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Abstract

Controllable Synthesis of Multifunctional, Two-Dimensional Carbon
Sheets at Low Temperatures

Jae Hwan Chu
School of Materials Science and Engineering

Ulsan National Institute of Science and Technology (UNIST)

As an ultimate objective to apply for two-dimensional (2D) materials electronics, the 2D
material, graphene synthesis has become an important challenge for large area and high-quality growth.
Consequently, several approach to produce single and few-layer graphene or graphene oxide (GO) have
been reported to date, such as chemical vapor deposition (CVD) method and chemically derived GO
sheet by the modified hummer method etc. However, CVD method pay close attention to be taken to
precisely control the resulting graphene layer owing to its sensitivity to various process parameters.
Besides, it must accompany a transfer method from metal substrate used to grow graphene to desired
substrate for applications. For meanwhile, GO sheets were not considered to use 2D electronics because
chemically decorated oxygen groups with combination of sp?- and sp®- hybridized carbon sheets were
attributed to electrically insulating and must be occupied to reduction process using chemical and/or

thermal treatment to activate electrical well organized sp?-graphene structure.

This study intends to introduce controllable synthesis of multifunctional, 2D carbon sheet at
low temperature. Our group demonstrated transfer-free, large-area growth of graphene films via
Diffusion Assisted Synthesis (DAS) method at close to room temperature. In DAS method, it took
notice of the mathematical analysis of the grain boundary diffusion process began with Fisher model.
They studied that tracer atoms on the surface diffuse into a solid either by direct volume diffusion or by
diffusion through the grain boundary followed by lateral volume diffusion from the boundary to the
lattice. It turns out that lower temperatures greatly favor grain boundary diffusion relative to volume
diffusion. For this reason, we suggested that carbon atoms for solid carbon-source can primarily diffuse
Ni film through grain boundary diffusion relative to lattice diffusion at low temperature (25 ~ 160 °C)
since previous experimental and theoretical studies indicated that Ni surface can catalyze the
dissociation of C-C bonds and promote diffusion even at room temperature. Eventually, in the DAS
method, in contrast to other approaches, our method demonstrated that diffusion of carbon atoms
through a diffusion couple made up of carbon-nickel/substrate synthesized graphene film underneath

the Ni film at the nickel-substrate interface. Moreover, large area of graphene film can be directly grown



at desired substrate without transfer process whatever it is inorganic (SiO2/Si, Sapphire etc.), polymer
(PMMA, PDMS), and glass substrate. Considering our approach, it could be applicable to graphene

electronics.

As a modified DAS method using Cu foil, in this dissertation, we demonstrate that a monolithic
graphene oxide (GO) sheets can be physically synthesized on a copper foil using solid carbon sources
at low temperature (< 260°C), with controllable oxygen to carbon (O/C) composition. Actually,
modified DAS method initially expected that much larger grain size of grain boundary using foils can
overcome limit of evaporated nickel film, where grain boundary engineering of foils is much easier than
to films. Unexpectedly, in contrast to chemically synthesized GO sheets, an another types graphene film
was synthesized with atomically decorated oxygen containing functional groups. For this reason,
manufactured Cu foils with quite uniform oxygen distribution were clearly observed in grain boundary
of Cu foil whatever before and after annealing process. As a result, the diffused carbon atoms through
Cu foil can be combined with dissolved oxygen atom at the grain boundaries of Cu foil followed with
the diffusion of C-O dimers over Cu as well as grain boundaries during DAS process and enabling the
formation of monolithic GO sheets on reverse side of Cu foil. Similarly, our density functional theory
(DFT) calculation results also demonstrate that the lowest energy barriers for the diffusion C- and O-
adatoms were achieved when C-O dimers diffusion of over Cu, regardless of the orientation of the
crystallographic plane (Cu (111), 0.105 eV, Cu (100), 0.188 eV). Moreover, physically synthesized GO
sheets can be surprisingly tuned oxygen to carbon composition by modifying the residual oxygen
concentration in Cu, which directly correlated with the heating profile of Cu foil during annealing step.
Accordingly, the tunable resulting GO sheets have showed the most interesting feature of that
modulating band gap energy, by varying the O/C composition. Therefore, in our approach, we have
successfully demonstrated a new physical synthesis method for GO sheets and tunable O/C composition
offers a more promising opportunity to the precision assembly of graphene-based electronics because

of its property of the modulation of band gap.

Keywords: Two-Dimensional materials, Graphene, Graphene Oxide (GO), Diffusion-Assisted

Synthesis (DAS) method, Tunable band gap and chemical composition.
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annealed Cu foil was prepared on a SiO2/Si substrate (~1 cm?). (b) The annealed Cu foil was covered
with graphite powder to fully cover the foil surface. (c) The C-Cu-SiO»/Si substrate diffusion couple
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Figure 3.4. Photographs of the furnace-based DAS process of graphene frameworks. (a-b) The images
show the stage in which the completed diffusion couple is loaded in a quartz tube. (c) The completed
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diffusion couple was rapidly cooled to room temperature with an N, gun.
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surface, (b) the cleaning process of the Cu foil is shown step by step and the D.I. water was put in
separated petri-dishes, (c) introduction of a new a SiO,/Si substrate in D.I. water to scoop up the cleaned
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Cu foil onto other substrates. The 1-um-thick Cu foil can be supported against vacuum pressure without
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Figure 4.2. Cross-sectional STEM images and corresponding energy-dispersive spectroscopy (EDS)
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process.
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after (b,e) oxidation in air at 200 °C for 120 min (scale bars, 150 um). (e,f) A bright-field TEM image
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(scale bar, 5 nm™). (f) Most micro-crystallites were polycrystalline.

Figure 4.4. (a) Representative Raman spectra of GO that was grown on a Cu surface at 240 °C for 60
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(AFM) measurements.
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Figure 4.8. High resolution XPS C 1s (a) and O 1s (b) line scans of GO that was grown on Cu at 240 °C
for 120 min. (c¢) Grazing-angle FT-IR spectrum of a six-layer-stacked GO that was grown on Cu at
240 °C for 120 min and then transferred onto an atomically flat, clean surface of Au film deposited on

Si0,/Si substrate.

Figure 4.9. Investigation of atomic structure of a GO sheet. (a) Atomic resolution, plan-view TEM
image of a GO sheet that was grown on a Cu surface at 240 °C for 120 min and then transferred onto a
TEM grid. The colour scheme in discrete grains in TEM images represent the different crystalline
structures of the GO grains. Holes are observed after the transfer process of the GO sheet onto a TEM
grid (scale bar, 2 nm). (b) FFT patterns of the regions specified in (a). (c) electron energy loss
spectroscopy of the GO sample grown at T =240 °C for t = 120 min, showing the presence of significant

number of oxygens in the resulting graphene framework.

Figure 5.1. Growth tendency of a monolithic GO sheet on a Cu surface with various incubation times.
(a) Plot of GO coverage (black squares) and C-segment coverage (blue circles) on a Cu surface as a
function of growth time at 240 °C based on the Raman structure. (b) Comparison of the Raman spectra

of GO sheets that were grown on Cu at 240 °C for 5 min (blue), 15 min (green) and 120 min (black),
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and then transferred onto a SiO (300 nm)/Si substrate.

Figure 5.2. Illustration of typical atomic structure model for dimer molecule diffusion on Cu (111) in
this study. (a) top view and (b) bird-eye view (all spheres in brown color indicate Cu atoms except two

spheres in gray color which indicate the dimer of C or O).

Figure 5.3. Diagram of calculated transitional state energy of atomic or molecular diffusion on Cu (111)
surface. (@) C monomer and dimer, (b) O monomer and dimer, (c) C-O and C,O molecules.

Figure 5.4. Diagram of calculated transitional state energy of atomic or molecular diffusion on Cu (100)
surface. (a) C monomer and dimer, (b) O monomer and dimer, (c) C-O and C,O molecules.

Figure 5.5. Growth mechanism of GO sheets and origin of The C and O atoms in the GO sheets. (a)
Zere-loss filtered bright-field cross-sectional TEM image of the Cu foil after DAS at 240 °C for 120
min (using an energy slit width of 10 eV to select the zero-loss peak) and (b) the corresponding C map.

The yellow rectangles denote the same location in the TEM images (scale bars, 0.2 um).

Figure 5.6. Origin of the C and O atoms and growth mechanism in the GO sheets. (a) Changes in the
elemental composition of C and O™ containing species, based on TOF-SIMS analysis of the surfaces of
an as-received Cu foil, an annealed Cu foil at 790 °C in ambient hydrogen, and a GO-covered Cu foil
that was grown at 240 °C for 120 min. (b) Schematic diagram of GO growth mechanism during DAS
process using soild C; C atoms began to diffuse through the Cu along the GBs of the foil while trapping
the O species dissolved in the Cu, leading to the predominant diffusion of C-O molecules over Cu as

well as through GBs.

Figure 6.1. (a) The heating profile of the Cu foil during annealing step. Modifying the heating profile
method enable the residual O concentration in Cu. (b) Changes in the O/C composition and the
calculated bandgap energy in the GO sheets that were formed on a Cu surface under three conditions.
Error bars are the standard deviation of the band gap energy measured in five different samples grown

under the same condition.

Figure 6.2. High resolution XPS C 1s and O 1s line scans of the GO sheets that were formed on a Cu
surface under three different conditions. The GO sheets were synthesized at 240 °C for 60 minutes with

the Cu foil annealed at 790 °C for 20 minutes (type I); at 240 °C for 120 minutes with the Cu foil
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annealed at 790 °C for 20 minutes (type II); and at 240 °C for 120 minutes with the Cu foil annealed at
790 °C for 260 minutes (type I1I).

Figure 6.3. XPS depth profiles of C and O atoms in the Cu foils used after the DAS was accomplished
at three different conditions. The etching processes were conducted from the GO-covered Cu surfaces

and the average etch rate was about 1.9 A/s.

Figure. 6.4. Optical microscope image of back-gated GO based FET devices. FET devices with a
channel length of 5 um and channel widths of 200 pm (O/C~0.8) and 20 um (O/C~0.3) atop 300 nm
Si0, with a p-Si back gate were fabricated by the conventional photolithography.

Figure 6.5. Controllable electrical properties of the GO sheets with varying the O/C composition. (a)
Transfer characteristics of the GO sheets of 0.80 (type 11, (a)) and 0.32 (type III, (b)) with different O/C
compositions measured at temperatures ranging from 20 K to 300 K (Vg = 0.01 V). (c.d) Minimum
conductivity omin of the GO sheets with different O/C compositions of 0.80 (type II, (c)) and 0.32 (type
I11, (d)) at three different values of bias voltage (V) ranging from 0.01 to 1 V as a function of T,

Figure 6.6. Tunable electrical properties of the GO sheets with varying the O/C composition of 0.80
(type II) from 20 K to 220 K. (a,b) Transfer characteristics of the GO sheets V4 =0.1 Vand Vgs=1 V.
(c.d) Minimum conductivity omin as a Dirac point of the GO sheets with different O/C composition of
0.80 (type II) at bias voltage (Vg4s) ranging from 0.1 to 1 V and gate voltage (V. =20V and V, = 70V)

as a function of T,

Figure 6.7. Tunable electrical properties of the GO sheets with varying the O/C composition of 0.32
(type 111) from 20 K to 220 K. (a,b) Transfer characteristics of the GO sheets V4 = 0.1 V and Vg = 1
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as a function of T-¥%
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Chapter 1. Introduction

1.1 History of Two-Dimensional (2D) Materials

One of the greatest concerns on Two-Dimensional (2D) materials research since 1930s had been
believed that a strictly 2D materials could not exist in the free state, and some studies from Landau' and
Peierls? had concluded that these crystals were thermodynamically unstable and thermal fluctuations
could be able to destroy long-range order crystal structure, resulting in melting of a 2D lattice in the
standard harmonic approximation®. It was presumed that any graphene nucleation sites will have large
perimeter to surface ratios, favoring the formation of other carbon allotropes instead of 2D Ilattice
structure. Despite the odds, in 2004, a group of physicists from Manchester University, UK, led by
Andre Geim experimentally discovered high quality 2D crystal- graphene sheets, through a simple
method by using the scotch tape.*

Graphene sheet is consisted of an atomic thick layer and sp>-hybridized carbon structure. It is
suprising that carbon with sp* hybridization is able to form the two-dimensional graphene, the planar
local structure in the closed polyhedral of the fullerene family and the cylindrical shaped carbon
nanotubes, all with different physical properties as shown in Table 1.1°. Then, keeping the sp*
hybridization, the 2D carbon lattice structure can be wrapped up into 0D fullerenes, rolled into 1D
nanotubes, or stacked into 3D graphite (see Figure 1.1)°.

A buckyball as a fullerene (0D)”” is created by collapsing yet another dimension. Conceptually, it
is a small segment of a carbon nanotube that has been pinched together at both ends to form a hollow
sphere of carbon atoms. Named after Buckminster Fuller, an architectural engineer and science-fiction
writer who designed domes with a similar shape, the 60-carbon buckyball was the first carbon
nanomaterial to gain widespread attention.

1D carbon nanotubes (CNT)'%'? are another nanoscale allotrope of carbon. They can be considered
of as ribbons of graphene that have been into a tube. Due to the strength of the bonds in a hexagonal
carbon lattice, nanotubes are one of the strongest fibers ever discovered. Additionally, due to the extra
quantum confinement imposed on electrons along the circumferential axis, carbon nanotubes can
display both metallic and semiconducting electric properties. The electrical nature of a nanotube stems
from its physical shape, making CNTs intriguing materials for pure research and numerous
electromechanical applications.

Graphene (2D) is actually the most recent carbon nanomaterial to be widely studied, but its basic
structure is simple.'*'* The bonds in carbon atoms in graphene posed an alternate double arrangement
that makes it perfectly conjugated in sp® hybridization. px and py orbitals contain one electron each, and
the remaining p, has only one electron. This p, orbital overlaps with the p, orbital of a neighbor carbon

1



atom to form a m-bond, while the remaining orbitals form 6-bonds with other neighboring carbons. The
sp>-orbitals form the three strong covalent bonds to the nearest neighbors. These strong bonds give
graphene its extraordinary mechanical strength, making it possible to have stable free-standing
graphene sheets, being only one atom thick layer. The remaining p-electron per atom is delocalized over
the whole graphene molecule, and responsible for the electric conductivity.

Hence, for the past few years, graphene has been attracted to their peculiar properties with high
carrier mobility (2.0 x 10° cm?V's™)"®, high thermal conductivity (~ 5000 Wm™'K™), high Young’s
modulus (~ 1.0 TPa)'’, intrinsic strength of 130 GPa'’, complete impermeability to any gases'®, high
optical transmittance (~ 97.7 %)", and ability to sustain extremely high densities of electric current.?
The extraordinary properties have motivated the development of graphene electronics such as high-
frequency transistors?', photodetectors®?, optical modulator”, energy generation and storage®, and
sensors®. In particular, its combination of ultimate thinness, excellent transmittance, strength, and
stretchability makes graphene potentially promising for advanced flexible and/or foldable transparent
devices.

As an ultimate objective to apply for electronics, the graphene synthesis methods have become an
important challenge for large area and high-quality growth. Consequently, several approach to produce
single or few- layer graphene have been reported to date, such as mechanical cleavage®, epitaxy growth
of graphene from SiC substrate?’, solid-carbon sources derived growth®, and chemical vapor deposition
(CVD)*. Among them, CVD method is thoughts as one of the most promising for graphene electronics,
thanks to its flexibility; it can produce not only large-area graphene sheet, but also various chemically
tuned two-dimensional materials**'.

Possibilities of applications of graphene grown by CVD method have been largely demonstrated
by many groups, however, closer attention should be taken to precisely control the resulting graphene
layer in CVD method due to its sensitivity to various process parameters. For instance, conventional
CVD based-graphene synthesis method needs high temperature more than 1000 °C for the efficient
decomposition of carbon sources, and requires a very special care for gas flow. Furthermore, it must
accompany a transfer method from metal substrate used to grow graphene to desired substrate for
applications. This study intends not only to have original technology of growth, but also to functionalize

controllable graphene properties and composition for graphene electronics.



(0OD) Fullerene

(3D) Graphite

Figure 1.1. Different carbon allotropes.

Table. 1.1. The comparison of key parameters of different dimensionalities in carbon allotropes’

Dimension 0-D 1-D 2-D 3-D
Isomer Fullerene Nanotube Graphene Graphite
Hybridization sp? sp? sp? Sp3
Density (g/cm?3) 1.72 1.2-2.0 2.26 3.515
Bond length (A) 12600 1.4 (C=() 1.42 (c=C) 154 (C-0)
Electronic Semiconductor Metal/semiconductor Zero-gap Insulator
properties E,=19eV E,=~03-11eV Semiconductor




1.2 Materials Overview

1.2.1 Graphene

The unique properties of graphene stems from its sp> hybridization and its electronic structure of
graphene follows from a simple nearest neighbor, tight-binding apporiximation®*. Graphene crystallized

in a triangular lattice with two atoms per unit cell, A and B, with

a, = (?a,%a) and g= (ga,%a) (1.1)

Where a is the lattice parameters ~ 2.46A. Within the tight-binding method 2D energy dispersion
relations of graphene can be calculated by solving the eigen-value problem for a Hamiltonian Hg.op
associated with the two carbon atoms in the graphene unit cell* in Figure 1.2. The two p, electrons per
unit cell in graphene lattice give rise to two m and 7". For low energies, a tight-binding approach is well
consisted to calculate the dispersion relation of the m-bands. A tight-binding calculation including up to

second-nearest neighbor hopping yields the following equation®*:

E+ (k)= +t /3 + f(k) — t'F (k) (1.2)

The solution yields the following with:

k k
Egi—zn = it\/l + 4 cos (\@;xa) cos%a + cos? (%a) (1.3)

Where the E;_z p and Eg_,p correspond to the n" and the m energy bands, respectively and t is the
nearest-neighbor hopping energy (hopping between different sublattice), t” the next-nearest-neighbor
hopping (hopping in the same sublattice), and aothe distance between neighboring carbon atoms.

Figure 1.3 shows the electronic energy dispersion relations for graphene as a function of the two-
dimensional wave-vector k in the hexagonal Brillouin zone, where The m and n° bands touch exactly at
the Dirac points at the corners of the Brillouin zone, at the K and K’ points. Fort # 0, the electron-
hole symmetry is broken, and the mand n* become asymmetric.

The charge carriers in graphene are described by a Dirac-like spectrum, rather than the usual Schr
odinger equation for nonrelativistic quantum particles. Quantum-mechanical hopping between the

sublattice lead to the formation of two energy bands, and their intersection near the edges of the
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Brillouin zone yields the conical energy spectrum. Figure 1.3 shows a band structure of graphene and
zoom of the around the Dirac point. This shows a linear dispersion relation, E =hkvg, as if they were
massless relativistic particles by vg = €/300.3

Therefore, in pristine graphene film, the Fermi energy lies exactly at the Dirac point: the © band is
completely filled, while the 7 band is empty, where the Fermi level is located. This linear dispersion
relation close to the K and K points, the absence of a band gap and the electron-hole symmetry are the
main difference from those in conventional metals and semiconductors, and it is the origin for many of
the interesting properties of graphene. Controlling the position of the Fermi level with corresponding
to the Dirac point by applying an electric field results in the modulate of the carrier resistance as show
in Figure 1.4. A conductivity minimum is observed when the Fermi level is aligned with the Dirac point.

These properties of graphene make it very attractive for application in electronics.

Figure 1.2. (a) Crystal structure of graphene consisting of sublattice A (blue) and B (red). The lattice
vectors a; and a; as well as The vectors 81, 8,2, and 83 connect carbon atoms separated by a distance a =
0.142 nm. (b) The first Brillouin zone. I is the center of the cell. K and K are the corners of the first

Brillouin zone (Dirac points), and M is the center of the edge.*”



Figure 1.3. Band structure of graphene and zoom of the dispersion relation close to the K-point for
small energies.™
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Figure 1.4. Electric field effect of a graphene based device. (a) band structure of graphene. (b)

Modulating Fermi energy level of graphene by using a gate field. The Minimum conduction point is
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1.2.2 Graphene Oxide (GO)

The history of graphene oxide (GO), like many other novel materials, begins with its unintended
discovery. Though there is a gap of about 150 years between its creation and its renewed interest. Since
it was first prepared in the nineteenth century, graphite oxide has been mainly produced by the Brodies™,
Staudenmaier’’ and Hummers methods*®.

As a first synthesis of GO, B.C Brodie who was a professor at the University of Oxford in 1859 was
trying to find the molecular weight of graphite. Having noticed that graphite had very different
properties than other forms of carbon such as diamond or charcoal, Brodie had hypothesized that
graphite was a unique element and he investigated the graphite to oxidize with potassium chlorate and
fuming nitric acid. Then, he observed the first ever reduction of GO sheet. However, this method was
time consuming and hazardous to produce.’’

Hummers and Offeman also used a method that involved extremely strong oxidizers: potassium
permanganate, sodium nitrate, and sulfuric acid. However, their method used fewer reagents and had
no water, allowing for both a speedier and safer synthesis, as well as producing a product with a slightly
higher ratio of oxidation at 2:1 carbon atoms with every 1 oxygen atoms. Thus the GO sheet was
prepared using the well established hummers method. By the oxidation of graphite using strong
oxidizing agents, oxygenated functionalities were introduced in the graphite structure which not only
expand the layer separation from 6 to 12 A, but also makes the material hydrophilic. This property
enables the graphite oxide to be exfoliated in water using sonication or stirring, ultimately producing
single or few layer GO sheets.

Figure 1.5 shows GO sheet that a layered material produced by the oxidation of graphite. In contrast
to pristine graphite, GO sheets are heavily oxygenated, bearing with epoxide and hydroxyl functional
groups on their basal planes, in addition to carbonyl and carboxyl groups bonded at the sheet edges.
The presence of these functional groups makes GO sheets strongly hydrophilic, which is one of the
advantages to be allowed GO sheet to readily swell and disperse in water (Figure 1.6). Thus, this
property can be attributed to improving their electrical and mechanical properties when mixing the
materials with ceramic or polymer matrixes. Therefore it can be used in various materials forms.

Otherwise, in terms of electrical conductivity, GO sheets were described as an electrical insulator,
due to the disruption of its sp> bonding networks. In order to recover the honeycomb hexagonal lattice,

and with it the electrical conductivity, the reduction of GO had been challenged.



Figure 1.5. Proposed structure of the GO sheet.*
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Figure 1.6. As-prepared graphite oxide dispersed in water and various organic solvents.*’



1.2.3 Reduced Graphene Oxide (RGO)

Although functionalized GO sheets can be dispersed in variety of colloidal suspenstions*’, the
resulting GO sheets are electrically insulating due to disruption of the sp> hybridized-graphitic networks.
In addition, the Insulating property of GO, unlike graphite, limits its usefulness for the synthesis of
conductive nanocomposites. However, many research groups have demonstrated that the electrical
conductivity of GO can be significantly increased by chemical reduction, probably due to the restoration

4144 The reduction chemical methods: hydrazine®,

of a graphitic network of sp* bonds.
dimethylhydrazine*®, hydroguinone*’ and NaBH,, thermal methods* and ultraviolet-assisted method
have been used for electrically conducting GO sheets. However, elemental analysis of RGO sheets by

other group®->°

exhibited the existence of a significant amount of oxygen, indicating that RGO sheet is
not the same as pristine graphene. Theoretical calculations of the RGO indicated that reduction below
6.25% of the area of the GO sheet (Carbon to Oxygen (C/O) ratio = 16 in atomic ratio) may be difficult
in terms of removing the remaining hydroxyl groups.’' However, one of the interesting features of RGO
is the bandgap opening, relying on converting the insulating GO into more conductive form by reduction
methods**®. Some researchers reported tunable band gap properties that Few-layer RGO sheets can be
controlled with banding energy range from 2.2 eV to 0.5 eV via a low temperature approach®® and GO
sheet using hydrazine vapors improved evidences of controlled removal of chemical functionalized
oxygen groups corresponding increase in the C/O ratios with decrease in its optical energy gap from
3.5eV down to 1 eV.” As a result, even though RGO films are not perfect as much as pristine graphene
films, it can be open possibilities for tuning its optical and electronic properties for applying to a broad

range of applications.

Figure 1.7. (a) Schematic illustration of disordered RGO basal plane consisting of holes, topological
defects and remnants of oxygen groups.’ (b) Atomic resolution, abberration-corrected high-resolution

transmission electron micrograph of a single-layer RGO membrane™.
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1.3 Synthesis of 2D Materials

1.3.1 Mechanical Exfoliation

Most of this work used graphene created by a process of mechanical exfoliation called the “scotch
tape method”. In this procedure, pure samples of bulk graphite as well as other 2D crystals are placed
on the sticky side of commercial adhesive tape. The tape is pressed on a desired substrate and then
peeled away. Flakes of graphene up to 50 microns wide are left on the substrate. The flakes can be
discerned under an optical microscope due to thin-film interference, appearing as a region of slight
discoloration.’® The graphene left by the scotch tape method is pure and clean, which enables
researchers to measure its electrical and mechanical properties. For similarly, Transition Metal
Dichalcogenides (TMDs) have been founded in individual sheets from their parent crystals by
mechanical exfoliation. Under normal circumstances, this method can be useful for top-down

techniques.

1.3.2 Epitaxy Growth

Epitaxial growth method is the one of the interesting technique for creating high quality monolayer
graphene. Originally, epitaxial graphene was grown from silicon carbide (SiC) substrate. When bulk
SiC is heated to around 1500 °C, some of the silicon sublimates, leaving a layer of graphene sheet
behind on the surface.’’>® Another method of creating epitaxial graphene from SiC is that of molecular
beam epitaxy. A graphite filament is loaded into an ultra-high vacuum. As the filament is heated, carbon
atoms sublimate off of the graphite. These carbons form sp* atomic structure by a molecular beam in
the vacuum, traveling through free space without interacting until they land on a metallic substrate and
form a graphene layer.”® while molecular beam epitaxy could produce high-quality uniform films over
a large surface, it requires an ultra-high vacuum which makes the process tedious and inaccessible to

smaller groups.

1.3.3 Chemical Vapor Deposition (CVD)

The representative graphene growth method is considered as the CVD method. CVD synthesis
method using on transition metal substrate such as nickel and copper etc. to growth graphene have been
immensely successful over the years in producing high quality and large area synthesis.***° Figure 1.10
shows growth kinetics in CVD process on Ni and Cu substrate. The process begins with an atomically
flat surface and a carbon precursor in methane or ethylene. The transition metal substrates play the role
of catalyst for dissociation carbon containing molecules. The substrate is placed in a furnace equipped
with gas delivery system. The precursor molecules will be brought into contact with the substrate

10



surface from the gas phase at low pressure and the flow of hydrogen atoms can catalyze a reaction
between methane and the surface of the metal substrate, causing carbon atoms from the methane to be
deposited onto the surface of the metal through chemical adsorption. Upon reach onto the surface, the
precursor molecules are cracked to form carbon atoms, leaving carbon adatoms attached to the surface
as a free state of carbon atoms and then graphene is formed when carbon atoms after diffusion on the
metal surface, encounter other carbon atoms and form bonds. In order to obtain the lowest energy single
layer, the conditions have to be carefully controlled. The described CVD method provides access to
large area graphene, but the challenge remains to obtain fine control over film thickness and crystallinity.
In addition, graphene grown using CVD method on metal substrate is always polycrystalline consisting

of many grain boundaries.®!

1.3.4 Rapid Thermal Annealing

Large-area graphene films can be grown on a nickel surface by rapid thermal annealing (RTA) in

1.2 The instability of nickel films in air owing to high solubility of

vacuum as shown in Figure 1.1
carbon atoms facilitates the spontaneous formation of ultrathin (< 2-3 nm) carbon- and oxygen-
containing compounds on a nickel surface. The high-temperature annealing of the nickel films deposited
on Sio,/Si substrate without the introduction of intentional carbon-containing precursors results in the
formation of few-layer graphene films with high crystallinity. From annealing temperature and ambient
studies during RTA, growth mechanism of RTA method was found that the evaporation of oxygen atoms
from the surface is the dominant factor affecting the formation of graphene films. The thickness of the
graphene layers is strongly dependent on the RTA temperature and time and the resulting films have a
limited thickness less than 2 nm even for an extended RTA time.

As a modified RTA method, a single-layer graphene has been uniformly grown on a Cu surface at
elevated temperature by thermally decomposition of a poly(methyl methacrylate) (PMMA) film.>” The
closer examination of chemistry transition from solid-carbon source to graphene on the catalytic Cu
surface was investigated by in-situ residual gas analysis during PMMA/Cu foil samples being heated,
in combination with interrupted growth studies to reconstruct ex-situ the heating process. The results of
the experiments clearly show that the formation of graphene occurs with hydrocarbon molecules
vaporized from PMMA, such as methane and/or methyl radicals, as precursors rather than by the direct
graphitization of solid-state carbon. both the heating temperature profile and the amount of a solid
carbon feedstock are the dominant factors to determine the crystalline quality of the resulting graphene

film. (see Figure 1.12)
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1.3.5 Hummer Method

In 1957 Hummer and Offeman have developed a safer, quicker and more efficient process called
the Hummer’s method, using a mixture of sulfuric acid (H.SO4), sodium nitrate (NaNQO3), and potassium
permanganate (KMnOg), which is still widely used, often with some modifications.**** Graphite
chemical oxidation involves interaction of oxygen-containing groups in interlayer space. Embedded
oxygen breaks van der Waals forces that hold layers together and the interlayer distance is increased.
The maximally oxidized bulk product is C:O ration between 2.1 and 2.9 with a much larger and irregular
spacing. Carbon-oxygen bonds cause partial change of carbon atoms hybridization from sp? to sp® and
change in graphene layers arrangement into turbostatic structure.

One of the modified Hummer’s method for synthesizing GO sheet from graphene powder introduce
as shown in Figure 1.13.% In brief, 1 g of graphite and 0.5 g of sodium nitrate were mixed together
followed by the addition of 23 ml of concentration sulphuric acid under constant stirring. After 1 h,3 g
of KMnOj4 was added gradually to the above solution while keeping the temperature less than 20 °C to
prevent overheating and explosion. The mixture was stirred at 35 °C for 12 h and the resulting solution
was diluted by adding 500 ml of water under vigorous stirring. To ensure the completion of reaction
with KMnOy, the suspension was further treated with 30% H>O, solution (5 ml). The resulting mixture

by filtration and drying, GO sheets were thus obtained.*
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Figure 1.8. (a) Schematic illustration of the exfoliation process. (b) Optical microscope images of

graphene flakes (single-, bi- and tri- layer samples). (adapted from GLAB)

Graphene

Buffer layer

SiC

Figure 1.9. Schematic illustration of epitaxial graphene growth on a silicon carbide (SiC) substrate.

(adapted from Bart J. van wees Lab)
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Figure 1.10. Schematic illustration of growth kinetics in CVD graphene on different catalyst on Ni
(right) and Cu (left) substrate.
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Figure 1.11. Schematic illustration for nickel-assisted facile synthesis method of few-layer graphene

by RTA method™.
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Figure 1.12. (a) In situ quadrupole mass spectrum while ramping temperature from 25 °C to 1000 °C
under vacuum (~ 10~ torr) of a 10 wt% of PMMA-coated Cu foil. Inset shows the logarithm of partial

pressure. (b) CH;" partial pressure versus heating time.”’

C— ] g
Graphite KMNO, Graphite Oxide Sonication

Figure 1.13. Schematic representation of GO synthesis by modified hummer method. Graphite oxide
consists of a layered structure of GO sheets that are strongly hydrophilic bearing with oxygen functional
groups. Increase interlayer distance between GO sheets from 6 to 12 A with increasing relative humidity.
Consequently, graphite oxide can be completely exfoliated to produce aqueous suspension of GO sheets

by simple sonication method.
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Chapter 2. Methodology Review

2.1 Low-Temperature Synthesis of Transfer-Free Graphene Films

2.1.1 Diffusion Assisted Synthesis (DAS) Method

Our group reported near room-temperature synthesis of transfer-free graphene synthesis method in
2012, which is refer to Diffusion Assisted Synthesis (DAS) method.®® In contrast to other graphene

growth method>*%

, we devised a new method for the synthesis of graphene films directly on Sio,/Si
substrates, even plastics and non-conducting substrate near room temperature (25-160 °C). DAS method
showed an ability to controllably synthesize graphene films onto desired substrates at low temperature
and opened up new possibilities for fabrication of graphene electronics. It was very important because
high temperature (~1,000 °C) growth process like CVD method and transfer process after a growth
tends to restrict use of graphene films in nano-electronic applications.

The key idea in synthesis methodology was diffusion of carbon through a diffusion couple made up of
carbon-nickel/substrate to form graphene underneath the nickel film at the nickel-substrate interface.
The resulting graphene layers indicate controllable crystalline structural and optical properties by nickel
grain boundary engineering. It is worth noticing that DAS method allows for uniform and controllable
deposition of wrinkle-free graphene films with micrometer-sized grains on SiO; surfaces, and with
nanometer-sized grains on plastic and glass. How does graphene form at such low temperatures?
Graphene growth mechanism of DAS Process was proposed as follows 4 elementary step of the process;
1) Dissociation of C-C bonds on nickel film, 2) Diffusion of carbon atoms, 3) Nucleation, and 4) Growth
at the Ni-SiO; interface as shown in Figure 2.1. First, previous experimental and theoretical studies
showed that catalytic metal such as nickel, copper etc. can catalyze the dissociation of C-C bonds and
promote diffusion even at room temperature. Second dissociated carbon atoms from solid source is
supposed to diffuse through Ni film along the grain boundary depending on growth temperature and
crystallize as graphene at the Ni-SiO; interface. Eventually, a continuous polycrystalline graphene films
were directly grown with tunable crystalline structure of graphene.

In case of 460 °C < T < 600 °C, we observed the formation of nanocrystalline graphene layers.
Otherwise, in T < 260 °C, graphene films covered mostly with monolayer and bi-layer graphene were
growth over large area with micrometer- sized crystalline structure as shown in Figure 2.2. Interestingly,
we found the morphologies of a few regions with multilayer graphene resemble those of the grains, and
grain boundaries in the nickel thin films, which is referred as graphene ridges. We verified the ridge
composition to be graphene and not amorphous carbon. These observation suggests grain boundary

diffusion can serve as nucleation sites during growth and is typically faster than bulk diffusion.
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Following Fisher®” and balluffi and Blakely®®, we estimated the ratio of two transport fluxes of carbon
atoms through the Ni lattice (1) and along the GBs (1igg) in (111) textured Ni films and it is indicated
that lower temperature greatly favour grain boundary diffusion relative to lattice diffusion (igs>> 1iL).
This is consistent with the fact that graphene growth mechanisms in DAS process was well explained
with diffusion flux ratios between GBs and lattice depending on growth temperature. Eventually, a
continuous but polycrystalline graphene film form at the Ni-SiO, interface at even near room
temperature and grain sizes in graphene layers can be controlled from a few hundred nanometers to a

few micrometres by Ni GB engineering.

2.1.2 Grain boundary theory

Grain boundary (GB) diffusion engineering is able to controls the evolution of structure and
properties of engineering materials at elevated temperatures. A knowledge of diffusion characteristics
of GBs and fundamental understanding of this phenomenon are a key role for satisfactory interpretation

of engineering crystalline structure depending on growth temperature in DAS process.

There are three types of paths along which diffusion can occur in crystalline solids: volume diffusion
through the interiors of crystals, grain boundary diffusion along the disordered internal interfaces of
polycrystalline, and surface diffusion over single crystals or polycrystalline. At low temperature, the
high rate of penetration into grain boundary diffusion in polycrystalline takes place much more rapidly
than does penetration into volume diffusion. At higher temperature, the rates of penetration approach

one another and very nearly become equal.

In order to facilitate quantitative investigation of grain boundary and surface diffusion, most
mathematical explanation of GB diffusion is based on Fisher’s model®’, which consider diffusion along
a single GB. According to Fisher’s model, the GB is represented by a high-diffusivity, uniform, and
isotropic slab embedded in a low-diffusivity isotropic crystal perpendicular to its surface as shown in
Figure 2.3 for the sake of explanation let it consider rectangular grains of width d and grain boundary

of width 6.

Volume diffusion follows flux

= — Dy @.1)
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Grain boundary diffusion follows flux
dc

Jgp = — Dgv (2.2)
The effective flux can be written as (6<<d)
djy+ 6]gp djy+ 8]gp ) dc dc
Jer = ™~ T = =(Dy + D) 5= ~Derry (2:3)
It can be written as
Deff =1 -9)D, + ngb (2.4)

g is the faction of grain boundary area

Since activation energy for GB diffusion is always less than the activation energy for volume
diffusion, Dg, > Dy (Diffusion rate through grain boundary is always higher). Contribution from grain
boundary is actually the diffusion rate multiplied by fraction of grain boundary area. There will be a
sharp change in the slope when diffusion process transforms from mainly volume diffusion controlled
to the diffusion process mainly controlled by grain boundary diffusion. I note that in practical
experiments, materials are generally polycrystalline and we always measure effective diffusion

coefficient only, not separately, volume or grain boundary diffusion coefficients.

A GB diffusion for applying to experiment is a complicated process that involves several elementary
processes, such as diffusion along the GBs, direct volume diffusion from the surface, partial leakage
from the GBs to the volume, and the consequent volume diffusion near the GBs. In fine-grained
polycrystalline materials, diffusion transport between individual GBs can also play an important role
and selectively design diffusion procedures. Depending on the relative importance of such elementary
processes, one can observe essentially regimes of kinetics, or different situations. In each regime there
are one or two elementary processes that essentially control the overall kinetics. Each regime prevails
in a certain domain of diffusion-anneal temperatures, grain sizes, times, and/or other relevant
parameters. The knowledge of all possible regimes is extremely important for both designing diffusion
experiments and interpreting their results. This is because the diffusion phenomenon that can be
extracted from the penetration profile depend on the kinetic regime and should therefore be identified
a priory. We shall consider Harrison’s classification of diffusion kinetics®, which introduces three

regimes called type A, B and C as show in Figure 2.4.

In type A kinetics, as a lower temperature than others and/or shorter anneal times, it arrives at the

situation when volume diffusion is almost ‘frozen out’, and diffusion takes place only along the GBs,
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without any essential leakage to the volume. In this type A,
it have (Dy'"? << 6 (2.5)

If the temperature is higher, and/or the diffusion anneal is longer, diffusion process is dominated by

the B regime. The condition of this regime is
d << (DyY*<<d (2.6)

Here, GB diffusion takes place simultaneously with volume around the GBs, but in contrast to the A
regime the volume diffusion fields of neighbouring GBs overlap each other, which means that the tracer

penetrates along the GBs much wider that in type A.

The C regime is observed in the limiting case of high temperatures, and/or very long anneals, and/or
small grain sizes. In such condition the volume diffusion length, (Dt)?, is greater than the spacing d
between the GBs and the volume diffusion fields around neighbouring GBs overlap each other

extensively. Thus, the condition of type A kinetics is:
(D)2 >> d (2.7)

Under this condition an average tracer atom visits many grains and GBs during the annear time t. On a
macroscopic scale the whole system appears to obey Fick’s law for a homogeneous medium with some

effective diffusion coefficient Des (2.4).

In type C the overall flux is mainly because of the volume diffusion, since the GBs will be much
smaller than the lattice. Similarly in the type A, the diffusion is mainly from GBs diffusion. However,
in type B, both volume and GBs diffusion can have reasonable contribution and we need to develop the

treatment to determine the diffusion rates from different contributions.

2.1.3 Fisher model in DAS process

In order to facilitate quantitative investigation of grain boundary diffusion in DAS process, we
mathematically calculated grain boundary diffusion at low temperature through Fisher model. Highly
idealized polycrystalline nickel film matrix figure it out with square-shaped grains of side /, grain
boundary slabs of width 3, and film thickness d as shown in Figure 2.3. As for calculation of diffusion

mechanism, we consider only the lattice and GBs diffusion quantities in the face-centered cubic (FCC)
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in Ni (111) film (dislocation quantity is not considered here).

Under these conditions, the number of atoms (1i;) that flow per unit time is essentially equal to the
product of the appropriate diffusivity (D;), concentration gradient (dc/dx), and transport area involved

and ratio of two fluxes can be estimated for FCC metals as

NGB 6 Dap (2.8)

ny, l DL

g _ (3x10~ 8)] (81 Tm) (2.9)

mny, I(cm)

Where L and GB are lattice (volume) and grain boundary quantities, Tr, is the melting temperature.

Assuming / = 10 mm = 10~ cm and using Ty, of Ni = 1726 K.

We have
for = 2568 506 x 10° (473 ), Growth regime (Type A) (2.10)
L L
Rop — 2268 - ) 15 x 10° (773 k), Growth regime (Type C) (2.11)
L L

Even if we consider the facts that real polycrystalline films contain various types and orientations of
grain boundaries and the lattice diffusion of carbon atoms in nickel film would occur by interstitial
diffusion rather than substitutional diffusion used in the model, it is evident that lower temperatures

greatly favor grain boundary diffusion relative to lattice diffusion.

2.1.4 Density functional theory calculation of a single carbon atom diffusion on a
graphene sheet, on a free Ni (111) surface, and along the graphene-Ni (111)

interface.

Density functional theory calculation estimated activation energy barrier of a single carbon atom
diffusion on a graphene sheet, on a free Ni(111) surface, and along the graphene-Ni(111) interface. All
calculations were applied to using the Vienna Ab-initio Simulation Package (VASP) based on the spin-
polarized density functional theory’®’!. A projector augmented wave potential and the generalized
gradient approximation of Perdew and Wang were used here. All configurations were fully relaxed until

the maximum residual forces were less than 0.01 eV/A. The kinetic energy cutoff was 400 eV and the
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Monkhorst-Pack k-point grid was 5 x 5x 1.

First, we investigated the stable adsorption site of a single carbon atoms on a free-standing graphene
sheet. The graphene model consisted of 32 carbon atoms with periodic boundary conditions along the
in-plane directions. We found that a bridge-like site, where the added carbon atom sits on the center of
the bond between two neighboring carbon atoms of graphene, is most favorable. To obtain the pre-
factor for the Arrhenius equation, the vibrational frequency of the added carbon atom on the adsorption
site was calculated. The adsorption energy and the vibrational frequency of the added carbon atom on
the site were found to be 1.65 eV and 22.8 THz, respectively. In addition, the minimum energy pathway
for the adatom diffusion was calculated by the nudged elastic band (NEB) method. The additional
carbon atoms in both initial and final configurations were located at the most energetically favorable
sites which were neighboring each other. The minimum energy barrier was determined to be 0.24 eV,
which was optimized along the diffusion pathway thought nine intermediate images initially constructed

by a linear interpolation between the initial and final configurations.

Second, an activation energy barrier of a single carbon atom diffusion on a free Ni(111) surface was
calculated with Ni thin film model consisted of 6 Ni(111) layers with 15 Ni atoms in each layer for a
total of 96 Ni atoms. Periodic boundary conditions were applied along the in-plane directions, while the
three bottom layers of the Ni film were held fixed during the diffusion process. We found that the carbon
atom is most stable on the HCP site, for which the adsorption energy is 7.01 eV, just 0.06 eV higher that
on FCC site. The resulting energy barrier for the carbon atom diffusion on the Ni(111) surface in 0.49

eV.

Third, in order to investigate the diffusion of a single carbon atom along the graphene-Ni(111)
interface, 8 carbon atoms for a graphene sheet and 24 nickel atoms for the Ni(111) surface were used.
The graphene sheet was bi-axially stretched using 1.22% tensile strain to remove the lattice mismatch
between graphene and the Ni(111) surface. The equilibrium distance between the graphene sheet and
the Ni(111) surface is 3.286 A, and the interaction energy is 0.02 eV per each carbon atom. When we
introduce an additional carbon atom at the interface between graphene and the Ni(111) surface, the
energetically preferred position for the carbon atom is in the HCP site on the Ni(111) surface. The
distance between the carbon atom and the Ni surface is 1.03 A and the distance between the carbon
atom and the graphene sheet is 2.62 A, which indicates that the diffusion of a carbon atom along the
interface will be more strongly influenced by the Ni surface than the graphene monolayer. The
calculated diffusion barrier from the HCP site to the FCC site on the Ni(111) surface along the interface
is found to be ~0.51 eV, which is slightly higher than that on a free Ni(111) surface. During the diffusion,

there is no significant change in the distance between the carbon atom and the Ni surface. Table 2.1
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summarize DFT calculation of activation energy barrier for single carbon atom diffusion on each

configuration according to the reaction pathway.

Meanwhile, the hopping rate of a carbon atom can be found by the Arrhenius equation
—-Ep
['= Toexp(=—) (2.12)

Which results in a room temperature hopping rate of about 20,000/s with an attempt frequency of Iy
=1.0x10" Hz. In addition, the tracer diffusion coefficient can be expressed in terms of the hopping rate
I" and the mean square jump length < /2> : D, =T < > > /(2d), and is found to be ~200 nm? s ~ ! using
the lattice constant of Ni 3.52 A. If the chemical diffusion or the presence of graphene edges were

considered, the diffusion coefficient would be higher than the calculated value of D:.
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460 °C < T <600 °C (Bulk Diffusion)

1) Dissociation of C-C bonds 2) Diffusion of carbon atoms 3) Nucleation 4) Growth

Figure 2.1. The schematic diagram of graphene growth mechanism in DAS process. The elementary
steps of the process exhibit dissociation of C-C bonds at C/Ni interface, diffusion of carbon atoms,
followed by nucleation and growth of graphene. (a) 460 °C < T < 600 °C; bulk diffusion through Ni
crystallites, leading to homogeneous nucleation and multiple sites resulting in the formation of
nanocrystalline graphene film by precipitation and (b) T < 260 °C; preferential diffusion of C atoms via

lateral diffusion of C atoms along Ni/substrate interface.®
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Figure 2.2. Large size grain of graphene grown at T =160 °C on SiO» using dark-filed TEM. a, Selective
area diffraction pattern taken from graphene using 300 nm diameter aperture, showing a single
hexagonal diffraction pattern. This reveals that the grain size is larger than 300 nm. Scale bar is 10 1/nm.
b, a dark-field image obtained using a g(1210) spot (blue circle in a) shows the real-space shape of these
grains. ¢, Low magnification plan-view TEM image of nanocrystalline graphene films grown at T >
460 °C for Smin on SiO,/Si substrates. d, selected area diffraction from red circle in ¢, which displays
continuous ring patterns. The two diffraction rings correspond to graphene crystal plane (0110) and

(1210). Scale bar is 5 1/nm.%
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Table. 2.1. DFT calculation of activation energy barrier for single carbon atom diffusion on each

configuration according to the reaction pathway.*

Reaction pathway Activation energy barrier
Ni (111) surface s g g NI 0. 492 eV

The interface between a
graphene sheet and Ni
(111) surface

0.514 eV
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Chapter 3. Experimental Preparation

3.1 Materials preparation

Annealing of Cu foils, 1-pm-thickpolycrystalline copper foils (99.97%, Good Fellow) cut to
lemx1cm size. The Cu foils were immersed in acetic acid (99.5%, glacial, SAMCHUN chemical) at
50°C for 20 min using the teflon zig, which was manufactured for treating 1-um-thickCu foils.
Immediately after acetic acid treatment, the Cu foils were blown with an N, gun very carefully. We note
that 1-pm-thick Cu foils can be easily bent, so special care was taken throughout the process. The
prepared Cu foils were placed into an Ultra High Vacuum (UHV) chamber (~1 x 10 Torr) and
annealed at temperatures as high as 790 °C for between 20 and 260 minutes in ambient hydrogen
(99.9999% purity) at a pressure of ~10° Torr. Figure 3.1 shows that the annealing process was
conducted on a Si02/Si substrate in an UHV chamber. In the UHV system, the substrate temperature
was measured using a k-type thermocouple that was directly connected to the substrate susceptor before
annealing experiments. After the annealing process, we obtained the Cu foils with a predominantly

(111)-texture and ~30-50 um sized grains with smooth surfaces.

Figure 3.1. Annealing of Cu foils. (a) The 1-um-thick Cu foils immersed in acetic acid using a Teflon
zig, (b) the Cu foils on a 2-inch SiO,/Si substrate, (¢) annealing process of Cu/ SiO,/Si on a susceptor

at about 790°C in an UHV chamber.
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3.2 Experimental Procedure

Experimental procedure of synthesis of monolithic GO sheets via DAS. The annealed Cu foils
were taken out from the UHV chamber below about 100°C. The DAS process is schematically described
below as shown Figure 3.2. The annealed Cu foils were placed on a SiO,/Si substrate in a molybdenum
holding stage and solid C was supplied from graphite powder (Aldrich, product 496596) that fully
covers the foil surface. The C-Cu-SiO,/Si substrate diffusion couple was clamped at about 1 MPa
pressure in a molybdenum holding stage. Finally, the completed diffusion couple with a Mo holding

stage is shown in Figure 3.3.

The furnace was heated to the desired growth temperature up to 260 °C before loading the completed
diffusion couple. (i) The furnace pressure was initially evacuated to a pressure of ~10 Torr to repel the
residual oxygen, (ii) a 4-inch quartz tube was filled with argon gas up to atmospheric pressure, (iii) the
furnace was heated to the desired growth temperature. Next, the completed diffusion couple was rapidly
transferred into a 4-inch quartz tube to maintain growth temperature under a flow of argon gas (1 L/min)
and heated for 5 to 120 minutes. Following graphene framework growth, the completed diffusion couple
was removed from the furnace and was then rapidly cooled from the growth temperature to room

temperature, as shown in Figure 3.4.

After the cooling process, the Mo holding stage was separated and graphite powder was almost
removed from the Cu foil surface by carefully shaking out the assembled Cu-SiO2/Si couple with a
tweezer, as shown in Figure 3.5. The inset image shows the cleaned sample, but some graphite flakes
still remained at the top surface of the Cu foil. In order to make a perfectly clean surface, we used the
hydrophobic characteristic of graphite by dipping it into D.I water. The assembled Cu-SiO2/Si couple
was immediately taken out from the D.I water and then it was dried by heating the assembled Cu-

Si02/Si couple on a hot plate (~ 80°C) as shown in Figure 2.x.x

Transfer of DAS-graphene framework, We transferred the graphene frameworks grown on the
reverse side of the Cu foil onto other substrates for further investigation using a poly(methyl
methacrylate) (PMMA)-assisted method. Before spin coating of PMMA on the surface of graphene
framework, the graphene/Cu foil assembly was carefully put on a wafer film (SM technology, dn-280)
pasted on a spin head (Figure 3.7 (a)). The wafer film contained small holes at the four corners of a
square (~1 cm?) to disperse vacuum pressure (< ~750 mmHg) throughout the assembly and so it was
sustained without crumbling or wrinkling before spin coating (Figure 3.7 (b)). PMMA (M = 950,000,
4% in chlorobenzen) solution was deposited on the surface of graphene/Cu assembly by spin coating at

4000 rpm for 20 sec (Figure 3.8 (¢)) and the PMMA/graphene/Cu assembly was then cured on a hot
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plate at 180°C for Imin. The PMMA/graphene/Cu assembly was etched in separated (NH3)3S,0s (0.1M)
solutions for 2, 5, 10 and 30 min in sequence, as shown in figure 3.7 (e-h). After etching the Cu foils
over 60 min, the PMMA/graphene assembly was rinsed in DI water for 30 min. Subsequently, the
assembly was transferred onto a SiO2/Si substrate and dried on a hot plate. The
PMMA/graphene/SiO2/Si assembly was exposed to acetone to remove the top PMMA layer, and then

it was rinsed with IPA. Finally, graphene frameworks were blown with an N, gun.

e ¢
i0,

Ni
Si
Deposit (and anneal) Ni thin Graphite powder
films on desired substrates Preparation of diffusion
(Si0,/Si or PMMA, PDMS, glass) couple of C - Ni/substrate

P

Graphene . .
Remove C sources & Etch P Annealing in Ar or air (25-260 _°C) under
away Ni; Graphene on ~1 MPa pressure; Formation of
desired substrates C - Ni/graphene/substrate

Figure 3.2. Schematic illustration of DAS process.*
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Figure 3.3. Preparation of C-Cu-Si0O,/Si substrate diffusion couple with a Mo holding stage. (a) The
annealed Cu foil was prepared on a SiO,/Si substrate (~1 cm?). (b) The annealed Cu foil was covered
with graphite powder to fully cover the foil surface. (c) The C-Cu-SiO,/Si substrate diffusion couple
was clamped at a pressure of ~1MPa in a molybdenum holding stage to uniformly apply the pressure.

The inset in (b) shows the product information of the graphite powder used in the DAS process.

Figure 3.4. Photographs of the furnace-based DAS process of graphene frameworks. (a-b) The images
show the stage in which the completed diffusion couple is loaded in a quartz tube. (c¢) The completed

diffusion couple was rapidly cooled to room temperature with an N, gun.
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Figure 3.5. Removal of graphite powder from the Cu-SiO,/Si substrate. (a) After the cooling process,
the Mo holding stage was separated and (b) graphite powder was almost removed from the Cu foil
surface by carefully shaking out the assembled Cu-SiO,/Si couple with a tweezer. The inset shows the

photograph of the cleaned Cu surface.

Figure 3.6. Photographs of the cleaning process of the Cu foil surface in D.I water after DAS process.
(a) Removal of residual graphite powder by shaking out the assembled Cu-SiO,/Si couple with a
tweezer in D.I. water. The red dotted rectangle indicates the removed graphite powder from the Cu
surface, (b) the cleaning process of the Cu foil is shown step by step and the D.I. water was put in
separated petri-dishes, (c) introduction of a new a SiO,/Si substrate in D.I. water to scoop up the cleaned

Cu foil from the D.I. water.
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Figure 3.7. (a-d), The new design was devised for transferring DAS-graphene framework grown on

the Cu foil onto other substrates. The 1-pm-thick Cu foil can be supported against vacuum pressure
without crumbling or wrinkling. The PMMA/graphene/Cu assembly was made for transfer. (e-h), The
process of etching DAS-graphene framework grown on a Cu foil is shown step by step. (NH3)3S,0s
(0.1M) solution was put in separated petri-dishes. The Cu foils were moved to other etchant by glass
and etched away for (e) 2, (f) 5, (g) 10 and (h) 30 min. After etching the Cu foils over 60 min, we

obtained Cu-free graphene framework.
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3.3 Characterization

Atomic force microscopy. The surface morphologies of the as-received, annealed and GO-covered
Cu foils were observed using an AFM (Veeco Multimode V) operating in tapping mode. The surface
root-mean-square roughness of the samples was estimated from over 20 different regions per sample,

with a scan size of 5 um x 5 pm.

Raman spectroscopy and mapping. The presence of a highly ordered graphene framework was
confirmed by Raman spectroscopy. Both the Raman spectra and maps were collected from a graphene
framework that had been transferred onto a 300-nm-thick SiO, layer on Si. The Raman spectroscopy
and mapping were carried out on a WiTec alpha 300R M-Raman system with a 532nm excitation
wavelength (2.33 eV); the laser spot had a dimension of ~ 640 nm for a x 50 objective lens with
numerical aperture of 0.5 and the laser power was ~ 2mW. The Raman spectra were analysed and Raman
images were constructed using a computer-controlled x-y translation stage with a raster scan. A
spectroscopic image was created by measuring the Raman spectrum of each individual pixel with a 70
um x 70 pm step size using WiTec Project software. The Raman data presented in this thesis, such as
IG/I2D and the FWHM values of the G and 2D bands, are arithmetical averages of values that were

measured at more than 30 different points per sample.

UV-vis spectroscopy. The optical transmittance of a graphene framework that was transferred onto

a quartz plate was measured using UV-Vis spectroscopy (Varian, Cary 5000 model) between 200 and

800 nm in dual-beam mode. The optical band gap, as determined from the plot of \/; / X versus 1/A

following Tauc’s equation’, is an arithmetic average of values that were measured for five different

samples grown under the same condition.

X-ray photoelectron spectroscopy (XPS). The presence and chemical states of atomic impurities in
the graphene framework were investigated using XPS. The XPS studies were conducted on a K-alpha
spectrometer (Thermo Fisher) using aluminum Ka non-monochromatic X-ray excitation at a power of
72 W, with an analysis area diameter of ~0.4 mm and a pass energy of 50 eV for the electron analysis.
The base pressure of the analysis chamber was below ~1 x 10° mbar. The O/C compositions in the
graphene frameworks were determined by dividing the individual peak areas in an XPS wide-scan

survey spectrum, after appropriate background subtraction, by their respective atomic sensitivity factor.

Fourier transform infrared spectroscopy (FT-IR). To appreciate the special oxygen configuration
in the gaphene framework, the reflectance FT-IR spectrum of a six-layer stacked graphene framework
that was transferred onto atomically-flat, clean surface of Au film deposited on SiO,/Si was measured
using the Agilent Cary 670 FTIR spectrometer interfaced to a Seagull™
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analysis (with an incidence angle of 84°), a mercury cadmium telluride (MCT) detector and a Ge on
KBr beam splitter. To overcome the low throughput in incidence angle mode, six different samples

grown under the same condition were mechanically stacked onto Au surface.

Time-of-flight secondary ion mass spectroscopy (TOF-SIMS). To compare the elemental
compositions of C and O atoms in the as-received and annealed Cu foils before and after the DAS
process, TOF-SIMS measurements were carried out on an ION-TOF (Miinster, Germany) instrument.
A pulsed 25 keV Bi' primary ion source (average current: 1.0 pA; pulse width: 12.1 ns; repetition rate
100 pHz) was employed over a 500 pm x 500 um area at an operating pressure of ~1 x 10 mbar.
Negative-ion profiles were recorded and analyzed; this technique is ideally suited to searching for

possible correlations related to the ejected secondary ion polarity of C and O atoms.

Cross-sectional TEM of Cu foils and GO/Cu-foils; elemental C maps on Cu foils. The TEM
samples were prepared as follows: The two surfaces of Cu foil were glued together with a Si substrate
to support the flexible 1-um-thick Cu foils. This Si-sandwiched Cu foil was sliced into 2-mm-thick
pieces by using a low-speed diamond saw. After being polished to a residual thickness of ~10 pm, the
sample was finally milled by an Ar" ion-beam (PIPS, Gatan Inc.). Substantial heating of the TEM foils
and, consequently, the introduction of artifacts were avoided by means of double-sided ion-beam
etching at small angles (less than 6°) and low etching energies (acceleration voltage 2.5 kV; beam
current less than 8 pA) with liquid-nitrogen cooling (~150 K). For energy-filtering TEM imaging, a
Tecnai F20 microscope (installed at Seoul National University) that was operating at 200 kV and
equipped with a Gatan image filter (GIF) system was used. The Digital Micrograph software (Gatan

Inc.) was employed for the image processing and analysis.

High resolution, plan-view TEM of the GO sheets. Using a direct transfer method”, the GO sheets
were transferred onto Quantifoil TEM grids. However, after the transfer process onto a TEM grid, we
frequently observed the formation of ~10-100-nm-sized holes in the GO sheets. High-resolution TEM
images and the corresponding FFT patterns of the GO sheets were obtained on an FEI Titan cube G2
60-300 at UNIST, which was equipped with an image-aberration corrector and monochromator. The

microscope was operated at an accelerating voltage of 80 kV to decrease beam damage to the GO sheets.

FET device fabrication and electrical characterizations of the GO sheets. Bottom-gated FET
devices were fabricated by transferring the GO sheets onto p-Si substrates with 300 nm thermal oxide.
p-Si was used as the gate electrode. FET devices with a channel length of 5 pm and channel widths of
200 pm (O/C ~0.8) and 20 pm (O/C ~0.3) were fabricated by conventional photolithography and O,
plasma etching process. We employed a larger channel width in the sample with O/C composition of
0.80 to make a clear distiction between source-drain current values owing to a lower conductivity of

the sample. Source-drain electrodes (Cr/Au: 10 nm/60 nm) were deposited by using an e-beam
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evaporator. The transport characteristics measurements were conducted with a cryogenic probe station
(Lake Shore, CRX-4K) at temperatures from 20 to 300 K. Before measurements, we put the samples
into the vacuum chamber of ~1 x 10 Torr for 24 hours to reduce the adsorbed impurity molecules,
such as water vapors, on the GO sheets and then cooled down the sample temperature. From the plot of
the source-drain current as a function of gate voltage from -80 V to 80 V, we extracted carrier mobility
values from the slope. At each temperature, the conductivity values were calculated by using the average

thickness of 1 nm in our GO sheets, which was obtained from our AFM studies.
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Chapter 4. Physically Synthesized GO Sheets

4.1 Introduction

Graphene oxide (GO) is a material of great interest for its potential applications in nanoelectronics’*
75 sensors’®, energy storage devices’’ and light-emitting devices’”. GO is an atomically thin sheet
consisting of graphite oxide that is consisted with oxygen (O)-containing functional groups and it
contains a mixture of sp*- and sp*-hybridized carbon (C) atoms bearing hydroxyl (C-OH) and epoxide
(C-O-C) functional groups on the basal plane and carbonyl (C=0) and carboxyl (COOH) groups at the
sheet edges’®. Graphene in itself does not have a native oxide and harsh chemical treatments with the
use of strong acid are necessary to produce GO films®. GO is typically synthesized by solution-based
chemical treatments from micrometre-scale graphite flakes and properties of GO-based devices depend
on the preparation process used, which can yield a range of network morphologies of GO flakes®' ™.
Chemically-derived GO exhibit electrically insulating and should be reduced using chemical and/or
thermal treatment to make it electrically active®*®. Although the chemical routes might be preferred for
mass-production manufacturing, they can be less effective to offer paths towards precise device
assembly, owing to the enormous interlayer van der Waals forces and hydrophilic property of GO*. To
date, the synthesis of monolithic GO sheets has not been achieved on any surface over a large area with
continuous films, which limits their usefulness in device applications based on graphene and its

derivatives.

In this thesis, we successfully demonstrate that a monolithic form of GO sheets can be physically
synthesized on a copper (Cu) surface at low temperatures (< 260°C), with controllalbe oxygen-to-
carbon (O/C) composition. In our method, we synthesized a graphene framework on the reverse side of
a Cu foil at a Cu/substrate interface by exploiting the solid-state diffusion of C atoms across a diffusion
couple composed of a C-Cu/substrate. A combined theoretical and experimental study shows that the
Cu foil provides an effective pathway for C diffusion, trapping the O species dissolved in Cu and
enabling the formation of monolithic GO sheets on its surface after an incubation time. In contrast to

81-84

chemically-derived GO sheets® ", the as-synthesized GO sheets exhibited electrically active and the
O/C composition in GO can be tuned during synthesis process by controlling the resolved O content in
the Cu foil prior to the solid-state diffusion process. The resulting GO sheets exhibited controllable
bandgap energy by varying the O/C composition, making them potentially useful for flexible and
transparent semiconducting applications. The GO films exhibited the ambipolar transfer characteristics

in bottom-gate field-effect transistor (FET) architectures and the electronic properties were found to

correlate closely with the bandgap energy. These results suggest that monolithic, two-dimensional
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chemically-modified C sheets with controllable composition can be prepared at low temperatures,

which is highly desirable for graphene-based device production.

4.2 Synthesis of monolithic GO sheets on Cu foil via DAS.

We successfully demonstrated a solution-free, physical synthesis method of monolithic chemically
derived C sheets on reverse side of Cu surfaces that relied on a DAS approach®’. The DAS process is
described as shown Figure 4.1. Initially, 1-um-thick polycrystalline Cu foils were used; these Cu foils
contained strong rolling features with irregular grain structures that were produced during the
manufacturing Process. In the annealing step, the Cu foils were annealed at ~ 790 °C in ambient
hydrogen to yield a strong (111) texture with aligned grain boundaries (GBs) normal to the foil surface
and induced 30-50-pum-sized grains with smooth surfaces. Variations in the annealing time allowed the
O content in the Cu foil to be tuned. The morphology, crystallinity and distribution of atomic impurities
in the Cu foils before and after the annealing process are presented in Figure 4.2. The annealed Cu foils
were physically attached onto a SiO,/Si substrate and were covered with graphite powder that used as
a solid C source. The C—Cu—substrate assembly, which was clamped at a pressure of ~ 1 MPa, was then
placed in a quartz tube under a flow of argon gas at atmospheric pressure and heated up to 260 °C for
5-120 min. At that temperature, dissociated carbon atoms began to diffuse along the GBs of the foil
through the Cu while trapping the O species dissolved in the Cu. The substrate temperature was
estimated using a k-type thermocouple that was directly connected to the molybdenum sample holder;
accuracy was = 10 °C. As the diffusing C and O atoms reached the reverse side of the Cu foil, they
created a thin film of GO over the incubation time. The pressure promotes the movement of C through
the Cu foil. After the solid C source was removed, the samples were cleaned and the Cu foils were
detached from the substrate. It is worth noting that we always observed the formation of a monolithic
graphene framework on the reverse side of the Cu foils, rather than on the surface of the SiO2/Si
substrate. We note that 1-pm-thick Cu foil provides the optimum efficiency process for the DAS process
among commercially available Cu foils with thicknesses ranging from 0.5 to 50 um. Foils that are
thinner than 1 pm exhibit shorter durations with easier control over the DAS process, although there is

a trade-off in the ease of sample handling. Further experimental details are given in below.

38



b Graphite powder

a

Annealed Cu foil

d
PR
‘?

Graphene framework

Graln boundary

\

Figure 4.1. Schematic illustration of the modified DAS process for synthesizing monolithic GO sheets
on the reverse side of a Cu foil. This process includes the elementary step in the DAS process: the
annealing of the Cu foil; the physical attachment of the Cu foil onto the substrate and preparation of the
C-Cu-substrate diffusion couple; heating of the assembly in ambient argon (below 260 °C) and the
formation of monolithic GO sheets at the Cu/substrate interface, and the detachment of the Cu foils

after removal of the solid C sources from the foil surface.
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Figure 4.2. Cross-sectional STEM images and corresponding energy-dispersive spectroscopy (EDS)

line profiles of (a) an as-received and (b) an annealed 1-pm-thick Cu foil at about 790°C in ambient

hydrogen, respectively. Note that the O distribution within an annealed Cu foil is quite uniform from

EDS after the annealing process. (¢c) XRD patterns of 1-um-thick Cu foil before and after the annealing

process.
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4.3 Formation of a Graphene Framework on Cu foil

We observed the formation of a monolithic graphene framework on the reverse side of the Cu foil
via DAS method. Figure 4.3. exhibits typical optical microscopy images of the annealed, bare Cu foils
and the as-synthesized graphene frameworks on the reverse side of the Cu foils before and after
oxidation in air at 200 °C for 120 min. The resulting graphene framework was indicated highly resistant
property to oxidation, thus indicating the presence of a monolithic form of C sheets on the Cu foil®.
The hexagonal configuration of the graphene framework in the samples was evidenced by plan-view

transmission electron microscopy.

Figure 4.3. Optical images of annealed Cu foils (a,c) and GO-covered Cu foils (b,d) before (a,c) and
after (b,e) oxidation in air at 200 °C for 120 min (scale bars, 150 um). (e,f) A bright-field TEM image
of the GO sheet (scale bar, 1 um) (e) and its corresponding selected area electron diffraction pattern

(scale bar, 5 nm™). (f) Most micro-crystallites were polycrystalline.
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4.4 Presence of oxygen groups on the graphene framework.

Figure 4.4. exhibits representative Raman spectra of samples that were obtained at a temperature of
240°C for 60 to 120 minutes and then transferred onto SiO/Si(100). These spectra indicate the
significant presence of foreign species in the graphene framework. The spectra for all of the samples
exhibit three primary features: a D band at ~1,348 cm™', a G band at ~1,592 cm™" and a 2D band at
~2,687 cm™', which are all typical peak positions for graphene®®®**, The hexagonal configuration of
the graphene framework in the samples was also evidenced by plan-view transmission electron
microscopy (TEM, Figure 4.3). However, the Raman spectra of the samples consistently show an
intense D band (Ip/I > 1.0), related to domain boundaries, impurities, and growth-nucleation sites’*’.
The associated G/2D band and the full-width at half-maximum (FWHM) of the 2D band maps, as shown
in Figure 4.4d, represent the uniformity of the samples over a large area (70 um x 70 um). The samples
primarily consisted of a single-layer graphene framework (as identified by I6/I.p< 0.4 and a FWHM of
the 2D band of ~38 cm™") and bi- and multi-layered regions that resembled ridge structures®® resemble
to GBs in the annealed Cu foils. The graphene framework seems to be predominantly composed of a
single-layer when analyzed using Raman spectra and maps. Interestingly, the formation of a graphene
framework on Cu appears to have been self-limited; growth that proceeded for 120 minutes yielded a
single-layer structure similar to that obtained following 60-minute growth, based on the Raman
structure. The optical transmittance of the samples that were grown for 120 minutes decreased by
2.3~2.5 % as shown in Figure 4.5. Thus implying that the average thickness of these samples

corresponded approximately to that of a monolayer’.
The following Tauc’s equation” which was normally used to determine the optical band gap E,.*>*®
w?e = (hw — Eg)? 4.1)

Where, ¢ is the optical absorbance, ® = 2n/A is the angular frequency of the incident radiation (A is the
wavelength). Therefore, the plot of m versus 1/A is a straight line. The intersection point with the
x-axis is 1/A4 (A4 is the gap wavelength). The optical band gap can be calculated based on Ej =
hc/2g.

Interestingly, In contrast to pristine graphene that has no bandgap *°', however, the optical bandgaps
of the graphene frameworks that were transferred onto quartz were measured to be ~2.21 (+0.07) eV
from the plot of \/E_/A versus 1/A of the data acquired from monolithic graphene framework that
were grown for 120 minutes, based on UV-Vis spectroscopy as shown in Figure 4.5, indicating the

presence of foreign species in the graphene framework”'*2.
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Furthermore, Figure 4.6 shows atomic force microscopy measurement results that the surface RMS
roughness of the graphene frameworks that were transferred onto SiO,/Si(100) was 2- to 3-times larger
than that of the pristine graphene on SiO»/Si(100), which could be attributed to the random covalent

attachment of foreign species onto the surface of the graphene framework'®.

Therefore we further investigated the presence and chemical states of foreign species in the samples
using X-ray photoelectron spectroscopy (XPS) and Fourier transform-infrared (FT-IR) spectroscopy.
Typical XPS wide-scan survey spectrum of the samples shows substantial C 1s and O 1s peaks at ~

284.4 and 530.4 eV, respectively as shown in Figure 4.7.

A high-resolution (HR) Cls line-scan spectrum represents a dominant peak at ~ 284.4 eV, which
corresponds to the graphite-like sp”- hybridized C, thus indicating that most of the C atoms formed a
2D honeycomb backbone structure. Two additional peaks are located at ~ 285.3 and 288.0 eV, which
could be attributed to oxygen functional groups such as C-O-C (epoxide) or C-OH (hydroxyl) groups,
and C=0 (carbonyl) species®**. The detailed chemical states of the oxygen functionalities on the
samples can be witnessed by a HR Ols line-scan spectrum as shown in Figure 4.8. Consequently,
Grazing-angle reflectance FT-IR spectra of the samples further support the XPS results that there exist
various oxygen functionalities in the graphene framework including the vibration modes of hydroxyl,
epoxide, carboxyl, carbonyl groups and sp*-hybridized C=C (in-plane vibrations) (Figure 4.8c). On the
basis of structural and optical characterizations, we concluded that the as-synthesized graphene

frameworks were highly-ordered, predominantly monolayer GO sheets.
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Figure 4.4. (a) Representative Raman spectra of GO that was grown on a Cu surface at 240 °C for 60
min (bottom) and 120 min (top), and then transferred onto SiO, (300 nm)/Si. (b) Raman map of the
G/2D bands (top) and the FWHW of the 2D band (bottom) of GO that was grown on Cu at 240 °C for
60 min and then transferred onto SiO; (300 nm)/Si (scale bars, 10 um).
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Figure 4.5. (a) Optical transmittance of GO that was grown on Cu at 240 °C for 60 min and then

transferred onto SiO, (300 nm)/Si (scale bars, 10 um). (b) a plot of \/E / A versus 1/A to determine the
optical bandgap of the GO sheet.
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Figure 4.7. XPS wide-scan survey spectrum of the GO sample grown at T =240 °C for t = 120 min.

XPS spectra show the presence of significant numbers of oxygens in the resulting graphene framework.
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Figure 4.8. High resolution XPS C 1s (a) and O 1s (b) line scans of GO that was grown on Cu at 240 °C
for 120 min. (c) Grazing-angle FT-IR spectrum of a six-layer-stacked GO that was grown on Cu at
240 °C for 120 min and then transferred onto an atomically flat, clean surface of Au film deposited on

Si0,/S1i substrate.
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4.5 Atomic Structure of The GO Sheets.

We investigated a closer examination of the structure of the GO sheets. Figure 4.9 exhibits a typical
high-resolution TEM (HR-TEM) image that was obtained using aberration-corrected instruments; the
highly graphitic nature of our GO samples was in striking contrast to the structure of chemically-
synthesized GO®*"'”!, The structure of our GO sheets consisted of a highly-ordered honeycomb lattice
with a grain size of about 10 nm, consistent with the value predicted from the Tuinstra and Koenign

(TK) relation below'®.

2 (4.2)

Where C(A) is the constant related to the excitation wavelength used in Raman, and L, is the crystallite
size in graphite. We note that the TK relation is only valid when the six-fold member rings are already

present.

The graphitic grain boundaries were mis-tilted along the azimuthal direction with respect to each
other, and the interiors of the graphitic grains were found to be highly crystalline and significantly
combined with oxygen functionalities. Four typical fast Fourier transforms (FFTs) of the HR-TEM
image are illustrated in Figure 4.9., which together confirm the graphitic nature of the discrete grains.
The presence of a significant amount of oxygen in our samples was further confirmed by electron energy
loss spectroscopy in TEM (EELS) (Figure 4.9c). The large graphitic area in the GO surface cleary
supports our hypothesis that the parent GO consists of a honeycomb lattice that is decorated with
oxygenated functionalities, as confirmed by XPS and FT-IR measurements. Bi- and multi-layer (< 4
layers) regions, which could be attributed to the ridge structures®®, were frequently detected by HR-
TEM. Both regions displayed distinct Moiré patterns that were caused by the stacking of individual

hexagonal graphitic layers with different orientations'®.
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Figure 4.9. Investigation of atomic structure of a GO sheet. (a) Atomic resolution, plan-view TEM
image of a GO sheet that was grown on a Cu surface at 240 °C for 120 min and then transferred onto a
TEM grid. The colour scheme in discrete grains in TEM images represent the different crystalline
structures of the GO grains. Holes are observed after the transfer process of the GO sheet onto a TEM
grid (scale bar, 2 nm). (b) FFT patterns of the regions specified in (a). (¢) electron energy loss
spectroscopy of the GO sample grown at T =240 °C for t = 120 min, showing the presence of significant

number of oxygens in the resulting graphene framework.
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Chapter 5. Growth Mechanism

5.1 Existence an Incubation Time in GO Synthesis

We are able to grow GO sheets for various periods under isothermal conditions. For growth times
of less than 60 minutes at 240 °C, the Raman spectra indicate that the as-synthesized films contained a
mixture of disordered and graphitic C areas, and that the relative surface coverage between disordered
and graphitic C showed a critical dependence on the growth time, as shown in Figure 5.1. The resulting
GO sheets were predominantly a disordered C layer with more than 95% surface coverage after 5
minutes of growth (Figure 5.1b). However, the surface coverage of the graphitic C layer increased
linearly from about 30 to 100 % as growth time increased from 5 to 60 minutes, thus revealing the

existence of an incubation time for graphitic C growth on Cu at low temperatures.
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Figure 5.1. Growth tendency of a monolithic GO sheet on a Cu surface with various incubation times.
(a) Plot of GO coverage (black squares) and C-segment coverage (blue circles) on a Cu surface as a
function of growth time at 240 °C based on the Raman structure. (b) Comparison of the Raman spectra
of GO sheets that were grown on Cu at 240 °C for 5 min (blue), 15 min (green) and 120 min (black),
and then transferred onto a SiO (300 nm)/Si substrate.
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5.2 DFT Calculation of Transition State Energy of Carbon and Oxygen
adatoms on Cu Foils.

We investigated the spin-polarized density functional theory (DFT)"®* calculations to investigate
growth mechanism and origin of the C- and O- atoms during diffusion processes that are contributed to
the formation of GO on the reverse side of Cu foils. We calculated the transitional state (TS) energy of
a monomer, dimer and trimmer diffusion of C- and O- adatoms on both Cu (111) and Cu (100) surfaces.
The framework of TS energy calculation for atomic and molecular diffusion was based on [66] and
[104]. The calculations were conducted by using the CASTEP module in Materials Studio 6.1 which
provides various modeling and simulation environment for atomic and molecular structure
determination, property prediction, or simulation method in material science and chemistry. The
CASTERP is a full-featured materials modeling code based on a first-principles quantum mechanical
description of electrons and nuclei of atoms and molecules. It uses the robust methods of a plan wave
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basis set and pseudopotentials. The ultrasoft pseudopotentials*™™ and the generalized gradient

approximation were used with the exchange-correlation functional of Perdew-Burke-Emzerhof'®.
Monkhost-Pack'®” a k-point mesh was 3x3x1, which was used to test the Brillouine zone in the
reciprocal space and the fine accuracy option was adapted for all calculations. Five layers of atomic
plane filled with Cu atoms were used to simulate the Cu (111) and Cu (100) surfaces.

Figure 5.2 exhibits the typical atomic structure model which was constructed for atomic and

molecular diffusion on Cu consisted of 32 atoms with periodic boundary conditions along the in-plane
directions. The lattice constant of atomic structure is 3.61 A in both Cu (111) and Cu (100). To obtain
TS energy diagram, we ran the calculation by CASTEP with a single linear synchronous transit,
followed by repeated conjugate gradient minimizations and quadratic synchronous transit maximization
until a transition state had been located. Prior to the TS search calculation, all models had relaxation to
have most stable state.
Figure 5.3 shows the diagram of calculated TS energy of atomic or molecular diffusion on Cu (111)
surface: C monomer, C dimer, O monomer, O dimer, and C-O molecules. From Figure 5.3 (a), it is seen
that the calculated barrier energy of C monomer diffusion on the Cu (111) surface is 0.223 eV, while
that of C dimer is 0.454 eV. For O diffusion, the barrier energies of minimum diffusion pathway for an
O monomer as well as O dimer on Cu (111) are 0.295 eV and 0.485 eV, respectively, as shown in Figure
5.3 (b). In case of both CO and C,O molecular diffusion on Cu (111) surface, the calculated barrier
energies are 0.105 eV and 0.633 eV, respectively, as represented in Figure 5.3 (c).

Same calculation was repeated for Cu (100) surface, and Figure 5.4 represents the diagram of
calculated TS energy of atomic or molecular diffusion on Cu(100) surface. As shown in Figure 5.4, the
calculated barrier energies of diffusion are 2.118 eV and 0.883 eV for C monomer and C dimmer,
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respectively. From Figure 5.4 (b), it is known that the calculated barrier energy of an O monomer
diffusion on Cu (100) surface is 0.940 eV, while that of O dimer is 1.121 eV. As indicated in Figure
5.4, the calculated barrier energies of a CO and a C,O molecule diffusion on Cu (100) surface are 0.188
eV and 0.595 eV, respectively.

All results of calculation are summarized in Table 5.1. The result of calculation performed in this
study shows the different diffusion behavior of between C and O on the Cu (111) as well as Cu (100)
surfaces. Comparing the diffusion behavior of C and O on Cu (111) surface, the barrier energy of C
diffusion increases as the diffusional species changes from monomer (0.223 eV) to dimer (0.454 eV),
also O shows the increase in the barrier energy of diffusion when it changes from monomer (0.295 eV)
to dimer (0.485 eV).

In case of diffusion on Cu (100), the results of C show the trend to oppose to that of Cu (111).
That is, the barrier energy of C diffusion decreases as the diffusional species changes from monomer
(2.118 eV) to dimer (0.883 eV). But O shows increase in the barrier energy of diffusion when it changes
from monomer (0.940 eV) to dimer (1.121 eV) as same with that of Cu (111).

In all cases, however, the lowest barrier energy of diffusion can be achieved when the C-O
molecule diffuses on Cu surface irrespective of crystallographic plane, compared to those of C and O,
i.e., the barrier energies of diffusion of C-O molecule are 0.105 eV on the Cu (111), and 0.188 eV on
the Cu(100), respectively.

To examine the diffusion of C-containing precursors reaching the reverse side of the Cu foil, we have
calculated the tracer diffusion coefficients (D;) of both C monomer and C-O molecule along the Cu (111)
surface. The hopping rates of C monomer and C-O molecule can be found by the Arrhenius equation I
= T'oexp(-Ew/kT), which results in room-temperature hopping rates of about 1.70 x 10° and 1.68 x 10"
s, respectively with an attempt frequency of I'o= 1.0 x 10" Hz. In addition, the tracer diffusion
coefficients of C monomer and C-O molecule can be expressed in terms of the hopping rate I" and the
mean square jump length <I*>>: D,= I'<I>>/(2d), and are found to be about 18.5 and 1,830 um’s™ at room
temperature using the lattice constant of Cu 3.615 A, respectively. At T = 240 °C, the tracer diffusion
coefficients of C monomer and C-O molecule are expected to be about 703 and 10,100 um?s™ from our

calculations, respectively.
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Figure 5.2. Illustration of typical atomic structure model for dimer molecule diffusion on Cu (111) in
this study. (a) top view and (b) bird-eye view (all spheres in brown color indicate Cu atoms except two

spheres in gray color which indicate the dimer of C or O).
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Figure 5.3. Diagram of calculated transitional state energy of atomic or molecular diffusion on Cu (111)
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Table 5.1. Calculated activation energy barriers (in V) of the correlated diffusion of monomers, dimers,

and trimmers, including C and O atoms on Cu (111) and Cu (100) surfaces.

Surface Monomer Dimer
C 0.223 0.454
O 0.295 0.485
Cu(111)
C-0 0.105
C,0O 0.633
C 2.118 0.883
o) 0.940 1.121
Cu(100)
C-0 0.188
C,0 0.595
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5.3 Mechanism for The Formation of GO Sheets.

There is a key question why the GO sheets form through the DAS process using solid C at low
temperatures. Central to this issue are the origin of O atoms in the resulting graphene framework and
the diffusion of C and O atoms through the Cu foil, followed by the formation of the GO sheets on a
Cu surface after an incubation period. Figure 5.5 represents a representative zero-loss energy-filtered
bright-field TEM image and a corresponding elemental map of C (based on the three-window
technique'®) of the Cu foil after DAS process at 240°C for 120 minutes. The predominant presence of
C atoms along the GBs in the Cu is clearly visible from the elemental map; therefore it can be found
out that the GBs are the dominant diffusion pathway for C atoms during the DAS process. After the C
atoms diffuse to the reverse side of the Cu foil, nucleation results from competition between the surface-
diffusion processes, followed by capture of the supercritical nucleus and the evaporation of C-adatoms
from the Cu surface. Considering the high activation energy (about 6 eV)'?” for the desorption of C-
adatoms and the very low activation energy (DFT calculation results, Table 5.1) of C-adatom diffusion
on Cu, we suggest that the formation of the graphene framework on Cu can be described by C
attachment/detachment to the edges of the nuclei as the rate-limiting step at low temperatures, thus

resulting in the occurrence of two growth regimes as shown in Figure 5.5.

We investigated time-of-flight secondary ion mass spectroscopy (ToF-SIMs) on three different
samples to elucidate the origin of the O atoms. Figure 5.6 shows the relative change in the intensities
of C and O containing species that were ejected from a) an as-received Cu surface, b) a Cu surface
annealed at about 790 °C in ambient hydrogen, and ¢) a GO-covered Cu surface following DAS process
at 240 °C for 120 minutes. The levels of oxygen and oxidizing elements on the Cu surface increased as
a result of the DAS process and there was also an increased level of C-containing compounds, owing
to C-adatom diffusion along the GBs in the Cu. Considering that we found the O distribution with an
annealed Cu foil to be quite uniform (based on energy-dispersive spectroscopy (Figure 5.5) in TEM),
and given that DAS was conducted in an inert ambient, we suggest that there was no driving force for
spontaneous O diffusion through the Cu lattices or along the GBs. In addition, the residual O atoms on
the Cu surface cannot have diffused into the graphitic lattice during the DAS process, because O atoms
have a higher affinity for the Cu surface than C atoms and our synthesis was conducted at low
temperatures. Therefore, we inferred that the O atoms in the resulting GO sheets have diffused from the

interior of the Cu crystals during the DAS process.

Spin-polarized density functional theory (DFT) calculations’®”

can also support the growth
mechanism of the C- and O- diffusion processes that are consistent with the formation of GO sheets on
the reverse side of the Cu foils and The DFT calculation results are summarized in Table 1. The diffusion
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behavior of monomers, dimers, and trimmers, including C- and O-adatoms, were regarded to on Cu
(111) and Cu (100) surfaces, because the activation energy barrier of the correlated diffusion of multi-
adatoms on metal surfaces generally increases with the number of adparticles''’. We note that the lowest
energy barriers for the diffusion of C- and O-adatoms were achieved when C-O dimers diffused over
Cu, regardless of the orientation of the crystallographic plane. The energy barriers of C-O dimers on Cu
(111) and Cu (100) surfaces were 0.105 and 0.188 eV, respectively. This finding indicates that the O
atoms at the GBs in Cu preferentially combined with the diffusing C atoms with a dangling bond,
followed by the diffusion of C-O molecules over Cu as well as through GBs as shown in Figure 5.6.
Considering very high tracer diffusion coefficients (D;), C-containing precursors reaching the reverse
side of the Cu foil, diffuse laterally along the Cu (111) surface for a short period and lead to the growth
of graphene framework over large areas after an incubation time, driven by the strong affinity of C
atoms to self-assemble and expand the sp® lattice''!. Considering that C-C and C-O bonds tend to
segregate and that O atoms are almost insoluble in C clusters at low temperatures®*''%, the resulting

films become highly graphitic sheets that are decorated with oxygenated functionalities.
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Figure 5.5. Growth mechanism of GO sheets and origin of The C and O atoms in the GO sheets. (a)
Zere-loss filtered bright-field cross-sectional TEM image of the Cu foil after DAS at 240 °C for 120
min (using an energy slit width of 10 eV to select the zero-loss peak) and (b) the corresponding C map.

The yellow rectangles denote the same location in the TEM images (scale bars, 0.2 um).
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Figure 5.6. Origin of the C and O atoms and growth mechanism in the GO sheets. (a) Changes in the
elemental composition of C” and O™ containing species, based on TOF-SIMS analysis of the surfaces of
an as-received Cu foil, an annealed Cu foil at 790 °C in ambient hydrogen, and a GO-covered Cu foil
that was grown at 240 °C for 120 min. (b) Schematic diagram of GO growth mechanism during DAS
process using solid C; C atoms began to diffuse through the Cu along the GBs of the foil while trapping
the O species dissolved in the Cu, leading to the predominant diffusion of C-O molecules over Cu as

well as through GBs.
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Chapter 6. Tunable Chemical Composition and Electrical Properties

6.1 Control of O/C Composition and Tunable Bandgap Energy.

The O composition in the GO sheets directly correlates with the heating profile of the Cu foil during
the annealing step (Figure 6.1 (a)). The GO sheets were synthesized at 240 °C for 60 min with the Cu
foil annealed at 790 °C for 120min (type I); at 240 °C for 120 min with the Cu foil annealed at 790 °C
for 20 min (type II); and at 240 °C for 120 min with the Cu foil annealed at 790 °C for 260 min (type
IIT). Modifying the heating profile enables the residual O concentration in Cu to be controlled. Therefore
it is easy to control the composition of O atoms in the resulting GO sheets. GO becomes less oxygenated
as the extended heating proceeds. The detailed chemical states of the carbon and oxygen functionallites
under different condition (Type I to Type III) can be found in Figure 6.2. Thus, Figure 6.3 represents
XPS depth profile of C and O atoms in the Cu foils used after the DAS was accomplished at three
different annealing conditions that the O/C composition in GO was decreased from 0.80 to 0.32 as the
annealing time increased from 20 to 260 minutes at about 790 °C as shown in Figure 6.2 (b) and This
result is notable because the precise control of O content in GO during the synthesis has not yet been

reported for any chemical synthesis processes® .

Importantly, the bandgap energy of GO can be tuned by varying the O/C composition in GO
sheets. UV-Vis measurements show that the bandgap of GO decreases from about 2.1 eV to 1.6 eV as
the O/C composition decreases from 0.80 to 0.32 (Figure 6.1 (b)). This result demonstrates the ability
to control the bandgap of GO by simply annealing the Cu foil prior to solid-state diffusion process. It is
worthwhile to note that the average sizes of graphitic grains in the GO sheets were all about 10 nm
using HR-TEM measurements, regardless of O/C composition. However, we found out the systematic
variations of the bandgap values of the GO sheets by varying the O/C composition, indicating that the
oxygen functionalities existing on the graphitic grains in GO are the cause of bandgap controllability.

In principle, the bandgap can be further reduced by long-period thermal annealing of the Cu foil.
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Figure 6.1. (a) The heating profile of the Cu foil during annealing step. Modifying the heating profile
method enable the residual O concentration in Cu. (b) Changes in the O/C composition and the
calculated bandgap energy in the GO sheets that were formed on a Cu surface under three conditions.
Error bars are the standard deviation of the band gap energy measured in five different samples grown

under the same condition.
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Figure 6.2. High resolution XPS C 1s and O 1s line scans of the GO sheets that were formed on a Cu
surface under three different conditions. The GO sheets were synthesized at 240 °C for 60 minutes with
the Cu foil annealed at 790 °C for 20 minutes (type I); at 240 °C for 120 minutes with the Cu foil
annealed at 790 °C for 20 minutes (type II); and at 240 °C for 120 minutes with the Cu foil annealed at

790 °C for 260 minutes (type I1I).
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Figure 6.3. XPS depth profiles of C and O atoms in the Cu foils used after the DAS was accomplished
at three different conditions. The etching processes were conducted from the GO-covered Cu surfaces

and the average etch rate was about 1.9 A/s.
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6.2 Tunable Electrical Properties of The GO Sheets

To investigate the electronic properties of the individual GO sheets with the different O/C
compositions, back-gated GO-based FET devices were measured as shown in Figure 6.4. FET devices
with a channel length of 5 um and channel widths of 200 um (O/C~0.8) and 20 um (O/C~0.3) atop 300
nm SiO; with a p-Si back gate were fabricated by the conventional photolithography. All of the reported

electrical measurements were taken under vacuum at temperatures ranging from 20 to 300 K.

The carrier mobilities can be estimated by using

Alps
CoxW/LVDSAVGs

H= (6.1)

where L is the carrier mobility, W and L are FET width and length, resepectively, Cox = €ox€0/tox is the
gate oxide capacitance (€.« = 3.9 is silicon dioxdie permittivity and tox is the gate oxide thickness), and
Alps is induced by AVgs. Using the FET parameters given above, the hole and electron mobilities were

extracted as shown in Figure 6.5.

As shown in Figure 6.5 (a.b), regardless of the O content in the GO sheets, the "V’ shape of the
ambipolar transfer characteristics and the shift of minimum conduction point to positive gate voltage
are observed for both samples, which are characteristics normally observed in both prinstine graphene*
and chemically-reduced GO®*'**. The principal similarity between the gate dependence of the GO sheet
and graphene is a direct indication of the presence of intact graphitic grains in the GO sheets*, as
observed in HR-TEM and Raman results of the GO. It was found that acheiving lower O/C composition
yields significantly improved electrical performance and the GO sheets exhibited tunable field effect
mobilities from 19.7 £ 4.1 to 82.6 £ 10.2 cm*V''s" at room temperature as the O/C composition
decreases from 0.80 to 0.32 O/C composition. We note that the as-synthesized GO sheets were
electrically active without any further chemical and/or thermal treatment, in contrast to chemically-
derived GO, and the measured carrier (hole) mobility of the GO sheet with O/C composition of 0.32
is superior to the previously reported mobility values of chemically-reduced GO-based FETs’**-!. The
higher mobilities in our GO sheet with FET devices compared to those achieved in chemically-reduced
GO flakes, could be attributed to the morphological nature of the monolithic GO sheets without any
junction/overlapping regions between graphitic grains(individual graphitic sheets) since the weak
coupling between adjacent GO flakes (i.e. the high internanosheet resistance) may cause the device
performance to be much less than that of single nanosheets''®. In addition, the conductivity of both
samples at all gate voltages from —80 to +80 V increased with temperature, indicating that both types

samples exhibit semiconducting behavior, in contrast to the semimetallic prinstine graphene®.
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To further investigate the conduction mechanism in our monolithic GO sheets, we examined the
variation of the conductivity at minimum conduction point (Gmin) as a function of T-'* for three different

values of bias voltage (Vgs), as shown in Figure 6.5, Figure 6.6 and Figure 6.7.

In the VRH model, the temperature dependence of the conductivity ¢ can be described by the from
c=A exp (——=- (6.2)
- p T1/3 .

The parameters A and B are expressed as

eR3Vpn

A == (6.3)
B = (N(z;kB)l/g (6.4)

Where e is the electronic charge, Ry is the optimum hopping distance, vy, is the frequency of the
phonons associated with the hopping process, kg is the Boltzmann constant, a is the wave function
decay constant, and N(Er) is the density of states near the Fermi level. VRH involves consecuitive
inelastic tunneling processes between two localized states and has been frequently observed in

disordered systems, including GO and amorphous carbon structures. The following general

temeperature dependence VRH model simply decribed 1= I e~(To/ R , where (n-1) is the
dimensionality of the sample''*"'. The two-dimensional (2D) character reflected by the observed T'?

dependence is consistent with 2D structure of the sheets.

In the case of the GO sheet with a higher O/C composition of 0.80, the best linear fits of the
temperature-dependent data were obtained at all examined Vs by plotting In(Gmin) versus T™3, pointing
toward two-dimensional variable-range hopping (2D-VRH) as a plausible charge transport

mechanism**!"”

, whereas deviation from the 2D-VRH model was observed at the lower temperature
regime for the highest value of bias voltage (Vg4 =1 V). As shown in Figure 6.5, Figure 6.6 and Figure
6.7 respectively. In view of the above-described structural measurements, i.e. HR-TEM and Raman
results of the GO, hopping presumably occurs between the intact graphitic grains, which are separated
by clusters of atomic defects. The deviation from linear fit at the lower temperautre regime can be
explained by the contribution of the field-driven conduction without thermal activation''”"". However,
the GO sheet with a lower O/C composition of 0.32 showed a deviation from the linear fit (i.e. 2D-VRH
model) at all observed Vs and the temperature dependence of the omin at the higher temperature regime
can be fitted reasonably well with the Arrhenius model, suggesting that thermally excited carriers begin

to dominate electrical conduction''*

. Based on the electrical transport properties of the GO sheets, we
can conjecture that the bandgap energy of GO was narrowed down as the O/C composition decreased
from 0.80 to 0.32, which is in agreement with the UV-Vis measurement.
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Overall, a concequent results is clearly observed between variations in the O/C composition and the
optoelectronic properties of the resulting GO sheets. By monitoring opoelectronic properties, we have
found that the electrical transport mechanism in our physically-synthesized, monolithic GO sheets is,
despite the significantly higher conductivity, more similar to chemically-reduced GO than to as-
synthesized, chemically-derived GO. Our results suggests that highly tunable GO sheets may enable
the design of monolithic semiconducting and optoelectronic devices, in combination with our solution-

free, physical synthesis approach.
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SiO,/Si

Figure. 6.4. Optical microscope image of back-gated GO based FET devices. FET devices with a
channel length of 5 um and channel widths of 200 pm (O/C~0.8) and 20 pm (O/C~0.3) atop 300 nm
Si0O, with a p-Si back gate were fabricated by the conventional photolithography.
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Figure 6.5. Controllable electrical properties of the GO sheets with varying the O/C composition. (a)

Transfer characteristics of the GO sheets of 0.80 (type 11, (a)) and 0.32 (type III, (b)) with different O/C

compositions measured at temperatures ranging from 20 K to 300 K (Vg4 = 0.01 V). (c,d) Minimum

conductivity omin of the GO sheets with different O/C compositions of 0.80 (type II, (¢)) and 0.32 (type

111, (d)) at three different values of bias voltage (V) ranging from 0.01 to 1 V as a function of T3
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Figure 6.6. Tunable electrical properties of the GO sheets with varying the O/C composition of 0.80

(type II) from 20 K to 220 K. (a,b) Transfer characteristics of the GO sheets V4 =0.1 Vand Vg =1 V.

(c.d) Minimum conductivity omin as a Dirac point of the GO sheets with different O/C composition of

0.80 (type II) at bias voltage (V4s) ranging from 0.1 to 1 V and gate voltage (V, =20V and V, = 70V)

as a function of T
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Figure 6.7. Tunable electrical properties of the GO sheets with varying the O/C composition of 0.32
(type III) from 20 K to 220 K. (a,b) Transfer characteristics of the GO sheets Vgs=0.1 Vand Vg =1 V.
(c.d) Minimum conductivity omin as a Dirac point of the GO sheets with different O/C composition of
0.80 (type II) at bias voltage (Vgs) ranging from 0.1 to 1 V and gate voltage (V, =20V and V= 70V)

as a function of T,
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Chapter 7. Conclusion

We have successfully demonstrated a new physical method for the controllable growth of monolithic
GO sheets on Cu surfaces at low temperatures. This method offers a more promising approach to the
precision assembly of graphene-based devices than established chemically derived synthesis method
and could complement existing production techniques. The simplicity of solution-free, physical
synthesis of the GO sheets in combination with controllable electronic and optoelectronic properties
with different O/C composition may provide the shortest path to precision device assembly based on
graphene and its derivatives. Furthermore, our physical method can pave the way for the realization of
monolithic, two-dimensional chemically-modified C sheets with controllable composition, which are
produced by pre-treating the metallic foils under various conditions (ambient, temperature, doping etc.)
prior to solid-state diffusion media as the DAS process. Considering the inherent potential of two-
dimensional C sheets with high flexibility, transparency and mechanical strength, one could anticipate
the use of stacked heterostructure based on two-dimensional sheet designs for the next generation of
flexible nano-devices. In conclusion, advances in the development of ultra-high-purity metallic
diffusion media with a controlled doping concentration can open the door to the realization of graphene

sheets with a defined substitutional doping concentration.
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