain structures in CVD-grown graphene.

6.2 Future Outlook

The discussion in this thesis has been almost entirely limited to single-layer graphene. However, CVD
growth can produce multi-layered graphene as well."*) For double-layer graphene, especially, the
graphene’s band structure is determined by these stacking angles, allowing subsequent control over

electrical and optical properties.*”

And also, it is possible to open band gap with 0.2-0.3 eV by
applying a vertical electric field.” This approach requires further studies about selective growth of
AB-stacked double-layer graphene. The optimization and investigation of the stacking structure at the
interface between these two vertical layers are also interesting issues.

Moreover, very recently, various kinds of layered two-dimensional (2D) materials have become an
interesting research topic because the exfoliation of graphene from bulk graphite has opened up the

possibility of isolating and exploring the fascinating properties of atomic layers of other 2D layered

materials. Upon reduction to single/few atomic layers these new materials will offer functional flexibility,
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new properties, and novel applications. For example, a hexagonal boron nitride (h-BN) thin sheet has

been reported as a good candidate for graphene devices in order to enhance mobility, reduced carrier

]

inhomogeneity and intrinsic doping.” Transition metal dichalcogenides (TMDCs) thin films have

potential applications in flexible photovoltaic device due to their tunable band structure and light

[8,9]

adsorption across a wide range. The combinations of various two-dimensional (2D) materials in

vertical stacks, so called heterostructures, are a promising approach to explore novel materials because of

[10]

predicted excellent properties. However, some reports have demonstrated that artificial

heterostructures prepared by a multi-transfer process suffer from residual impurities, causing undesirable

[11]

scattering in electrical transport measurements. Thus, it is important and necessary for the design of

novel materials to realize the direct growth of these heterostructures combining different layered

12131 The studies on suitable combinations and functionalized methods to obtain the intended

materials.!
beneficial properties should be rapidly progressing.
Graphene and other nanocarbon materials have great potential to provide a breakthrough for new

nanoelectronics. The integration with other 2D materials are expected to progress the novel science and

applications as well.
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