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Abstract

Graphene is one of the hottest materials in nanotechnology due to its particular properties. In
order to realize its practical applications, high quality graphene with large domain size to reduce
the sheet resistance as well as its band gap engineering should be achieved. In this thesis, these
subjects are tackled with graphene synthesized by chemical vapor deposition (CVD) methods on
transition metal substrates with several solid precursors.

Chapter 1 describes the motivation and the purpose of the synthesis of graphene along with the
structure of graphene and the following properties, the different synthesis methods used in the
fabrication of graphene, the transfer techniques, the characterizations and current states of the art
about graphene research.

Chapter 2 provides details about the CVD method, particularly its specific parameters and the
used precursors and substrates. The mechanisms on Cu, Ni and CuNi substrates are explained, as
well as the design of experiments model with its calculations and optimization process.

Chapter 3 explores the effects of 6 parameters inside the CVD system through two designs of
experiments. 2°2 matrixes are used for the study of the parameters with interactions. If the growth
temperature has an important effect on the size of crystals, the mass of the carbon source reaches
an optimum. The growth time and the pyrolysis rate of the carbon source precursor are the main
factor where variations could dramatically change the size of crystals.

Chapter 4 discusses the effect of the pyrolysis rate of the carbon source precursor on the synthesis
of graphene on Cu substrate. The continuous carbon supply forms well-defined edges while an
abrupt stop of this supply let appear unsaturated edges and nanoribbons at the growth front of
the crystals. Monolayer crystals are observed at a low pyrolysis rate of 1.5°C/min, confirmed by
Raman spectroscopy. A high pyrolysis rate of 3°C/min generates a small adlayer on the top of
the flakes. The graphene crystals grow and finally merge together in a continuous film for a long
duration.

Chapter 5 focuses on the functionalization of graphene by the incorporation of nitrogen atoms in
the graphitic network. The high carbon and nitrogen solubilities in Ni and the controllability of
the synthesis on Cu led to the use of CuNi binary alloy where nitrogen-doped bilayer graphene
was synthesized. The use of melamine as the sole precursor of both C and N atoms allowed the
carbon network to contain 5.8 at % of nitrogen, as confirmed by X-ray photoelectron spectroscopy
(XPS).

Chapter 6 investigates the anisotropic etching of graphene by Hj; after the synthesis of graphene
flakes and films with camphor. This reverse reaction of graphene growth forms holes in the contin-
uous graphene film, along with symmetric directions of the graphene lattice. With longer duration,
nanoribbons with non-uniformed width are created between larger domains. The fabrication of a
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Y-shaped nanoribbons is also observed.

Chapter 7 summarizes this work and explores future prospects.
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Chapter 1

Introduction

1.1 Background about graphene

he past decade has seen an increase in published articles in the field of graphene, partic-
5 ularly due to its exceptionally promising properties. The high conductivity of graphene
associated with its transparency and flexibility makes it the perfect candidate for future electronics
in solar cells, watches and flexible screens. Today, the indium tin oxide (ITO) is widely used in
touch screens and solar cells can be hindered by the limited available quantity of indium in the
Earth’s crust, its price, limited recycling [1-4], and the brittle nature of such devices [5—7]. The
developments in the fabrication of transistors, diode and electrodes with graphene could pave the
way to a new era in electronics [8—15].

Graphite was first used during the Neolithic age, 4" millennium B.C, in southeastern Europe, in
a ceramic paint for decorating pottery [16]. A deposit of graphite was discovered in a mine near
Borrowdale in Cumbria, England, in the 16™ century where local people used it freely for marking
sheep [17]. A few decades later, graphite was used as a refractory material for military purposes in
the English navy [18]. Until German chemist Abraham Gottlob Werner coined the term graphite
in 1789 from the ancient greek graphein (to write) and ife from latin -ita and greek -ites (connected
with or belonging to), especially used in the case of gems and stones, graphite was known as black
lead or plumbago due to its use in pencils [19, 20]. In 1859, when an abundance of graphite
from Ceylon (now known as Sri Lanka) arrived in Britain, Professor Brodie from the University
of Oxford attempted to measure the molecular weight of the graphite [21]. The determined C : H
: O ratio was 61.04 : 1.85 : 37.11. Since the material was found to disperse in pure or alkaline
water, but not in acidic media, Brodie termed the material “graphic acid”. That was the very first
sample of graphite oxide prepared experimentally [22]. In 1994, the International Union of Pure
and Applied Chemistry (IUPAC), in its Nomenclature and terminology of graphite intercalation
compounds, recommended the use of the words graphene for a single carbon layer due to the
used suffix -ene for fused polycyclic aromatic hydrocarbons, even when the root of the name is
of trivial origin (e.g. naphthalene, anthracene, coronene, etc.), and graphite for stacked layers
of graphene [23]. A single carbon layer of the graphitic structure can be considered as the final
member of this series and so this 2D material can be considered the raw material of allotrope
fullerenes (0O dimension), carbon nanotubes (1 dimension) and graphite (3 dimension) [24]. As

1



1.2. Properties of graphene Chapter 1. Introduction

such, 2D graphene rolled up in the plane is a carbon nanotube, and multilayer graphene with weak
interlayer tunneling is graphite.

Despite the fact that Peierls and Landau showed that 2D materials were thermodynamically unsta-
ble and could not exist [25-27], Wallace calculated the band structure of graphite from graphene
structural model [28]. In recent years, carbon nanotubes and graphene have become widely dis-
cussed topics in various academic fields, especially in physics and material sciences [29, 30] due
to its particular properties. These properties come from its unique structural arrangement.

The carbon atoms contain 6 electrons which occupy the shell as follow (13)2(2s)2(2p)2. Due to a
small energy difference between the 2s and the 2p states, both are excited together in the presence
of an external perturbation, such as another atom, which results in a mixed state formed out of one
s-orbital and three p-orbitals, namely px, py and p,, being produced. In the case of graphene, one
s-orbital is combined with two p-orbitals, namely px and py, hence the term of sp? hybridization
[24]. These three hydridized orbitals contribute to a planar assembly with a characteristic angle of
120° between hybrid orbitals forming a covalent bond of 1.42 A [31], for a lattice constant of 2.46
A [32], which gives a honeycomb structure. The remaining p, orbital is perpendicular to the sp?
hybrid orbitals and can bind covalently with neighbouring carbon atoms to form a m bond which
creates the Van der Waals forces between graphene layers [33]. Due to the p, orbital’s single
electron, the 7 band is only half-filled [34].

1.2 Properties of graphene

As seen previously, each carbon atom contributes one electron to the 7 bond and because this
electron can occupy either a spin-up or a spin-down state, the valence bond is filled while the
conduction band is completely empty. The Dirac points, D and D’, are defined as the points where
the valence and conduction bands meet. They are also, in the case of graphene, the points named
K and K" in the first Brillouin zone [11, 31]. The Fermi level, according to the band theory depicts
a hypothetical energy level of an electron such that at thermodynamic equilibrium the energy level
would have a 50% probability of being occupied at any given time, lies where the valence and the
conduction bands meet [35]. These bands meet at the Dirac points and thus graphene is considered
a zero-gap semiconductor [11, 28], or semimetal, which leads to high conductivity in graphene.

1.2.1 Electrical and electronical properties

Hence, an electronic mobility of 200,000 cm?V-'S™! can be reached at room temperature if extrin-
sic scattering in graphene is eliminated[36—38]. Du et al [39] reported low-temperature mobility
approaching 200,000 cm?V-!S"! for carrier densities below 5 x 10° cm™ in suspended graphene
samples.

1.2.2 Mechanical properties

Graphene is one of the hardest and strongest known materials, it is harder than diamond and
stronger (between 10 and 300 times) than steel [40]. Graphene has a very high Young’s modulus
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Chapter 1. Introduction 1.3. Graphene synthesis methods

1.0 TPa with a high ultimate tensile strength of 130 GPa [40]. This robustness could be used to
reinforce other materials [41] or to produce composite materials with graphene [42].

1.2.3 Thermal properties

The experimental thermal conductivity of bulk graphite has been measured as 2000 Wm™'K™! [43].
Comparing thermal conductivities of bulk graphite and graphene, Nika et al [44] found that its
thermal conductivity depends on flake size and width of the graphene sheet; thermal conductivity
ranges from 3000-5000 Wm'K!, which is consistent with others reports [45]. The upper limit of
graphene thermal conductivity has been calculated to be 6600 Wm™'K-! [46].

1.2.4 Chemical properties

While graphite is known as one of the most chemically inert materials, graphene, due to its hon-
eycomb structure and its composition of only carbon atoms, possesses an imperfect chemical
inertness [47]. Bunch et al [48] found that a monolayer graphene membrane is impermeable to
standard gases, including helium. Graphene can also be used as a protective coating that inhibits
corrosion of underlying metals [49]. Furthermore, graphene nanoribbons were covalently func-
tionalized by nitrogen species through high-power electrical joule heating in ammonia gas, leading
to n-type electronic doping consistent with theory [50].

1.2.5 Optical properties

The impressive optical properties of graphene include its high transmittance of 97.7% of visible
light [51]. This property makes graphene a suitable material for fabrication of transparent and
flexible electrodes [52], touch screens [8], photodetectors [53] and solar cells [54].

1.3 Graphene synthesis methods

Synthesis of graphene can be summarized in two approaches: bottom-up and top-down. The
bottom-up approach focuses on the assembly of graphene layers from atoms and molecules as
building blocks, such as epitaxial methods or nanoribbons assemblies. The extraction processes
of graphene layers from graphite, such as exfoliation, constitute the top-down approach.

1.3.1 Exfoliation of graphene by micro mechanical cleavage of HOPG

In 2004, Novoselov et al exfoliated graphene from small areas of highly-oriented pyrolytic graphite,
where up to 10 um multilayer graphene domains could be prepared [55]. This method allows for
the preparation of high quality graphene flakes [56-58]. However, the lack of scalability and
control of the size of graphene domains paved the way for other techniques [31].
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1.3.2 Thermal decomposition of SiC

The annealing of SiC at 1000°C-1350°C leads to the desorption of Si on the top layers and the
epitaxial growth of graphene layers. The kinetics of graphene formation as well as the properties
and structure of the synthesized graphene are highly dependent on the gas used (or vacuum),
temperature and type of SiC used[31, 59-63]. For example, h-SiC (0001) shows a possible control
over the number of layers, which could lead to a uniform coverage of SiC substrate [64, 65].
Various thicknesses were observed on the SiC substrates, particularly due to the high temperatures
in which the substrates were exposed [66]. Nanotubes could also be synthesized on the SiC surface
[67]. Furthermore, graphene grown on semi-insulating SiC substrate can be used in situ without
transferring to other insulating substrate and can be used in applications.

1.3.3 Reduction of graphene oxide

The layers of graphite can be exfoliated through oxidation of graphite [31], in which three major
methods, developed by Brodie [21], Staudenmaier [68] and Hummers [69] are mainly used. The
obtained graphite oxide is highly hydrophilic and can form stable aqueous colloids to facilitate
the assembly of macroscopic structures by simple and cheap solution processes, although it is
an inexpensive material [70]. The graphite oxide shows increased interlayer space between the
graphene layers which facilitates the exfoliation of graphene oxide sheets [71]. Then, reducing
agents can be used to reduce the graphene oxide sheets into graphene sheets through washing
processes [22]. The reduction also has a healing effect in terms of the restoration of the graphitic
network of sp? bonds which increases the electrical conductivity of graphene [72].

1.3.4 Atmospheric pressure chemical vapor deposition

The atmospheric pressure chemical vapor deposition (APCVD) system consists of horizontal
quartz tube with an inner diameter of 45 mm and with a length comprised between 70 cm and
1 m, inserted in one or two split furnace(s), as represented Figure 1.1 (a) and (b), respectively. The
furnace with a high temperature, around 1000°C, is where the substrate is placed to grow graphene
and is called the growth furnace. The second furnace used to evaporate the precursor, is called the
carbon source furnace. In the case of only one furnace, only the growth furnace is used and the
precursor is melted by convection to evaporate the precursor on a moving support. The cooling
process is of prime importance to obtain high quality graphene on a large area [73]. For cooling,
the furnaces are opened at the selected pace in order to cool the substrate at the desired speed [74].

The gases play a major role in CVD systems and their quantities and ratios can alter the results
dramatically [75-82]. Methane (CHy4), and other gases or liquids [83, 84] can be used. In this
work, only Ar and H, gases are used for pre-annealing, annealing, growth and cooling.

1.3.5 Low pressure chemical vapor deposition

Another version of the chemical vapor deposition system is the low pressure chemical vapor depo-
sition (LPCVD), Figure 1.2, where a rotary pump or another system is used continuously through-
out the experiment to suck the gases up from the system, allowing for control of the internal
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Figure 1.1: APCVD systems with (a) one furnace (b) two furnaces.

pressure until a few Pascals (Pa) [85]. A minimum pressure, called the base pressure, can be
reached before the introduction of gases for the experiments [74].
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Figure 1.2: LPCVD systems with (a) one furnace (b) two furnaces.

1.4 Graphene transfer

The importance of transfer lies in the ability to remove the graphene from transition metals where
it is synthesized to other substrates, for further studies or applications. The transfer of graphene
should be handled with great care due to the potential damage caused as a result of the multiple
steps involved. The methods presented here involve use of PMMA. However, other techniques
exist [86—90].
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1.4.1 Wet method

The wet method transfer uses etchants to dissolve the transition metals on which the graphene
films are synthesized. The process is described Figure 1.3. A poly(methyl)methacrylate (PMMA)
solution, made from a 4.6 g of PMMA in 100 mL of acetone, is spin-coated on the sample for 1
min at 3000 rpm, then dried at 80°C for 10 minutes to strengthen the bonds between the graphene
film and the PMMA. For example, a solution of ferric nitrate Fe(NO3)3 (20 g/100 mL) can dissolve
copper substrates in a few hours, then the graphene film floating at the surface of the etchant can
be dipped in a nitric acid solution and in deionized water 3-4 times to rinse it. The graphene film
is then ready to be transferred to another substrate by simple deposition. Subsequently, PMMA
is removed first by vapors of acetone, and then the graphene sample on the desired substrate is
cleaned in acetone for a few hours. The last step includes a cleaning in isopropyl alcohol (IPA).

Graphene film PMNMIA layer

PMDMA coating 4hing of the
transition metal

Transition metal Deposition on the
desired substrate

Substrate

=

Removing of PMNMA
in acetone, cleaning in
acetone and IPA

Figure 1.3: Steps for graphene film transfer along with the wet method.

1.4.2 Bubbling transfer

The bubbling transfer method (Figure 1.4) relies on the use of H, bubbles created on the transition
metals by a difference of potential to separate the graphene film and the metal substrate [91]. The
advantage is a smooth separation of the graphene film and the damages made by the etchants can
be avoided. A poly(methyl)methacrylate (PMMA) solution, made from a 4.6 g of PMMA in 100
mL of acetone, is spin-coated on the sample for 1 min at 3000 rpm, then dried at 80°C for 10
minutes to strengthen the bonds between the graphene film and the PMMA. The vertical edges
can be cut to favour the creation of Hj bubbles; however, the horizontal edges shouldn’t be cut to
preserve the integrity of the sample. The PMMA/graphene/substrate sample is inserted in a 1 mol
NaOH solution where it is connected to the anode, where the cathode is a plate of platinum (Pt).
The potential and current are set to 3 V and 300 mA, respectively, for 2 minutes; the H, bubbles
created at the surface enable the separation of the PMMA/graphene film and the substrate. The
floating film is then cleaned in deionized water a few times before being transferred to the desired
substrate by simple deposition. PMMA is removed first by vapors of acetone, then the graphene
sample on the desired substrate is cleaned in acetone for a few hours. The last step includes a
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cleaning in isopropyl alcohol (IPA).
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Figure 1.4: Steps for graphene film transfer along with the bubbling method.

1.4.3 Transfer to mesh

Contrary to the two previous methods, the transfer to a mesh substrate is done only for a use in a
TEM analysis. A poly(methyl)methacrylate (PMMA) solution, made from a 4.6 g of PMMA in
100 mL of acetone, was coated on the sample in a spin-coater for 1 min at 3000 rpm, then dried
at 80°C for 10 minutes to strengthen the bonds between the graphene film and the PMMA. The
PMMA/graphene/substrate sample is inserted in a 1 mol NaOH solution where it is connected to
the anode, where the cathode is a plate of platinum (Pt). The potential and current are set to 3 V and
300 mA, respectively, for 2 minutes; the H, bubbles created at the surface enable the separation of
the PMMA/graphene film and the substrate. The floating film is then cleaned in deionized water
a few times before being transferred to the mesh. The removal of PMMA is particularly critical
since the film should not be broken inside the holes of the mesh. Instead of being cleaned in a
hot acetone beaker, hot acetone was slowly dropped on the mesh to remove as much PMMA as
possible. The mesh was not cleaned in isopropyl alcohol (IPA) to prevent further damages.

1.5 Characterization of graphene

1.5.1 Optical microscopy

Optical confirmation can be used for the graphene domains synthesized on transition metals, such
as copper (Cu), by slight oxidation of the substrate which becomes slightly red. The graphene do-
mains then appear as white to the optical microscope [92]. The exact number of layers is difficult
to determine by optical images alone, differences from adjacent layers can easily be resolved. Op-
tical images of this thesis have been obtained with an optical microscope VHX-500 in reflectance
mode with a Moticam 2000 2.0 M pixel camera.
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1.5.2 Raman spectroscopy

Raman spectroscopy has historically been used to probe structural and electronic characteristics
of graphite materials, notably to determine the number of graphene layers by probing the phonon
spectrum of graphene [93, 94]. Raman spectroscopy is a relatively easy, non-destructive, noncon-
tacting, and quick measurement method to probe the inelastic scattering of light from a sample
surface at room temperature at ambient pressure. The wavelength of the bands is affected by the
energy of the laser, and the following wavelengths are given for a laser excitation energy of 532.08
nm, in which a NRS-3300 laser Raman spectrometer was used to take the Raman spectra.

Three important bands are observed in graphitic materials [95-97]. The graphitic peak around
1582 cm’!, called the G band, is caused by in-plane vibration of sp? carbon atoms (E2g phonon);
the presence of a G band in the Raman spectra indicates that the sample contains sp> carbon
networks. The signal strength of the D band, located around 1350 cm™ and due to first-order
zone boundary phonons, depends strongly on the amount of disorder in the graphitic material
[98]; the D band is activated in case of a defect in the network [99, 100]. The third band around
2690 cm™!, called the 2D band as an overtone of the D band, is caused by second-order zone
boundary phonons which exhibits a strong frequency dependence on the excitation laser energy
and is associated with stacking orders. This 2D band has been used to determine the number
of graphene layers[100, 101]. The Full Width at Half-Maximum (FWHM) of 2D bands can be
used to determine the number of layers of the considered graphene samples. Monolayer graphene
shows a very sharp, symmetric and Lorentzian 2D band. With the increase of number of layers,
the 2D band becomes broader, less symmetric and decreases in intensity: the FWHM increases.
The FWHM of the 2D band for a monolayer, bilayer and multilayer graphene could typically be
30cm!, 50 cm™! and 80 cm™!, respectively.

The intensity ratio I,p/Ig of the 2D and G bands, respectively, is widely used to characterize the
number of layers in the synthesized graphene film. A high ratio indicates a monolayer graphene
and the lower the ratio, the more layers, with 1 being bilayer graphene and below 1 for multilayer
graphene.

1.5.3 Field emission scanning electron microscopy

Field emission scanning electron microscopy (FE-SEM), as its name indicates, is an electron mi-
croscopy where a high energy electron beam interacts with the sample; the collected information
allows for the reconstruction of the image at the scale of a few nanometers. Different signals are
produced, including secondary electrons (SE) and back-scattered electrons (BSE). Back-scattered
electrons (BSE) are strongly related to the atomic number and are used to determine the distri-
bution of different chemical elements in the sample. Secondary electrons are emitted from very
close to the specimen surface and hence very high-resolution images are produced. Field Emission
Scanning electron microscopy (FE-SEM) studies were performed with JEOL JSM-7800F using a
lower electron detector (LED), an upper electron detector (UED) and an upper secondary electron
detector (USD).
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1.5.4 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of electrons
is transmitted through an ultra-thin specimen, interacting with the specimen as it passes through
it (transfer on mesh required, see Section 1.4.3), with the detector collecting the data to form the
image. Due to the small Broglie wavelength of the electron, especially compared to phonons,
a higher resolution is possible, until the atomic scale. Then, details can be observed with TEM
images, such as the number of layers, defects, grain boundaries and twisting of layers. The TEM
analysis was performed by JEM-ARM?200F with an electron beam energy of 200 kV.

1.5.5 X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface analysis with a typical depth of 5-10 nm,
used to determine the quantitative atomic composition, chemical and electronic states of elements
in the sample. XPS analyses were performed by the VeraProbe photoelectron spectrometer.

The process works by irradiating a sample with monochromatic X-rays, typically mono-energetic
Al ka x-rays, resulting in the emission of photoelectrons from the surface of the sample. An
electron energy analyzer is used to measure the kinetic energy of the emitted photoelectrons over
a range of electron kinetic energies. The emitted atoms cause peaks to appear in the spectrum
from particular characteristic energies of electrons. From the binding energy and intensity of a
photoelectron peak, the elemental identity, chemical state, and quantity of a detected element can
be determined. For example, nitrogen (N) elements can be detected inside a N-doped graphene,
with the known structure of nitrogen atoms and known overall percentage of nitrogen.

1.5.6 Atomic force microscopy

Atomic force microscopy (AFM) is a very-high-resolution type of scanning probe microscopy,
designed to measure the topography of a sample, with demonstrated resolution on the order of
fractions of a nanometer. AFM analyses were carried out with a JSPM-5200 scanning probe
microscope, in tapping mode.

The tip of the cantilever "touches" the sample which gives topographicaly information about the
surface of the sample, in which the repulsion forces push the tip upward. The variations in height
of the tip can be measured with a laser beam which reflects on the cantilever; a photodiode can
then detect the movement of the beam and consequently the movement of the cantilever and tip.
The movement is converted into a change in voltage. Then, an image of the surface can be seen as
a reproduction of the variations in voltage. It can be used to see the step edge between graphene
and a substrate and thus be able to calculate the thickness of graphene layer(s).

1.5.7 Auger electron spectroscopy

Auger electron spectroscopy (AES) studies were carried out with a JAMP-7800 Auger microscope.
The principle is an analysis of the surface with an electron gun. The Auger effect is the so-called
phenomenon where an incident electron ejects a core electron and subsequently an electron from
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a higher energy level fills the vacancy of the de-excitation with a release of energy. The transition
energy could be emitted with a photon or an electron, thus called Auger electron. Due to the
kinetic energy of this Auger electron corresponding to the difference between the energy of the
initial electronic transition into the vacancy and the ionization energy for the electron shell from
which the Auger electron was ejected, which is proper to each atom, it is possible to determine the
types of atoms present in the sample.

1.6 Large graphene crystals

Due to the extraordinary properties of graphene for various applications, and its possible wides-
pead use in the future, synthesis of high quality graphene is gaining momentum [8, 36]. Among
all techniques presented above, atmospheric and low pressure CVD processes are seen as scalable
for large area high quality graphene [102-106]. In the CVD process, the low carbon solubility of
Cu substrates have been explored significantly for the growth of monolayer graphene [107-109].
Due to the polycrystalline nature of Cu substrate, the synthesized continuous graphene films are
constituted with boundaries between domains [104, 110-115]. The resulting electrical, optical
and mechanical properties are then influenced by the crystal size, quality and structure [116]. In
order to achieve the predicted theoretical values of physical and electrical properties, it is essen-
tial to increase the size of graphene domains, thereby reducing defects and domain boundaries
[117, 118]. Synthesis of large size hexagonal graphene crystals have been reported by using the
CVD methods [76, 91, 108, 109, 119-124]. In this prospect, many precursors have been used for
graphene growth on Cu substrates, such as methane [104, 125, 126], ethylene, liquid and solid
precursors [127-130].

The experimental conditions and source materials inside the CVD system can dramatically change
the quality of individual graphene crystals and films. For example, the use of a pyrolysis rate of
carbon compounds from the solid source can considerably influence graphene growth [120] and
it is necessary to control it. Subsequently, the understanding of the graphene growth process in a
solid source based CVD process can be significant in controlling growth of single and few-layer
graphene.

1.7 Band gap in graphene

The exciting electronic properties of sp?> hybridized graphene sheets have been the focus of re-
search [56]. The high carrier mobility and conductivity have been used in fabrication of field
effect transistors (FET), transparent and flexible devices, as well as sensors [8, 9, 11, 15, 131,
132]. Nevertheless, the lack of band gaps in monolayer graphene hinders its use in the diverse
fields of electronics and different approaches have been explored to create a band gap [133, 134].
The applications of a mechanical strain and of a vertical potential in bilayer graphene have been
proven effective in creating band gaps [135, 136]. It has been demonstrated that by applying a
vertical electric field in bilayer graphene based FET, a band gap of the order of 0.2-0.3 eV can be
observed [137].

The modification of graphene structure to open a band gap for nanoelectronics applications have
been proposed [138]. The confinement of the charge carriers along one direction in the crystallo-
graphic plane can generate a band gap [139, 140]. The development of high quality nanoribbons
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is then required to achieve quantum confinement [141, 142]. The width and the crystallographic
orientation of the edges determine the properties of the graphene nanoribbons [143]. In nanorib-
bons with armchair edges, the band gap changes with the width of the ribbons, while zigzag edges
have magnetically ordered edge states [144—146]. To obtain graphene nanoribbons and specific
nanostructures, diverse top-down and bottom-up processes have been explored, such as synthesis
from precise molecules, lithography, unzipping of carbon nanotubes (CNT), plasma etching, metal
nanoparticles and induced etching processes [147-159].

Another possibility to open a band gap is to dope graphene sheets by controlling the electron
and hole carrier concentrations, and consequently the Fermi-level [160-165]. Kondo et al [166]
observed Landau levels of bilayer graphene on N-doped flat graphite surfaces without external
magnetic fields. In bilayer N-doped graphene, a m — 7 interaction possibly can occur, which
affects the interlayer distance and consequently the electronic properties [167].

1.8 Motivation and research objective of the work

Since its rediscovery in 2004, graphene has attracted intense research to attempt to control and
modify its exceptional electronics properties. Nevertheless, the presence of defects, impurities,
grain boundaries, polycrystalline, structural disorders and wrinkles in graphene sheets have an
important effect on its mechanical, thermal, electronic and optical properties. The synthesis of
high quality graphene by chemical vapor deposition (CVD), with the desired number of layers and
properties, has gain momentum due to its scalability and its possible variations.

The synthesis of graphene on polycrystalline transition metal foils in CVD leads to numerous nu-
cleations on the substrate and to a continuous polycrystalline graphene film where grain boundaries
represent a major obstacle for the movements of the electrons. The formation of larger graphene
domains has a strong effect on the conductivity of the film. A control of the nucleation is then
necessary and can be achieved through the careful control of CVD parameters where small varia-
tions could dramatically change the size and shape of the synthesized crystals. The use of design
of experiments could explain the influence of some parameters, such as the growth temperature
for the formation of graphene. In particular, the pyrolysis rate of the precursor has an effect on the
edge termination of the crystals and on the number of layers.

The lack of band gaps in the semimetal graphene hampers its use in electronics where it could re-
place Si. One bottom-up approach to create a band gap includes the functionalization of graphene
layers by doping with foreign atoms, such as N. The inclusion of N atoms in the graphitic net-
work requires control of the precursor as well as of the substrate and its composition, especially
due to the different solubilities in the alloy and its mechanisms. Another approach focuses on
nanoribbons, where a band gap is observed. Their formation can be observed and controlled to
some extent by anisotropic etching of graphene films. The creation of specific structures, such as
Y-shaped, could be interesting in future electronics. These electronic properties associated with
the bendability of graphene sheets could lead to the use of graphene in wearable and stretchable
devices as well as in nanoelectronics and touch screens.

11



1.9. Outline of the thesis Chapter 1. Introduction

1.9 Outline of the thesis

The following thesis is mostly about the synthesis of graphene inside chemical vapor deposition
systems and the formation of specific structures. Synthesis of N-doped graphene is also discussed.

Chapter 1 gives motivation and research objective together with a general introduction about the
properties of graphene, the different methods for its synthesis and all techniques used for charac-
terization.

Chapter 2 presents the experimental process in detail with the description of all substrates and
precursors used in this thesis.

Chapter 3 details the use of designs of experiments for the optimization of chemical vapor depo-
sition parameters for graphene growth.

Chapter 4 describes the dramatic effect of the pyrolysis rate on the synthesis of monolayer or
multilayer graphene.

Chapter 5 discusses the synthesis of nitrogen-doped bilayer graphene on CuNi binary alloy catalyst
by low pressure chemical vapor deposition and its importance in opening a band gap.

Chapter 6 reports the formation of graphene nanoribbons and Y-shaped structures by hydrogen
induced anisotropic etching.

Chapter 7 summarizes the accomplished research and potential to future prospects.
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Chapter 2

Experimental part

2.1 Chemical vapor deposition method

2.1.1 Temperature

he temperature is one of the main parameters in the CVD system. The heat produced in
5 the CVD system is the main source of energy for the decomposition of carbon precur-
sors and for the activation of the catalyst. Regmi et al [168] demonstrated the effect of temperature
on the quality of graphene. Seemingly, this is due to the enhancement of the catalysis of the sub-
strate metal at higher temperatures, which enables quicker carbon construction at the edge of
graphene grain. Nevertheless, a temperature too close to the melting point of the substrate will
produce excessive defects in the graphene domains [120].

The grain boundaries of the substrate can be seen as defects with an attributed amount of energy.
At high temperatures, these grain boundaries migrate to reduce the total amount of energy and the
total area of grain boundaries in the sample, which led to the growth of grains [169]. Additionally,
annealing at high temperature favors a smoother morphology of the substrate by reducing vacan-
cies, dislocations, stacking faults, and grain boundaries and thus decrease the number of nucleation
[170]. Bigger grains and minimization of grain boundaries result in a decrease of nucleations and
the growth of uniform graphene.

2.1.2 Gases

Ar is used as a carrier gas. Its constitution of a rare gas makes it inactive with the carbon species
involved in the experiments and with the substrate. Nevertheless, possible impurities contained in
the gas could have an effect on the growth and shape of graphene crystals [77, 171, 172]. Notably,
oxygen has the double effect to reduce the carbon content contained in the Cu foil prior to growth
and thus reduces graphene nucleation and accelerate graphene growth [77, 173, 174].

H, gas is used to avoid the oxidation and to reduce the metal oxide of the substrate, as well as
removing impurities of the substrate while passivating defects and grain boundaries [171]. H; has
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a dual effect on the synthesis of graphene [81, 175]. One effect is the activation of carbon species
such as hydrocarbons and adatoms, which are ready to be chemisorpted for the nucleation, and
growth of graphene. The second effect is that H, etches the grown graphene [81, 114, 120]. The
competition between these two effects lead to the self-limitation of graphene growth on Cu and
the etching of graphene can be considered as the reverse reaction of graphene growth. Hj also
plays a role in the sp-sp? transition [176].

The ratio of Ar and H; can play a major role in the synthesis and in the quality of the synthesized
graphene [79, 168, 177-179]. The H; pressure influences the number of synthesized graphene
layers [180].

2.2 Precursors

For the synthesis of graphene, numerous carbon source precursors have been used, especially
gases, such as methane and ethylene, or liquids, such as acetone and methanol [84, 122, 181—
188]. However, the C-H bonds have relatively high bond energies in methane (439.3 kJ/mol) and
ethylene (464.2 kJ/mol) [189]. Solid precursors have relatively weak C-H bonds, which allows for
graphene synthesis at a lower temperature as well as a control of their evaporation [105, 120, 128,
181, 190].

2.2.1 Camphor

Camphor (Figure 2.1) is an abundant, inexpensive, natural hydrocarbon source used in many works
for the synthesis of carbon nanotubes (CNT) [191, 192] and graphene [127, 193, 194]. It is a
carbon-rich, hydrogen-rich, and oxygen-present molecule with a bi-cyclic cage structure, where
its two pentagonal rings are believed to be used as building block for CNT and graphene structures:
there is no need to break C-C atomic bonds. The abundance of hydrogen in camphor eliminates
the need of additional H, gas [192].

The low vapor pressure (27 Pa at 20°C [195]) of camphor allows for decomposition under the heat
of the proximate furnace; the control of only the mass of camphor, the vaporization temperature
and the flow rate of the carrier gas (such as Ar) could affect its decomposition.

\

Figure 2.1: Camphor molecule

2.2.2 Waste polymer

The waster polymer precursor is a mixture of polyethylene and polystyrene as explained in [105,
196]. Polyethylene is the simplest polymer chains with ethyl groups as shown Figure 2.2. Polystyrene,
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shown Figure 2.3 is polymer with two ethyl group whose one has a phenyl group attached. The rel-
atively weak C-H bond in polystyrene and polyethylene, with bond energies between 292 kJ/mol
and 305 kJ/mol [189], which is lower than in other carbon sources such as methane, lead to its
use at lower temperatures [120]. This low temperature needed for decomposition as well as its
stability due to higher vapor pressure (0.67kPa at 15°C for polystyrene and 8100 kPa at 15°C for
polyethylene [195]), makes it a reliable precursor in many experiments [127, 193, 197].

( CH, —— CH, )n

Figure 2.2: Polyethylene polymer.

(CH2 CH)

Figure 2.3: Polystyrene polymer.

2.2.3 Melamine

Melamine is an organic chemical compound with a heterocyclic aromatic ring, a 1,3,5-triazine
skeleton, and three primary amine groups as shown Figure 2.4. Its sublimating point at 345°C
allows for control of its evaporation by controlling the temperature. Its hexagonal ring structure
as well as its already incorporated nitrogen atoms makes it a good precursor for the sole source of
carbon and nitrogen [198]. It has also been combined with other precursors to obtain the desire
graphene [199].

N

N

NH,
N)\
A,

HQN NH2

Figure 2.4: Melamine molecule.

2.3 Substrates

2.3.1 Transition metals

Due to the strong C-H bonds in carbon based species (such as in methane, 439.3 kJ mol™! [189,
200]), the non-catalytic decomposition occurs at very high temperatures (>1200°C). In order to

15



2.3. Substrates Chapter 2. Experimental part

reduce the temperature of the decomposition of the carbon species and to provide a low energy
pathway for hydrocarbon dissociation, transition metal catalysts are used [182, 201]. 3d metals,
such as nickel (Ni) and copper (Cu) are favored in comparison to late transition metals for graphene
formation [202-204].

As seen previously in Section 1.1, graphene has a honeycomb structure which is a hexagonal
lattice. The face-centered cubic (FCC) crystal structures of the metals show different symmetry
depending on the surface: (100) is square, (110) is rectangular and (111) is hexagonal. The mis-
matches of Cu (111) and Ni (111) with graphene lattice are low, 3.7% and 1.2%, respectively
[205], which favor the growth of graphene on (111) surfaces [111, 206-210]. The growth of
grains is also favored on (111) faces [211], which enable a better morphology on the substrates
(see Section 2.1.1)

2.3.2 Ni

The stability and the reactivity of nickel at high temperatures, as well as its high carbon solubility
(0.6 weight % at 1326°C [212]), lead to its widespead use. Furthermore, the lattice constant of Ni
is 3.52 A and its first-neighbour distance in the bulk is 2.49 A [213], which is almost identical to
the lattice constant of graphene 2.46 A [32]. The lattice mismatch is around 1.2%, which facilitates
the growth of graphene on Ni surfaces [203].

Prsented in Figure 2.5, the decomposition of carbon species starts with H, [74, 176] and is fol-
lowed by the adsorption on the substrate, the dehydrogenation, and after the diffusion not only
at the surface [176] but also by the dissolution in the bulk of the metal, due to its high carbon
solubility. During the cooling down process, the non-equilibrium process leads to the carbon pre-
cipitation on the surface and the formation of graphene [214, 215]. The nucleation sites are then at
the grain boundaries, where graphene crystals grow laterally, or at the direct surface precipitation
which leads to the development of graphene layers [201, 216, 217]. Hence, it is difficult to ob-
tain uniform graphene films with minimal microstructural defects, such as grain boundaries, due
to the multiple nucleations and unpredictable quantity of segregated carbon [218]. However thin
Ni film [219] and high cooling rates [88, 220] have been used to achieve monolayer graphene by
suppressing the non-equilibrium process.

233 Cu
2.3.3.1 Principle

Contrary to nickel foils, Cu has a filled 3d shell that results in a low carbon solubility (0.008
weight % at 1084°C [212, 221]) and reduces the tendency for adsorbing hydrocarbons onto the
Cu surface. This favors an extensive surface migration of carbon adatoms on the Cu surface and
a minimum diffusion into the bulk of Cu [125, 221-223]. The low affinity of C for Cu is also
shown in the absence of formation of carbide [215]. The lattice constant of Cu is 3.61 A and
its first-neighbour distance in the bulk is 2.56 A [213], which is slightly different than the lattice
constant of graphene which is 2.46 A [32]. The lattice mismatch is around 3.7%, larger than of
between Ni and graphene (1.2%), which indicates favorable growth on the Cu surfaces [203] but
with easier transfer due to the weaker interactions between graphene and Cu substrate [209, 210].
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Figure 2.5: Adsorption, dehydrogenation and growth of graphene on Ni substrate with different
carbon species.

The carbon source precursor molecules are decomposed with H, before being adsorbed by the
Cu catalyst where the dehydrogenation of the molecules takes place, followed by the surface
migration and the growth [74, 176], as shown Figure 2.6. Wang et al [224] described the different
phases of the growth process. The nucleation starts at a carbon adatoms supersaturated point of
the substrate [225, 226], typically step-edges or defects due to their stronger bonds [203], where
a depletion zone is created at the growth front, with its size depending on the diffusion length of
growth species, until all present adatoms are associated in the newly created graphene nucleus.
The second phase focuses on the capture of other adatoms, diffused through the diffusion layer
and those produced by catalytic decomposition within the diffusion layer, for the growth of the
crystal. Growth conditions and substrate grain orientations influence the growth of the graphene
crystal [210, 227]. When the diffusion zones of neighbouring crystals start to be close, typically
at a distance of 3 um between the growth fronts, the third phase starts. At the nucleation and at
the beginning of the growth cycle, the growth rate is high due to the large amount of adatoms and
with the carbon supply. However, this growth rate decreases with the coverage of Cu substrate,
during which there is an absence of catalyst to decompose new formed carbon species [214].
The etching, such as with H», is seen as a competitive reaction to the growth and, in the case of
fully covered substrate or lack of adatoms [226], this reverse reaction is favored. An equilibrium
is then reached between the growth and the etching; this self-limiting process could then allow
the formation of monolayer graphene on Cu [125, 201, 228]. However, the formed film is often
polycrystalline [110, 112, 223, 229]. The cooling conditions also have a significant effect on the
growth of graphene crystals [230, 231].

Due to its low catalytic activity, high temperatures are required for Cu substrates [168]. A higher
temperature also has an effect on the quality of graphene[168, 226]. The relatively low melting
point of Cu, 1084°C under atmospheric pressure, allows for the synthesis of graphene on melted
Cu to suppress the step-edges and defects on the surface and decrease the number of nucleations
[113, 179, 232].
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Figure 2.6: Adsorption, dehydrogenation and growth of graphene on Cu substrate with different
carbon species.

2.3.3.2 Different pyrolysis rates

In order to grow large graphene crystals, it is necessary to achieve low nucleation density. All
possible nucleation centers such as impurities, dislocation, surface irregularities should be reduced
to a minimum [102, 227, 233]. Furthermore, due to the dual role of H, (see Section 2.1.2),
the carbon supply should be controlled to avoid further nucleations and at the same time bring
enough adatoms supply to the growing graphene crystals. Wu et al [120] described the mechanism
where supersaturation is achieved by rapidly increasing the temperature of the carbon precursor
until a nucleation temperature is reached when the polymer decomposes, called nucleation point
(Figure 2.7): some activated carbon becomes adatoms and the nucleation occurs on the substrate.
These new nucleations formed, the temperature is decreased, typically by 10°C-15°C, to prevent
further nucleations. Then, the growth starts and the temperature is regularly increased by chosen
amount of time in order to sustain the need for carbon supply/adatoms; this rate, called pyrolysis
rate, can be modified to achieve different graphene structures [196].
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Figure 2.7: Temperature profile of a solid carbon source pyrolysed with a selected pyrolysis rate.
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2.3.4 CuNi alloy

The use of Cu foil is wise for the synthesis of monolayer graphene, as shown in Section 2.3.3.1.
Ni foil has a mechanism, shown in Section 2.3.2, with precipitation on the metal grains and at
the grain boundaries, but the lack of control of this precipitation in Ni and the difficulty to obtain
bilayer graphene on Cu lead to the study of alloys for graphene growth. The better solubilities
of carbon (C) and nitrogen (N) in Ni than in Cu [205], as well as the better catalytic activity of
Ni, makes a CuNi alloy, with a majority of Cu, tunable to obtain the desired number of graphene
layers [204, 234, 235].

The CuNi alloy has a FCC structure [236], where impurities such as nitrogen and carbon can
occupy octahedral and tetrahedral interstitial sites in this closely packed alloy structure, which
increases the overall solubility of carbon and nitrogen [237, 238]. There are greater solubilities of
carbon and nitrogen in close-packed structures (FCC and hexagonal), such as in Ni, than in body
centered cubic (BCC) structures; nevertheless it is not the case if there is unfavourable atomic size
ratio and electronegativity, such as in Cu [239]. Hu et al [240] give nitrogen interstitial formation
energies in octahedral and tetrahedral for both Ni and Cu. While in Ni the formation energies
in octahedral and tetrahedral are 0.72eV and 1.79eV, respectively, these formation energies are
1.97eV and 2.92eV in Cu, for the same FCC structure. These higher nitrogen interstitial forma-
tion energies in Cu than in Ni shows the likely possibility for nitrogen to be more soluble inside Ni
than Cu. Furthermore, the solubility of nitrogen in all binary nickel alloys shows an endothermic
reaction. Therefore, the nitrogen solubility in these alloys increased with increasing melting tem-
perature [241]. The interstitial formation energy decreases with d-shell filling [240] and so there
is a steady decrease in solubility along the period with rising atomic number (where carbon and
nitrogen have the same behaviour) for the same structure [239]. The purpose is then to maximize
the solubility of nitrogen while keeping the surface reaction of the alloy the same as on pure Cu.
The melting point of CuNi alloys varies approximately linearly from 1083°C to 1453°C as the
atomic concentration of Ni increases from 0% to 100% [205].

2.4 Design of experiments

2.4.1 Principle of design of experiments

Designs of experiments (DoE) have been used extensively in organic synthesis as well as in other
fields [130, 187, 242-244]. The purpose of these designs of experiments is to study the effects
of chosen parameters on a selected result with a minimum of experiments and a precision good
enough. A large part then relies on the chosen mathematical model. For example, the study of 5
parameters requires 2° = 32 experiments, but due to the aliases between chosen coefficients, it is
possible to reduce the number of experiments to 23 = 232 = 8 experiments, without greatly re-
ducing the precision of the measurements. It is also possible, in this case, to study the interactions
between parameters.

Applied to the synthesis of graphene, the study of different parameters inside the CVD system
could lead to a better comprehension of the growth mechanism and to an improvement of graphene
domain’s size and quality. In Chapter 3, two designs of experiments have been used, with 5
parameters each, as presented in Table 3.1 and Table 3.2, in a 23-2 matrix.
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2.4.2 Notation

In this section, as well as in Chapter 3, specific notations will be used for the two designs of ex-
periments. Each parameter will be written as Xy, with & = {1, 2}, corresponding to design of
experiments 1 (DoE1) and design of experiments 2 (DoE2), respectively, and ¢« = {1,2,3,4,5},
corresponding to each the parameters in Table 3.1 and Table 3.2. Interactions, between two growth
parameters Xy; and Xjj, are written as Xy;j. X0 and X are the degrees of freedom of the systems,
which are not related to any parameter. ly; and ly;; are the corresponding coefficients to the param-
eters Xy; and interactions Xy;j, respectively. Each parameter has two levels, labelled -1 and +1,
with only one value for each level of each parameter. For example, the value of the level -1 of X1
is 1050°C while its level +1 is 1070°C (see Table 3.1). By convention, the notation for each level
is -Xy; and +Xyi; if a parameter does not have any effect on the response, it is written as Xy; = 0.
The measured response, the size of crystals, is written as Yi,, with k = {1,2},a € [1;8],a € IN.

2.4.3 Generators

Generators are the tools used to build a mathematical model by generating the aliases inside the
columns. However there are some constraints on the generators, written Iy,, & = {1,2},z =
{1,2, 3} and how they can be made:

* Generators cannot be the sum of only two parameters (i and j): I # ij

¢ Generators cannot be the sum of two interactions. As shown in Section 3.5, interactions
such as Xp4 and X34 for DoE1, X33 and X»35 for DoE2, I # 23 for DoE1 and I # 25 for
DoE2.

¢ Generators cannot be the sum of an interaction and another column. As shown in Sec-
tion 3.5, interactions such as X4 and X34 for DoE1, X553 and X335 for DoE2, I # 244 and
I # 34i for DoE1, I # 23i and I # 357 for DoE2.

The proposed solutions are as follows:

For DoE1: For DoE2:
b 111 = 1234 ® 121 =134
* 112 =235 . 122 = 1235
* 113 =145 * 123 =245

The coefficients I; are the sum of 4 different by2345, bjjki, bjjk, bjj or b; coefficients, calculated with
the three generators of DoE1 and DoE2 shown above.
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For DoE1: For DoE2:
* lp =bg + biss + bazs + biozs * lp =bg + by34 + bogs + bi23s
e I =by + bys + bazg + byazs * 1} =by +bag + br3s + biogs
e I, =by + bss + by34 + bjous * Ip =by +bys + bi35 + bz
e I3 =b3 + bys + bjog + bjaus * I3 =b3 + big + bras + byzys
e 14 =by + bys + bz + brus * 14 =by +bi3 + bas + bioass
e 15 =bs + bya + by3 + b23us * Is =bs + bys + b123 + biass
* lp4 =bog +by3 + bos + bass * I3 =by3 + bys + biog + bags
* 134 =b3g + bio + bi3s + bos * I35 =b3s + byo + bigs + bz

The coefficients b234s, bjji and bjjx are considered to be small before bj; due to the difficulty of
having many factors affecting each other. bj; are also considered to be small before b;, and the
chosen interactions (by4 and bs4 for DoE1, bys and bss for DoE2) are supposed to be stronger than
other bj;. Furthermore, L, k = {1,2},7 = {1,2,3,4,5}, are the coefficients given by the I; for
DoE1 and DoE2, respectively. The approximation can be written as follows:

For DoE1: For DoE2:
* lip=1o = by * lp=1p = by
* =1 = b * b=l =b
e lp=h~b e lp=h~b
e liz3=13 =~ b3 * Ih3=13 =~ Dbj
* lig=1s~by * ly=14~by
e lis=1s ~bs e bs=1s~bs
e lipg =l ~ by * lpn3=ls~by
o liza =134 ~ b3y * Ihzs =135 =~ bas

2.4.4 Matrices of effects

Matrices of effects represent the determined levels of the mathematical model inside the designs
of experiments. The first four columns are already inserted, the last four are calculated with the
generators of each design of experiments. For example, in DoE1, 1;; = 1234, then the fifth column
will be calculated by multiplying columns 1, 2 and 3. The results are presented in Tables 2.1
and 2.2.

21



2.4. Design of experiments Chapter 2. Experimental part

Experiment | Xyo | X1 | X2 | X3 | Xig | X5 | Xig | Xy34
1 1 -1 -1 -1 -1 1 1 1
2 1 1 -1 -1 1 1 -1 -1
3 1 -1 1 -1 1 -1 1 -1
4 1 1 1 -1 -1 -1 -1 1
5 1 -1 -1 1 1 -1 -1 1
6 1 1 -1 1 -1 -1 1 -1
7 1 -1 1 1 -1 1 -1 -1
8 1 1 1 1 1 1 1 1

Table 2.1: Matrix of effects of Design of Experiments 1.

Experiment | Xoo | Xp1 | X2o | Xo3 | Xo4 | Xos | X023 | Xo3s
1 1 -1 -1 -1 1 -1 1 1
2 1 1 -1 -1 -1 1 1 -1
3 1 -1 1 -1 1 1 -1 -1
4 1 1 1 -1 -1 -1 -1 1
5 1 -1 -1 1 -1 1 -1 1
6 1 1 -1 1 1 -1 -1 -1
7 1 -1 1 1 -1 -1 1 -1
8 1 1 1 1 1 1 1 1

Table 2.2: Matrix of effects of Design of Experiments 2.

2.4.5 Matrices of experiments

Matrices of experiments are used to conduct the experiments with the selected parameters. The
levels -1 and +1 in the matrices of effects, Tables 2.1 and 2.2, are replaced by their corresponding
parameters from Tables 3.1 and 3.2. Matrices of experiments are presented in Tables 2.3 and 2.4.

Experiment X1 Xi2 X3 Xi4 Xis
1 1050°C | 1.5°C/min | 5mg | 67 min | 1.5cm
2 1070°C | 1.5°C/min | 5mg | 87 min | 1.5cm
3 1050°C | 2.0°C/min | S5mg | 87 min | 1.0 cm
4 1070°C | 2.0°C/min | 5mg | 67 min | 1.0 cm
5 1050°C | 1.5°C/min | 8 mg | 87 min | 1.0 cm
6 1070°C | 1.5°C/min | 8 mg | 67 min | 1.0 cm
7 1050°C | 2.0°C/min | 8 mg | 67 min | 1.5 cm
8 1070°C | 2.0°C/min | 8 mg | 87 min | 1.5 cm

Table 2.3: Matrix of experiments of Design of Experiments 1.
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Experiment X5t X X3 Xog X5
1 30 min | 1.2°C/min | 90 min | 5.0 mg | 0.7 cm
2 60 min | 1.2°C/min | 90 min | 3.5mg | 1.0 cm
3 30 min | 1.5°C/min | 90 min | 5.0mg | 1.0 cm
4 60 min | 1.5°C/min | 90 min | 3.5mg | 0.7 cm
5 30min | 1.2°C/min | 110 min | 3.5mg | 1.0cm
6 60 min | 1.2°C/min | 110 min | 5.0 mg | 0.7 cm
7 30min | 1.5°C/min | 110 min | 3.5 mg | 0.7 cm
8 60 min | 1.5°C/min | 110 min | 5.0 mg | 1.0 cm

Table 2.4: Matrix of experiments of Design of Experiments 2.

2.4.6 Calculations

The l; and ly; coefficients calculated with Equations (2.1) and (2.2), represent the pondered values
of the obtained responses Yka, £ = {1,2},a € [1;8],a € N, as shown in Table 3.3. The coeffi-
cients Cj, and Cjj,, are from the matrices of effects,Tables 2.1 and 2.2, where i and ij correspond
to the column and a to the row, are also required. ly; and ly;; coefficients are listed in Table 3.4 and
an example is given Equation (2.3) for the coefficient 1.

8
1
hi =5 %) YiaxCia @.1)
a=1
1 8
hij = 3~ Yia X Cjja (2.2)
a=1

1
Iy = §X(SOX(_1)+35X1+20X(_1)+2OX 14+25x(—1)4+30x14+15x(—1)+20x1) = 1.875
(2.3)

2.4.7 Optimization

The designs of experiments DoE1 and DoE2 have their mathematical models written in Equa-
tions (2.4) and (2.5), respectively:

Y1 =lLotHnuxXn+lox XXX i3+ax Xa+lis X X5+Hl12a x X 1o X X4 +1l13a x X 13x X 14
2.4)
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Yo = loo+lo1 X X o1 +1loo X X oo +123 X X 034104 X X 04 +1p5 X Xo5+1203 X X900 X X 9341235 X X 03 X X 25
(2.5

Rewriting the parameters Xy; and the interactions Xy;; in Ok; and Oy;j, respectively, while keep-
ing the li; and the lyj; the same, allows the setting up of the values of some O; to optimize the
response and let only two Oy; values vary in order to study their effects on the response. Thus,
Equations (2.4) and (2.5) are rewritten as Equations (2.6) and (2.7):

Y1 =lio+lii xO11+linxO124+113x O13+-114 X O14+-115X O 1541124 X O 12X O14+-1134 X O 13X O 14
(2.6)

Yo = loo+121 xO21 4120 X O 4123 X O3 4124 X O24 4125 X O 2541223 X 022 X O234-1235 X 023 X O25
2.7)

As shown in Table 3.4, the high absolute values of the coefficients of the parameters X;o, X4,
X7 and X33 permit these two parameters, growth time and pyrolysis rate, to be used as variables
to become Oy, O14, Oz and O»3. Each DoE have 2 levels but their values differ, both in growth
time and in pyrolysis rate:

Growth time: Pyrolysis rate:
* DoEl (Xi4): 67 min and 87 min * DoEl (Xj3): 1.5°C/min and 2°C/min
* DoE2 (X53): 90 min and 110 min * DoE2 (X37): 1.2°C/min and 1.5°C/min

In order to draw a contour curve, it is necessary to have all optimized responses. But some re-
sponses cannot be calculated through Equations (2.6) and (2.7) due to the absence of the value of
the corresponding levels. For example, in DoEl, it is possible to calculate the optimized responses
for 1.5°C/min and 2°C/min with 67 min and 87 min, while the values for 1.2°C/min with 67 min
and 87 min are missing and require the proportional calculation of the value of the level 1.2°C/min
in DoEl.

In the case of pyrolysis rate of DoE1, Oj,, the proportionality rule is used with the level -1 of X,
which has the value 1.5°C/min. The value of the level of Oy, for 1.2°C/minis (—1) x 1.2+ 1.5 =
—0.8. Possible values for Oy, are then {-1,-0.8,1}

In the case of pyrolysis rate of DoE2, O,;, the proportionality rule is used with the level 1 of X3,
which has the value 1.5°C/min. The value of the level of Oy, for 2°C/minis 1 x 2 + 1.5 = 1.33.
Possible values for Oy, are then {-1,1,1.33}

Due to the 3 values of O, and O,, combined with the levels of Oj4 and O»3, respectively, there
is a total of 12 possible responses. These are calculated through Equations (2.6) and (2.7) and are
given in Table 2.5. The calculated responses are written Y, and Yo, m = {b, c, d, e, f, g}.
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O =-1 Op=-1 Op=1 Op=1 01, =-0.8 O, =-0.8
DoEl | Opy=-1 Op=1 O14=-1 Op=1 Op=-1 Opu=1
Yib=325| Y1c=3375| Y1a=20 | Y1=23.75| Y11=31.25 | Yy, =32.75
0y =-1 0y =-1 Op=1 Opn=1 0, =1.33 0, =1.33
DoE2 | Oy =-1 Ox3=1 Oy =-1 Ox=1 Oy =-1 Ox=1
Yo, =27.5 Yo =20 Yoq =225 Yo =15 Yor =21.67 | Yo, = 14.17

Table 2.5: Calculated responses for the optimization of the mathematical model through Equa-

tions (2.6) and (2.7).

Other Oy; values are selected accordingly with results from Table 3.4 and the interactions Fig-

ures 3.2 to 3.5, levels that already exist, as optimized parameters:

* Growth temperature: DoE1 shows the important influence of the growth temperature on the
size of graphene crystals, while the higher the growth temperature, the bigger the size. Thus,
1070°C was more favorable than 1050°C, which means the optimum level of X is +1, and

so Op; =1 is selected.

* Annealing time: In DoE2, a longer annealing time favors bigger graphene crystals. Hence,

0,1 =1 is selected.

* Mass of carbon source: by comparing DoE1 with DoE2, the quantities 8 mg and 3.5 mg are

less favorable than 5 mg. 5 mg is then chosen: O3 = -1, and Oy4 = 1.

¢ Distance from the furnace: in DoEl, the distance from the furnace has a small influence on

the results and almost none in DoE2. Thus, in DoE1, O5 = -1, in DoE2 O,5 = 0.

All the responses used for the optimization are presented in Table 3.5.
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Chapter 3
Optimization of CVD parameters for

graphene synthesis through design of
experiments

3.1 Introduction

reviously, waste plastic polymer has been used for the synthesis of large graphene do-
c /8. mains [105], and many studies analyzed the numerous parameters inside the CVD sys-
tem [74, 245-247]. Their relative importance has not been studied, and to avoid a high amount
of experiments, the use of designs of experiments has been proposed. The purpose of this chapter
is to establish a clear link between the selected parameters and their effects on the synthesis of
large graphene crystals. The independence of these parameters or their conjugation could then
be demonstrated, leading to a better comprehension of the growth mechanism of graphene on Cu
substrates and its quality.

3.2 [Experimental part

An APCVD system with two furnaces was used, as described in Section 1.3.4. Special attention
was taken with regards to the distance between the carbon source furnace and the precursor, called
D, as shown Figure 3.1 (a). Figure 3.1 (b) shows a schematic representation of the temperature
profiles of the growth furnace (blue curve) and carbon source furnace (red curve), with the amount
of gases used at each step. The details are explained in Sections 1.3.4 and 2.3.3.2. 100 sccm
of H, were introduce in the CVD system during the increase of temperature and the annealing,
but the mixture of Ar and Hp (98 sccm : 2.5 sccm) was used for the graphene growth and the
cooling down process. The precursor was a waste polymer, as described in Section 2.2.2. Cu foil
with a thickness of 20 pm and a purity of 99.98%, from Nilaco Corp., was used as a substrate for
graphene synthesis.
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Figure 3.1: (a) APCVD system, (b) Temperature profiles on growth furnace (blue curve) and

carbon source furnace (red curve), the indicated times are just an example.

3.3 Choice of parameters

The CVD system havs many parameters, most of which were fixed throughout the experiments.
Only the parameters judged to be the most important in graphene growth and thus needed to be

optimized in the designs of experiments, were selected:

* Growth temperature

* Annealing time

Mass of carbon source (precursor)

Pyrolysis rate of the carbon source

Growth time

Distance between the carbon source furnace and the carbon source (D)

Due to the melting point of Cu at 1084°C, the growth temperature has an upper limit to avoid
liquefaction and excess evaporation of Cu [114]. In the same way, the high partial pressure of Cu
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could prevent graphene nucleation and change the reaction conditions. A high temperature still
favors graphene growth on Cu substrate and thus the growth temperatures of 1050°C and 1070°C
were chosen [227, 235, 248].

Because of the limited study of the growth temperature in the first design of experiments (DoE1),
the second design of experiments (DoE2) studies the annealing time as another parameter which
is believed to have an effect on the Cu surface, such as on the removal of impurities and the size
of Cu grains [82]. The annealing time was kept at 30 min in DoE1, and the growth temperature
was kept at 1070°for all experiments in DoE2.

The mass of carbon source, its pyrolysis rate and the distance D are major factors for the control
of the combustion of the waste polymer precursor [105, 120, 196]. The growth time is essential
to the growth of graphene crystals [105, 249]. These 4 parameters were analyzed with different
levels in DoE1 and DoE2 to find the best trend by comparing the influence on the size of graphene
crystals.

In order to limit the number of experiments, only 5 parameters (with 4 common ones) were used
in each design of experiments, in a 2> matrix with two levels. They were arranged as indicated
in Tables 3.1 and 3.2.

Growth parameters Unit | Level -1 | Level +1
Xi1 Temperature of Cu °C 1050 1070
X12 Pyrolysis rate °C/min 1.5 2
X3 Mass of carbon source mg 5 8
Xi4 Growth time min 67 87
X5 | Distance from the furnace (D) cm 1 1.5

Table 3.1: Parameters of Design of Experiments 1 (DoE1).

Growth parameters Unit | Level -1 | Level +1
X1 Annealing time min 30 60
X2 Pyrolysis rate °C/min 1.2 1.5
Xo3 Growth time min 90 110
Xo4 Mass of carbon source mg 3.5 5
X5 | Distance from the furnace (D) cm 0.7 1

Table 3.2: Parameters of Design of Experiments 2 (DoE2).

3.4 Results of the designs of experiments

The 16 experiments were carried out with the selected parameters (see Tables 2.3 and 2.4), and the
average sizes of the obtained graphene crystals (in um), called response, seen by optical micro-
scope after slight oxidation of the Cu surface, are written as Yx,, with &k = {1,2},a € [1;8],a € N
and are presented in Table 3.3.

In order to distinguish the most important influences, it is necessary to ponder each coefficient
along with the mathematical model. The calculations of the coefficients ly; and ly;; are explained
in Section 2.4.6, and their values are listed in Table 3.4.
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Yir | Yio | Y3 | Yia | Yis | Yie | Yi7 | Yig
30 35 20 20 25 30 15 20
Yor | Yoo | Yoz | You | Yos | Yog | Yo7 | Yo
25 25 20 20 15 20 10 15

Table 3.3: The 16 responses Yia, wWith & = {1,2},a € [1;8],a € N, from experiments.

Lo 111 li2 li3 li4 lis l124 1134
24.375 | 1.875 | -5.625 | -1.875 | 0.625 | 0.625 | 0.625 | -0.625
Lo 1631 6% I3 lo4 lps 1223 1235

18.75 1.25 -2.5 -3.75 1.25 0 0 0

Table 3.4: Calculated ly; and ly;; coefficients through Equations (2.1) and (2.2), as presented in
Section 2.4.6.

The coefficients ly; or li;; with the highest absolute values indicate a strong influence of the cor-
responding parameters on the response, the size of graphene domains. The most influential pa-
rameters are then X, X2, X13, X21, X22, Xo3 and Xo4 and are written in bold characters in
Table 3.4. Among these coefficients, there are both negative and positive values. A negative
value indicates that the level -1 of the parameter favors the increase of the response Yy,, with
k={1,2},a € [1;8],a € N, while a positive value implies that the level +1 favors the increase
of the response. The most favorable parameters are +X, -X12, -X13, +X21, -X22, -X23 and +X4
(see Tables 3.1 and 3.2).

The strong value of the coefficient 11, 1.875, highlights that a higher temperature of 1070°C
(+X11) eliminates impurities and increases the size of Cu grains, which favor graphene growth
[177, 230]. A longer annealing time, 60 min (+Xj5;), also favors the creation of a smoother Cu
surface. [227].

DoEl indicates that a lower pyrolysis rate (-X;, at 1.5°C/min) is more favorable, and this value
corresponds to +X3,. However, in DoE2, -X5, (1.2°C/min) is more favorable from Table 3.4.
This means that pyrolysis rate even lower than 1.2°C could be favorable for the growth of large
graphene crystals. The coefficients 1;, and Iy, are among the highest in these two designs of
experiments, showing the importance of pyrolysis rate in the synthesis of large graphene crystals
[105, 120].

The values of the levels for the mass of carbon source changed from 5 mg and 8 mg for DoEl,
to 3.5 mg and 5 mg for DoE2. In both DoE, the mass of 5 mg is the most favorable (-X;3 and
+X>4). The optimal quantity is then found, to control the amount of hydrocarbon and adatoms
adsorbed to the substrate and attached to grapheen crystals in a given time. An excess of adatoms
leads to many nucleations and then to smaller crystals while a lack of adatoms does not allow for
continued graphene growth [115, 248].

-X»3 suggests that a shorter growth time of 90 min enhances the size of crystals but the weak
value of +X4 (0.625) shows the small effect of 87 min, which is better than the 67 min of -X4.
An equilibrium can then be found around 90 min for the growth time, as the strong l3 (-3.75)
indicates. This can also be explained chemically, in which crystals need time to grow while the
exposure to Hp, once the crystals have grown, paves the way for the etching of crystals [197, 250],
reducing their size.
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The coefficients, 1;5 and I,5 have low values, 0.625 and 0, respectively, meaning that the distance
between the carbon source and the carbon source furnace D does not have a strong effect on the
size of crystals (+X;5 and X5 = 0).

3.5 Interactions

The study of the interactions gives an insight of the dependence between two parameters as well
as indication about the relative importance of these parameters on the response. The interactions
X124, X134, X223 and Xp35 are studied. Interactions are made of an average of the two correspond-
ing experiments. For example, in the interaction X4, in the corner of level -1 of X4 and level +1
of X,, the average is made of two values of X, and X;4. These two values are taken from the
two experiments with the levels -1 for X4 and +1 for X, inside the matrix of effects (Table 2.1),
which correspond to the experiments 4 and 7 in DoE1 and thus to the responses Y4 and Y7, with
their values 20 and 15, respectively (Table 3.3).

In the interaction X4 (Figure 3.2), it is clear to see the values for level -1 of X, (30 and 30) are
higher than for the level +1 of X, (17.5 and 20), then the level -1 of X;, favors bigger graphene
domains. But, for the level -1 of Xj,, the levels +1 and -1 of X4 show the same value (30),
showing the small effect influence of X;4; for the level +1 of X, the value of the level +1 of X4
(20) is slightly higher than the value of the level -1 of X4 (17.5), which indicates that the level +1
of X4 slightly favors the increase of the size of graphene domains.

Interaction X124

20 + 15 X 20 + 20 0
—— =175 . —— =2
+1
B N1s
+1
30 + 30 35 + 25

Figure 3.2: Interaction X4, where the most favorable parameters are —X ;> and +X14.

In the interaction X34 (Figure 3.3) the level -1 of X3 is clearly more favorable, along with a small
advantage for the level +1 of X4, confirming the previous analysis of growth parameters with the
study of the Iy (-X12, -X13, +X14).

In the interaction Xjy3 (Figure 3.4), the level -1 of X3, and level -1 of X,3 are clearly more
favorable. In the interaction X535 (Figure 3.5), the level -1 of Xj3 is favorable while X5s5 has no
influence on the system, confirmed by the low co-efficient I,5 = 0. Thus, the previous analysis of
growth parameters with the ly; (-X27, -X23, Xo5 = 0) are confirmed.

The coefficients 1j24, 1134, 1223 and lp3s have low values (0.625, -0.625, 0 and 0O, respectively).
This can be understood as the selection of truly independent parameters, where one parameter
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3.5. Interactions

Interaction X134

30 + 15 X 25 + 20
=225 =225
2 A 2
+1
M4
+1
30 + 20 35 + 20
—— =125 —— =275

5

Figure 3.3: Interaction X;34, where the most favorable parameters are —X;3 and +X4.

Interaction a2z

20+20 _ Xa 0+15
2 = A _2 — L
+1
» X3
+1
25 + 25 15 + 20
——= =125 —— =175

Figure 3.4: Interaction X5,3, where the most favorable parameters are —X»> and —X>3.

Interaction Xzss
20+10 _ . X3 I5+15 _ .
2 A 2
+1
> Xos
+1
25420 _ 25420
T = LL. T = L4

Figure 3.5: Interaction X535, where the most favorable parameters are —X»3 and Xp5 = 0.

does not have an effect on the other; this is further supported by the studied parameters inside
the interactions which have strong ly; such as 1j>. The case of the interaction X535 is particularly
interesting because 1y, and 13 are very strong but 153 = 0, which highlights the independence of
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Growth time | Increasing rate | Yy and Yo,
67 min 1.2°C/min 31.25 ym
67 min 1.5°C/min 32.50 um
67 min 2.0°C/min 20.00 ym
87 min 1.2°C/min 32.75 um
87 min 1.5°C/min 33.75 ym
87 min 2.0°C/min 23.75 um
90 min 1.2°C/min 27.50 pm
90 min 1.5°C/min 22.50 ym
90 min 2.0°C/min 21.67 ym
110 min 1.2°C/min 20.00 um
110 min 1.5°C/min 15.00 ym
110 min 2.0°C/min 14.17 um

Table 3.5: Optimized answers calculated from Equations (2.6) and (2.7), as presented in Sec-
tion 2.4.7, for each growth time and increasing rate.

these two parameters (growth time and pyrolysis rate) and their non-conjugated action on the size
of graphene crystals.

3.6 Optimization and confirmation

In order to draw optimized contour curves, parameters and interactions of the two designs of ex-
periments are optimized and calculated responses for the optimization of the mathematical model
are found. The details of the process is explained in Section 2.4.7. The results are available in
Table 2.5.

For a better understanding of the use of these values as coordinates for the representation with
contour curves, the calculated values showed in Table 2.5 are associated with the values calculated
previously in Table 3.5, arranged by growth times and pyrolysis rate. Through a simulation, the
contour curves are calculated and they are shown in Figure 3.6.

In Figure 3.6, the size of domains, with the variations of growth time and pyrolysis rate, are
indicated with the blue curve; the value indicates the size in um. The size of graphene crystals
regularly decreases with an increase of growth time above 70 min; it can be linked to the creation
of more adatoms with time, which increases the number of nucleations and then make the growth
of large crystals impossible. However, with a short growth time, there is not enough adatoms for
the growth of the existing graphene crystals.

In the case of at high pyrolysis rate, the size of crystals decreases due to the created hydrocarbons
and adatoms on the substrate which form new nucleations or multilayer crystals. For a low pyrol-
ysis rate, the growth rate is too low compared to the etching by the gas mixture, which hinders the
growth of large crystals [197, 250, 251].

Thus, optimum points can be observed for both the pyrolysis rate and the growth time in the case
of graphene crystals growth, around 1.4°C/min and 72 minutes, respectively. In order to confirm
the model, an experiment was made with the optimized parameters found previously and the two
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Figure 3.6: Optimization through contour curves from the mathematical model.

optimums. The obtained graphene crystals were around 60 um, as shown in Figure 3.7, which are
much larger than the previously synthesized crystals with disarranged parameters.

The improvement of the CVD parameters has a clear effect on the size of graphene crystals.
However, other parameters can also affect the size and qualityf of graphene domains, such as
electropolishing and treatment of the Cu surface [252-255]. The Cu foil was electropolished,
with the method described in [256], and the optimum parameters determined previously (notably
1.4°C/min of pyrolysis rate and 72 minutes of growth time) were used. Figure 3.8 (a) shows the
obtained crystals, with a maximum size of 130 um. The Raman spectra Figure 3.8 (b) were taken
at eight different points of the crystal. The graphitic G band and second order 2D band are ob-
served at 1570 cm™! and 2690 cm™', respectively. The higher intensity of the 2D band than that of
G band indicates the presence of single layer graphene; the FWHM are 20.2 cm™! and 38.7 cm™!,
values which are consistent with the presence of monolayer graphene. A very small defect induced
D band confirms the high quality of the graphene. This indicates that the morphology of the Cu
foil induces some effects on the nucleation and growth of graphene [78, 111, 177, 229, 233, 257].
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Figure 3.7: Graphene domains obtained with the best parameters in the two designs of experiments
on unelectropolished Cu foil.

Intensity (a.u.)

Raman shifts (cm!)

Figure 3.8: Synthesis on an electropolished Cu foil with optimized parameters determined by
designs of experiments (a) microscope image of 130 um crystal (b) Raman spectra of the graphene
crystals to study the crystalline nature, layer and defects. Raman spectra at eight randomly selected
points show high crystalline structure.
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3.7 Conclusion

The use of the two designs of experiments allowed for verification of the independence of the
parameters and their specific effects on the synthesis of large graphene crystals. The growth tem-
perature has a major effect on the size of crystals, despite its own limitation due to the closeness
of the melting point of Cu. Indications were found about the growth time and the mass of carbon
source to improve the size. The observation of the breakthrough in the domain size through the
optimization of all parameters implies a possible improvement in the CVD conditions for the syn-
thesis of large high quality graphene crystals. Most notably, the growth time and the pyrolysis rate
appear as the main factors for the growth of graphene domains, where the manipulation of only
these two parameters could dramatically change the size. Using a smoother surface, to decrease
the number of nucelation sites, by the electropolishing of the Cu surface shows another way of
improvement.

36



Chapter 4

Controlling single and few-layer
graphene crystal growth in a solid
carbon source based chemical vapor
deposition

4.1 Introduction

-7s seen in Chapter 3, CVD technique can be tuned to increase the size, the quality and the
- structure of graphene crystals. These characteristics of graphene influence its electronic
properties [107, 116], especially in bilayer graphene [134, 136]. The synthesis of AB-stacked,
twisted bilayer single crystal graphene and large crystals on Cu foil have been realized in CVD
systems [91, 107-109, 120, 126, 258]. Instead of a gas precursor, the use of a solid precursor
has been explored previously for the synthesis of high quality graphene, where the low energy
of C-H bonds allowed for synthesis at lower temperatures and separation between precursor and
substrate’s furnaces [105, 127, 128, 193]. However, the pyrolysis rate of the carbon source com-
pounds considerably influence the graphene growth, not only in size but also in shape and layers
[120, 259]. Notably, the exploration in this chapter of a high pyrolysis rate, which could enhance
the carbon supply, leads to a better understanding of the mechanism of graphene growth and the
structural properties of the synthesized graphene layers. Thus, the control of this pyrolysis rate of
the solid source could then be a major tool in the growth of single and few-layer graphene.

4.2 Experimental part

The APCVD process is explained in Section 1.3.4 with a waste polymer precursor, as described in
Section 2.2.2. 3 mg of waste polymer are used for each experiment, as the sole carbon source. Cu
foil with a thickness of 20 um and a purity of 99.98%, from Nilaco Corp., was used as a substrate
for graphene synthesis. After the pre-annealing process from room temperature to 1020°C, the Cu

37



4.3. Results and discussion Chapter 4. Pyrolysis rate

substrate was annealed for 30 min in 100 sccm of Hj at 1020°C. Then, the gases were changed to
a mixture of 98 sccm of Ar and 2.5 sccm of Hy. While the waste polymer was slowly pyrolyzed,
at the chosen rates of 1°C/min and 3°C/min up to 480°C, as explained in Section 2.3.3.2. The
synthesized graphene flakes were then observed and analyzed.

4.3 Results and discussion

4.3.1 Low pyrolysis rate

The synthesis with a pyrolysis rate of 1.5°C/min is represented in Figure 4.1 (a). The defined
edges of the crystals show a uniform growth, without structural or morphological defects on the
microscope. Figure 4.1 (b) shows Raman spectra at four different points of the sample. With the
intensity of 2D band being higher than the intensity of the D band, Raman spectra confirms the
obtainment of monolayer graphene at many points in the sample. Furthermore, the small D band
highlights the high quality of the synthesized graphene flakes.
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Figure 4.1: Optical microscope image of single layer graphene crystals on Cu foil (b) Raman
spectra taken at four different points of the graphene.

The structure of the crystal can be affected by the growth conditions of the CVD process or by
the conditions of deposition of the precursor. Figure 4.2 (a) and Figure 4.2 (b) show unsaturated
growth edges when the supply of carbon adatoms from the waste polymer precursor is stopped
abruptly. Micrometer length ribbons at the edges of crystals are observed, showing the growth
front of the crystals. By comparison, if the precursor injection in the growth zone continues,
graphene domains show a saturated growth edge, without any ribbons, as shown Figure 4.2 (c).

With a low pyrolysis rate of 1.5°C/min and a continuous supply of carbon adatoms, it is possible
to grow graphene domains until 100 um (Figure 4.3 (a)). If the growth duration is increased,
the crystals grow and merge (Figure 4.3 (b) and (c)) and the merging of graphene crystals in a
continuous film is observed, as shown in Figure 4.3 (d) [110]. The pyrolysis rate and the duration
of this pyrolysis can then be significant for the synthesis of uniform continuous films with the
hexagonal crystals as ideal building blocks.
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T

Figure 4.2: Optical microscope images of graphene crystals with (a) and (b) micrometer length
ribbons at the crystals edges (c) saturated growth edge of a graphene crystal.

Figure 4.3: SEM images of (a) individual hexagonal graphene crystals (b) and (c) growing and
merging graphene crystals (c) a merged structure to form a continuous film with a pyrolysis tem-
perature increase rate of 1.5°C/min of the waste plastic and continuous supply of carbon adatoms.
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4.3.2 High pyrolysis rate

Figure 4.4 (a) shows synthesized graphene crystals with a pyrolysis rate of 1.5°C/min. In com-
parison, Figure 4.4 (b) shows crystals grown with a pyrolysis rate of 3°C/min. A second layer,
grown on the top of the first one, can be observed. It is also confirmed with SEM in Figure 4.5
(a) where Raman spectra are taken at two different positions (Figure 4.5 (b)). G and 2D bands
are observed at 1570 cm™ and 2705 cm™!, respectively. In position 1, the ratio Ip/Ig, above 1,
indicates a monolayer graphene while the ratio I,p/Ig in position 2, below 1, indicates a multilayer
graphene flake. The presence of monolayer and multilayer graphene is confirmed by the FWHM
of G and 2D bands which are 17.9 cm™! and 45.1 cm’! in position 1, respectively, and of 16.6 cm™
and 37.9 cm™! in position 2.

100 pm

Figure 4.4: Optical microscope images of round-shaped graphene crystals synthesized on Cu foil
with (a) lower (1.5°C/min.) and (b) higher (3°C/min) pyrolysis rates of waste plastic.
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Figure 4.5: (a) SEM image of individual graphene crystals with few-layer morphology (b) Raman
spectra of a graphene crystal at two different points (position 1 and 2).

A pyrolysis rate of 1.5°C/min, with continuous supply, is enough to produce crystals with well-
defined edges. When the pyrolysis rate is increased, a larger amount of hydrocarbons is generated
from the precursor and injected in the growth zone, onto the substrate. This higher amount of
hydrocarbons is transformed into adatoms by catalysis on the substrate and influences graphene
growth. Figure 4.6 (a) shows SEM images of individual graphene crystals grown at a pyrolysis rate
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of 3°C/min. The second layer grown in the center of each crystals indicates a different morphology
at this higher pyrolysis rate. While the graphene crystals have a size of 10 um — 100 um, the
upper layers are only 10 um — 30 pm, which are significantly smaller. Similar to the pyrolysis
rate of 1.5°C/min, individual graphene crystals continue to grow with a longer duration until they
merge, as shown in Figure 4.6 (b) and (c) [110]. Notably, Figure 4.6 (c) shows a high density
of crystals with a second layer, where the black/grey contrast is clearly visible. The continuous
film, Figure 4.6 (d), is observed with single and few-layer graphene merging, showing incomplete
uniform growth at the high pyrolysis rate of 3°C/min

100 pm

1200 1 00km

Figure 4.6: SEM image of (a) individual graphene crystals (b) and (c) growing and merging
graphene crystals (d) merged graphene crystal structures in a continuous film with a higher py-
rolysis temperature increase rate of 3°C/min for the solid carbon source.

4.3.3 Model

In the cases of low and high pyrolysis rates, with a long duration, graphene crystals grow and
merge into continuous graphene films. However, depending on the pyrolysis rate, these graphene
crystals do not show the same morphology or number of layers. In the case of a low pyrolysis rate
of 1.5°C/min, simple monolayer graphene crystal were formed, while an adlayer was grown on
the top of the first layer at a high pyrolysis rate of 3°C/min; both growth processes are proposed in
Figure 4.7. The high pyrolysis rate then produces a few-layer continuous film on the Cu substrate,
which is not the most common structure on graphene [125].
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Figure 4.7: Schematic diagram of the graphene growth process on Cu foil in the developed CVD
process.

The growth of few-layer graphene crystals has been observed with a high methane flow rate in a
CVD process [84]. H; pressure also plays a role in the synthesis, where a high pressure of H,
favors obtaining regular bilayer and few-layer hexagonal crystals while dendrite shaped graphene
crystals were grown at a low H, pressure [104]. Graphene edge termination with H atoms and
detaching from the Cu surface is observed at a high H, pressure, which enables diffusion of C
species underneath the individual crystal for adlayer growth [180]. The combination of the H;
pressure and the pyrolysis rate could be highlighted for the effect on the growth of crystals and
their morphologies.

4.4 Conclusion

The carbon supply plays a major role in the growth of graphene, the termination of graphene crys-
tals and for the morphology of the synthesized crystals. An abrupt end of the supply of carbon
adatoms leads to unsaturated edges on the crystals, where nanoribbons are clearly visible. How-
ever, control of the pyrolysis rate can drastically change the synthesis of the different number of
layers. A constant rate of 1.5°C/min allows for the synthesis of well-defined graphene crystals,
which can merge in a continuous film with a longer duration. In the case of a high pyrolysis rate
of 3°C/min, a smaller grown second layer was observed on the top of the first layer. This high
pyrolysis rate highlights the dramatic effects of a different carbon supply on graphene crystals
therefore the need of its control and understanding. The critical role of the pyrolysis rate can be
aligned with the effect of H, where the processes of growth at the level of the primary built layer
needs better understanding, especially for the diffusion of C species underneath or on the top of
the crystals.

42



Chapter 5

CuNi binary alloy catalyst for growth of
nitrogen-substituted graphene by low
pressure chemical vapor deposition

5.1 Introduction

ilayer graphene shows a band gap [11, 135, 137], and it is wider for N-doped bilayer

graphene (Figure 5.1 (b)), depending highly on the content of N atoms [167, 260]. The
synthesis remains difficult due to low solubilities of C and N atoms in Cu substrate, commonly
used for monolayer graphene (see Section 2.3.3.1), while Ni substrates have higher solubilities
of these elements [205]. In spite of these higher solubilities, Ni substrates does not allow for a
predictable segregation at the surface and the controllability for the number of layers is low (see
Section 2.3.2). The CuNi binary alloy (Figure 5.1 (a)) would then possess the suitable controllabil-
ity of both the number of layers [106, 261-263] and the N-doping concentration [165, 235]. This,
in this chapter, the synthesis of N-doped bilayer graphene growth is explored on CuNi substrates
with melamine as the sole precursor of both C and N atoms.
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CuNi alloy substrate N-substituted bilayer graphene

Figure 5.1: (a) CuNi alloy for growth of substituted N-doped graphene from melamine (b) Repre-
sentation of N-doped bilayer graphene (N atoms in red).
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5.2 Experimental part

A single furnace LPCVD was used for the experiments (Section 1.3.5), with a 70 cm long quartz
tube with an inner diameter of 45 mm. After a base pressure of 2 Pa, a flow of 100 sccm of Hp
is introduced for the pre-annealing process and the 30 min of annealing. Then, the H, flow is cut
off and a flow of 100 sccm of Ar was used for the deposition and the cooling. The precursor,
melamine (= 120 mg) was approached on a moving support. The substrate is an untreated CuNi
alloy from Nilaco Corp., with a composition of 70 wt% of Cu and 30 wt% of Ni, and a thickness of
0.10 mm. The sample was then transferred on a SiO,/Si substrate by an electrochemical bubbling
process and on a mesh, as described in Sections 1.4.2 and 1.4.3.

5.3 Results and discussion

5.3.1 Scanning Electron Microscopy and Raman spectroscopy

SEM and Raman analysis have been carried out on the graphene samples. Figure 5.2 (a) and
Figure 5.2 (b) show SEM images of the N-doped graphene as synthesized on CuNi substrate and
of the transferred sample on a SiO,/Si substrate, respectively. Both images show non-uniform
number of layers, indicated by the different levels of darkness. Darker areas indicate an increased
number of layers.
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Figure 5.2: SEM images of (a) synthesized graphene on a CulNi substrate and (b) transferred
graphene on a Si0,/Si substrate (c) and (d) Raman spectrum at positions 1 and 2, respectively.

Raman spectra were performed to confirm the structure of graphene domains on the samples.
Position 1 (Figure 5.2 (c)) shows G, D and 2D bands at 1570 cm™!, 1340 cm™! and around 2690
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cm’!, respectively. The FWHM of the 2D band is 53.6 cm™', indicating bilayer graphene. The
equivalent intensities of G and 2D bands at position 1 corresponds to bilayer graphene.

Figure 5.2 (d) represents position 2, where G and 2D bands are at 1570 cm™! and 2692 cm™, re-
spectively. The very high intensity of G band, in comparison to its 2D band, indicates the presence
of multilayer graphene. The FWHM of the 2D peak is 81.6 cm’!, confirming the obtaining of
multilayer graphene.

5.3.2 Optical microscope and Raman mapping

Figure 5.3 (a) shows an optical image of transferred graphene domains on a SiO,/Si substrate,
where darker and lighter areas are observed, corresponding to multilayer, bi or monolayer. The
Raman spectrum on Figure 5.3 (b), taken in the indicated bilayer area on Figure 5.3 (a), confirms
the obtention of bilayer graphene with a ratio of 1 between the intensities of the 2D and G bands.
This results is confirmed by the FWHM of the 2D band which is 51.3 cm™.
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Figure 5.3: (a) Optical microscope image of transferred graphene on a SiO,/Si substrate (b) Raman
spectrum of the bilayer graphene in (a) image (c) Raman mapping of the transferred sample (d)
Raman spectra bilayer and monolayer graphene at locations 1 and 2, respectively, of the mapping
image.

Figure 5.3 (c) shows a Raman mapping on the same area as Figure 5.3 (a). The extracted Raman
spectra from the Raman mapping are showed Figure 5.3 (d). Due to the intensities of the G and
2D bands, it is possible to conclude that a few-layer area is observed, along with a 10 um area
of monolayer graphene, at locations 1 and 2, respectively. The observations of the mapping and
of the individual spectra are confirmed by the FWHM of the 2D bands: 51.8 cm’! at location 1
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and 37.0 cm™! at location 2. The ratio of Ni in the binary alloy and growth conditions need to be
optimized for growth of N-doped graphene with uniform number of layers in a large-area.

5.3.3 XPS, TEM and AFM analysis
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Figure 5.4: XPS analysis (a) Deconvoluted N1s peak and (b) Cls peak (c) AFM analysis and
thickness profile (X and Y axis in nm) (d) TEM image of a bilayer graphene (inset shows the Fast
Fourier Transform pattern).

The atomic content of the sample was analyzed by XPS analysis. Figure 5.4 (a) shows the de-
convoluted N1s peak with peaks at 397.5 eV, 399 eV and 400.5 eV for pyridinic, pyrrolic and
graphitic-N. Pyridinic-N bonds with two carbon atoms at the edges or the defects of graphene and
with its sp? hybridization contributes with one electron to the 7 system. Pyrrolic N refers to N
atoms that are sp> hybridized and contribute with two electrons to the 7 system [162]. Graphitic-N
atoms substitute carbon atoms in the hexagonal ring, and so are sp® hydridized, and disturb the
less the graphitic network [198, 264]. The overall atomic percentage for N is found to be around
5.8 at% from the N1s peak area and intensity. Figure 5.4 (b) shows the Cls peak for the N-doped
graphene. A broad peak at a higher binding energy (= 406 eV) was not observed for the N1s peak,
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confirming the absence of formation of NOy.

Figure 5.4 (c) shows an AFM image at a selected area of the transferred graphene sample on the
Si0,/Si substrate. A folded and wrinkled graphene sheet are clearly shown in the AFM image.
The thickness of the graphene was measured at an unfolded edge and without any wrinkle as
shown by the red arrow in Figure 5.4 (c). The thickness of the graphene layer is around 0.8
nm, corresponding to bilayer graphene. Figure 5.4 (d) shows a TEM image of bilayer graphene
transferred onto a mesh.

The inset of Figure 5.4 (d) shows the Fast Fourier Transform (FFT) pattern for the bilayer graphene.
The FFT pattern clearly shows the formation of a twisted bilayer graphene, with a twist angle of
around 18°[265]. Twisted bilayer graphene shows interesting properties [266], such as a Dirac
spectrum with #-dependent Fermi velocity [267-269], low-energy Van Hove singularities [270-
272] and other #-dependent physical and chemical phenomena [273, 274]. However, this twist an-
gle of 18° doesn’t give any indication about the stacking of the two layers of graphene. The current
synthesis methods for twisted bilayer graphene are limited to small domain size and uncontrollable
twist angles, even if the growth of 100 um crystals has been reported [275].

5.4 Conclusion

The difference in solubilites of C and N elements in Cu and Ni metals, could be have been used
in the CuNi binary alloy catalyst to synthesize N-doped graphene films, by the LPCVD technique.
CuNi alloy is a suitable substrate for the growth of graphene with high percentages of N doping,
especially with a melamine precursor where N atoms are already included in the main ring. The as-
synthesized film contains a total of 5.8 at% of nitrogen, including pyridine, pyrrolic and graphitic
nitrogen, which opens perspectives for the use in transistors and other electronic devices. Small
domains of 100 um have been obtained, both bilayer and multilayer. The obtained N-doped bilayer
are twisted by 18°, which could have implications in the electronic properties.
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Chapter 6
Formation of graphene nanoribbons

and Y-shaped structures by hydrogen
induced anisotropic etching

6.1 Introduction

Y. Jraphene nanoribbons have sparked a huge interest, unlike in monolayer graphene, due
<)’ to the existence of a band gap [11, 139-142]. Its synthesis was made by various ap-
proaches, both top-down and bottom-up [147-159]. Due to the significant differences in chemical
reactivity of the zigzag and armchair edges, anisotropic etching of graphene can be achieved [251,
276, 277]. This anisotropic etching shows a way to control the structure of large-area CVD syn-
thesized graphene with metal catalytic nanoparticles [156, 278-280] selective oxidation [276],
and water vapor at an elevated temperature [281] and other graphene patterns [282]. Thus, H,
anisotropic etching allowed for the formation of pentagonal graphene domains [283]. In this chap-
ter, Hy anisotropic etching was explored in order to investigate the formation of specific structure
on the previously formed graphene, from hexagonal holes to nanoribbons. The created holes with
a defined edge structure also provide a platform to fabricate in-plane heterostructure with other
2D materials [284, 285]. The formation of Y-shaped zigzag graphene nanoribbons is of prime
importance due to the predicted electronic properties [286—290] and the possibility of fabrication
of multiterminal graphene-based nanoelectronic and spintronic devices [291, 292].

6.2 Experimental part

As explained in Section 1.3.4, a two furnaces APCVD system was used for the experiments.
Camphor was used as the solid precursor, along with a Cu substrate from Nilaco Corp. with a
thickness of 20 um and a purity of 99.98%, for the synthesis of graphene crystals. The Cu foil
was cleaned in acetone by sonication prior to synthesis. The growth furnace, with the Cu foil, was
heated until 1000°C with 100 sccm of H, gas and then annealed for 15 min. A mixture of Ar and
H; (98 : 2 sccm) was introduced for the growth, etching and the cooling process.
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6.3 Synthesis of graphene flakes

Prior to the etching process, graphene flakes and films were synthesized. Figure 6.1 (a) and (b)
show optical microscope images of graphene flakes produced inside the APCVD system with
camphor as a precursor. The Cu foil substrate on which the graphene crystals are grown was
slightly oxidized in order to create a contrast between graphene flakes, in white, and the slightly
orange colors of Cu oxides. As seen in Chapter 3, a longer duration of the growth led to the
synthesis of continuous films.

The synthesized graphene is characterized by a Raman spectrum, shown in Figure 6.1 (c). The
graphitic G and second-order 2D Raman bands were observed around 1589 cm™' and 2690 cm™!,
respectively. The intensity ratio I,p/Ig of the 2D and G bands, respectively, is clearly above 1,
indicating the synthesis of monolayer graphene.

2D
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Figure 6.1: (a and b) Optical microscope images of graphene crystals grown from solid camphor
precursor by APCVD process (c) Raman spectrum of the synthesized graphene on Cu foil.

6.4 Etching process

After the synthesis, the carbon supply was shut off and the (98 : 2 sccm) Ar : H, gas mixture
continued to flow, slowly etching the graphene crystals at 1000°C. Etching had been investigated in
Ar but these particular etching effects were not observed in these conditions; Ar : H, gas mixtures

50



Chapter 6. Anisotropic etching 6.4. Etching process

seem to be the most effective process to achieve controllable graphene etching. Figure 6.2 (a) and
(b) show optical images of etched graphene crystals, where the formation of ribbons and holes
inside the graphene crystals is clearly observable with well-defined edges. The etching process
led to the formation of hexagonal holes such as the one shown in Figure 6.2 (c). The etching
reaction can be understood as the effective reverse reaction of the graphene growth process where
H; can react with the carbon atoms of graphene catalyzed by Cu to produce methane [156, 251,
282, 293]. Raman spectra of the graphitic structure (red curve) and of the etched part (blue curve)
are shown in Figure 6.2 (d): G and 2D bands were observed for the graphitic structure but only
the copper oxide band was observable in the etched part, indicating the absence of graphene.

2

Ity ()

1300 2300 3300

Raman shift (cm™)

£

Figure 6.2: Optical microscope images (a and b) of the etched graphene sample by annealing at
1000°C in an Ar : H, gas mixture (c) etched graphene crystal with formation of a well-defined
hexagonal hole (d) Raman spectra of the etched graphene and partially oxidized Cu surface.

The FE-SEM analysis has been performed on the sample with an Upper Electron Detector (UED)
at an accelerating voltage of 2 kV (Figure 6.3 (a)). The studied back-scattered electrons (BSE)
reflect the composition of the sample, as the back-scattered electron are dependent on the atomic
number Z (see Section 1.5.3). The bright spots correspond to SiO, nanoparticles inside etched
zones as well as graphene crystals, which can act as defect sites on the Cu foil. Thus, the etch-
ing process can start at a defect site and continue with the copper substrate as a catalyst for the
H, reaction with sp? hybridized carbon atoms. Figure 6.3 (b) shows an FE-SEM image with
morphological variations. The elementary mapping analyses after partial oxidation of the etched
graphene for carbon and oxygen are shown in Figure 6.3 (c) and in Figure 6.3 (d), respectively. The
significant difference in concentrations of carbon and oxygen shows where the etched graphene
structures lie coupled with the base of the Cu surface, oxygen is at minimum concentrations. The
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AES analysis (Figure 6.3 (e)) of an etched graphene structure on Cu foil confirms the remaining
graphene structures on the Cu foil.
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Figure 6.3: (a) FE-SEM image corresponding to back scattered electrons (BSE) providing compo-
sitional contrast. SiO, nanoparticles were observed as bright contrasts inside the holes of graphene
crystals and etched areas (b) FE-SEM analysis (c) and (d) elementary mapping for carbon and oxy-
gen (e) selective AES analysis of the etched graphene structure on Cu foil.

6.5 Formation of particular structures

The etched graphene crystals of the sample have been investigated by SEM analysis and different
structures with well-defined edges were observed in a SEM image of Figure 6.4 (a). FE-SEM
analysis was also used with a Low Electron Detector (LED) at an accelerating voltage of 5 kV.
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Figure 6.4 (b) and Figure 6.4 (c) show etching along symmetric directions of the graphene lat-
tice where the formation of edges takes place at 60° and 120° along straight lines. Ci et al [278]
obtained similar results with nickel nanoparticles assisting the etching process. The etching pro-
cess does not affect the quality of the synthesized graphene, which shows the importance of the
H; etching process for obtaining triangular-shaped graphene and graphene nanoribbons with the
control of edge structures.

Figure 6.4: FE-SEM images of (a) etched graphene sample, showing various structures with pro-
nounced edges. FE-SEM images of (b and c) graphene edges with 60° and 120°, indicating etching
along symmetric directions of the graphene lattice.

Other structures were also studied by FE-SEM, as shown in Figure 6.5. In Figure 6.5 (a), hexag-
onal holes and ribbon structures are observed. Similar to the previous observation of angles at
60°and 120°, the sharp etched edges indicate an ordered etching which can lead to the creation
of hexagonal and triangular holes inside the graphene lattice. The increase in annealing duration
defines the range of etching which is of significant importance for the control of the size and struc-
ture of graphene etching. These holes could be used as platforms for in-plane heterostructures
with other 2D materials, such as hexagonal boron nitride [284, 285].

Gothard et al [294] presented a three-terminal Y-shaped nanotubes which exhibits a gating behav-
ior, characteristic of transistors. In Figure 6.5 (b), a Y-shaped graphene structure is shown with
perfect ribbons at 120°which form the structure. Similar to the Y-shaped nanotubes, Y-shaped
graphene ribbons with zigzag ordered edge structures can be applied in multiterminal graphene-
based nanoelectronics devices [291, 292]. Nevertheless, the spatial control of the formation of
Y-shaped graphene nanoribbons by H, anisotropic etching can be challenging. A study of the

53



6.6. Conclusion Chapter 6. Anisotropic etching

edges, its width and its properties of the fabricated nanoribbons could be performed by a TEM
analysis.

Figure 6.5 (c) and Figure 6.5 (d) show the formation of a graphene nanoribbon structure between
two larger graphene domains through the etching process. The width of the nanoribbon is not
constant, with 67.7 nm on one end and 17.0 nm on the other, which affects its properties [143].
However the fabrication of nanoribbons with a width below 10 nm can be made possible by the
controlled etching process as well as the synthesis of nanoribbons by organic chemistry (bottom-
up approach) [149, 150].

Figure 6.5: FE-SEM images of (a) an ordered etched hexagonal hole as well as ribbon like
graphene structure (b) formation of Y-shaped graphene ribbons structure with edge etching (three
ribbons form 120° to each other) (c and d) nanoribbon structure with the etching process on Cu
foil. The nanoribbon is formed with interconnection of two larger graphene domains.

6.6 Conclusion

After the synthesis of graphene crystals and films, anisotropic etching by an Ar : H, mixture was
observed and enhanced with an increase in annealing duration, until etching large part if not all
of the previously formed graphene. The formation of etched, ordered hexagonal holes in the films
was noticed with a short etching time. When a more significative part of the graphene was etched,
nanoribbons, Y-shaped and other graphene structures were formed. Nanoribbons were particularly
observed as an interconnection between two larger graphene domains, despite its non-uniform
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width. Individual ribbons with angles of 120° form a Y-shaped structure with well-defined edges,
which could be used in multi-terminal graphene-based nanoelectronics devices, such as transistor
and spintronic applications. Anisotropic etching shows its controllability with H, to fabricate
particular graphene structures with preferential edges for electronic device applications.
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Chapter 7

Conclusion

7.1 Summary

@‘\

O
«I {Q)),)) VD systems have emerged as a potential large-scale method for the synthesis of graphene.
\/@ The control of this synthesis of graphene on transition metals substrates with solid pre-
cursors in a process of optimization of numerous parameters, has been achieved in order to obtain
high quality graphene and large crystals. The functionalization of graphene has also been pursued
to generate a band gap which is non-existent in pure monolayer graphene.

e"

The designs of experiments show the existence of an optimum for the studied parameters, such as
the quantity of a carbon source precursor, inside the CVD system. The growth temperature is seen
as having an important effect on the substrate as well as on the formation of adatoms, especially
through the decomposition and the catalysis, but the proximity with the melting point of the used
substrate, Cu, limits the increase of this growth temperature and its use. Nevertheless, the size of
graphene crystals is dramatically affected by the manipulation of only two parameters, the growth
time and the pyrolysis rate of the carbon source precursor. Another improvement for the size of
graphene crystals had been made possible through a smoother surface, resulting in less nucleation
sites, with the modification of copper surfaces by electropolishing.

The growth of graphene on Cu substrates, through nucleation process and enlarging size with
newly created adatoms, is highly dependent on the supply of carbon. An abrupt cut of the carbon
supply leads to the formation of unsaturated edges on graphene crystals, while a smooth termina-
tion of the growth paves the way to well-defined edges of graphene crystals. On the other hand, a
change in the pyrolysis rate from 1.5°C/min to 3°C/min shapes the formation of a second layer on
the top of graphene crystals with well-defined edges.

On the contrary to Ni and Cu substrates, where solubilities of C and N are determined, these could
be controlled in a CuNi binary alloy. The surface and bulk reactions could then be tunable and
lead to the desired number of layers of graphene at the surface of the alloy. Bilayer and multilayer
graphene were observed with a small size of 10 um. Melamine is an organic chemical compound
with an aromatic ring containing both C and N atoms, which makes it an ideal sole precursor
for the synthesis of N-doped graphene crystals. The formation of bilayer N-doped graphene,
with an incorporation of 5.8 at% of nitrogen, is then relevant to open a band gap as shown by
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theoretical studies. TEM also confirms the twisting of the N-doped bilayer graphene by 18° which
has interesting electronic properties.

The opening of a band gap can also be obtained by the creation of nanoribbons. If studies have
been conducted for the bottom-up synthesis from chemical species, the anisotropic etching of
CVD synthesized graphene crystals with significant annealing time and H; quantity, controlled in
a mixture with Ar and H, (98 sccm : 2 sccm) at an annealing temperature of 1000°C, has shown
the possible fabrication of well-defined nanoribbons and specific structures with clear edges. The
creation of hexagonal holes in graphene films clearly demonstrates that etching is the reverse
process of the graphene growth. Two interconnected large graphene domains by a uniform width
nanoribbon was observed along with individual nanoribbons with angles of 120° forming a Y-
shaped structure. The Y-shaped graphene nanoribbon could be used to fabricate multi-terminal
graphene-base transistors, nanoelectronic devices and spintronic applications.

7.2 Future prospects

The use of graphene in various fields of electronics requires the synthesis of high quality graphene
with minimal defects on large scale. The use of CVD systems could fulfil these needs. However
the control of all its aspects, such as gas pressures and temperatures, as well as the gas composition
and the morphology of the substrates are of major importance for the controlled synthesis of
graphene crystals and films. Furthermore, the oxidation of the substrate to limit the number of
nucleations or a tuned supply of adatoms could lead to bigger size of graphene crystals with a
better quality.

The use of different organic chemicals such as camphor and melamine, or mixture of several com-
pounds such as the waste polymer precursor, lead to diverse results. Notably, the waste polymer
precursor is composed of polystyrene and polyethylene and the study of their ratio could give fur-
ther indications on the growth mechanism. The study of other chemical compounds, especially
with ring structures such as naphthalene, phenanthrene, pentacene, chrysene or triphenylene, could
lead to the interesting formation of graphene at various temperatures and conditions.

The functionalization of graphene could be improved by a higher incorporation of N atoms in the
graphene network. The graphitic nitrogen is especially interesting because it does not disturb the
carbon network. An intimate knowledge of the alloy substrates is necessary for the synthesis of
the number of graphene layers with the adequate quantities of C and N, to tune the resulting band
gap. In the case of anisotropic etching, improvements are required in the formation of spatially
designed structures, especially for the control of the etching and the understanding of its process.

These advances will bring graphene a step closer to a widespread use in industry, especially in ma-
terials and electronics. The target is now possible applications and manufacturing processes. The
flexibility of graphene could enhance its use in rolled-up screens and wearable devices. Finally,
this wonder material, as it has been called more than once, may fulfil its promises in a near future.
The integration of other 2D materials and hybrid systems could bring a new dimension to future
technologies, creating thinner, more flexible, faster and stronger devices.
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