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Abstract — English

This thesis project focuses on the study of graphene, a rising star in materials science with many applications in
(bio)electronics, photonics, bioengineering and biosensors. Graphene monolayers and bilayers possess unique
characteristics due to their two-dimensional crystal structure. However, a controlled synthesis of graphene
monolayers or bilayers on a wafer-size scale remains a challenge.

This project makes the first step towards the in situ preparation and characterization of graphene, on suitable
copper substrates. Bilayer and even single layer graphene films were formed using chemical vapor deposition
with methane and hydrogen precursors and Cu foils as catalyst. Previous studies have shown that chemical
vapor deposition is the most efficient method for synthesis of large area graphene crystals. The graphene growth
process executed under ultrahigh vacuum conditions was chemically analysed exploiting different spectroscopic
techniques.

X-ray photoelectron spectroscopy, ultraviolet photoelectron spectroscopy and electron energy loss spectroscopy
were used to characterise the films during the different growth steps. These results were compared with the
results of ex situ Raman spectroscopy and atomic force microscopy measurements to check the quality and the
morphology of the graphene samples formed on Cu films. With these experiments we tried to understand the
fundamental growth mechanism and catalyst interaction to establish a method for a controlled growth. We also
examined the influence of ambient conditions on the properties of graphene. This influence was studied by
comparing in situ results with electron spectroscopic data acquired after exposing the samples to ambient
conditions for different times. Gaining insight in how graphene samples react to post growth ambient air exposure
plays an important factor for the correct use of graphene in experiments or applications. Finally, surface
treatments were applied to reverse the impact of air-based contaminations while simultaneously trying to avoid
extensive damage to the sample morphology. During these thermal treatments graphene was annealed under
ultrahigh vacuum conditions at elevated temperatures. We found that heating to 773 K for five minutes only
removed part of the contaminations, while annealing to 973 K allowed to basically restore the original state of a
sample.

This controlled synthesis together with the acquired knowledge of how graphene interacts with its environment
and how we can reverse this environmental influence will create opportunities for the use of graphene application

wise.

Keywords: Chemical vapor deposition, graphene on copper samples, Raman spectroscopy, atomic force
microscopy, x-ray photoelectron spectroscopy, electron energy loss spectroscopy, ultraviolet photoelectron

spectroscopy, ambient air exposure, thermal treatment.

Vi






Abstract — Nederlands

Deze master thesis draait rond de studie van grafeen, een opkomend fenomeen in de materiaalkunde. Grafeen
monolagen en dubbellagen bezitten door hun unieke tweedimensionale kristalstructuur enkele speciale
eigenschappen. Deze eigenschappen zorgen ervoor dat grafeen potentieel heeft voor nieuwe applicaties in de
(bio)elektronica, fotonica, biotechnologie en biosensoren. Helaas is er nog steeds veel onwetendheid betreffende
de eigenschappen en het potentieel waarover grafeen beschikt. Daarnaast blijft het tot vandaag een uitdaging om
grafeen op grote schaal gecontroleerd te produceren.

Dit master thesis project zet een eerste stap naar de synthese en de karakterisering van grafeen gevormd op
koperen substraten. Door gebruik te maken van een “chemical vapor deposition” proces hebben we enkel
gelaagd en dubbel gelaagde grafeen films geproduceerd uitgaande van waterstof, methaan gassen en een koper
film als katalysator. Het productieproces van grafeen werd uitgevoerd onder ultrahoog vacuiim en nadien werden
de films geanalyseerd met verschillende spectroscopische technieken. X-ray foto-elektron spectroscopie, UV-
foto-elektron spectroscopie en elektronen energieverlies spectroscopie werden gebruikt om de fiim op
verschillende groeistappen te karakteriseren. Deze resultaten werden vergeleken met de resultaten van ex situ
Raman spectroscopie en atomic force microscopie, om de kwaliteit en de morfologie van de gevormde grafeen
stalen te controleren. We hebben geprobeerd om inzicht te verwerven in het fundamenteel groei mechanisme van
grafeen en de interacties tussen grafeen en het koper substraat. We hebben ook onderzocht of er veranderingen
optreden in onze grafeen film nadat ze zijn blootgesteld aan een atmosferische druk. Dit effect werd
geanalyseerd door onze in situ metingen van een grafeen staal te vergelijken met ex situ metingen van het
identieke staal na blootstelling. Tot slot, hebben we twee behandelingen uitgetest om de geabsorbeerde
luchtvervuilingen te verwijderen van het grafeen oppervlak. Tijdens de eerste behandeling werden de stalen
5 min verwarmd op 773 K en de temperatuur bereikte 993 K tijdens de tweede behandeling. We ondervonden dat
de eerste behandeling maar een deel van de contaminaties verwijderde. De tweede behandeling, waar de
temperatuur 973 K bereikte, slaagden we er wel in al deze contaminaties te verwijderen. Een nadeel aan deze
methode was echter dat Raman spectroscopie aantoonde deze behandeling kleine defecten veroorzaakte in
onze grafeen lagen.

Kortom, tijdens dit project zijn we erin geslaagd grafeen monolagen en dubbellagen op koper substraten te
produceren. We analyseerden het effect van blootsteling aan lucht en toonden aan dat grafeen
luchtcontaminaties absorbeert op het oppervlak. Deze verontreinigingen werden op hun beurt verwijderd door de
stalen thermisch te behandelen. Deze gecontroleerde synthese samen met de verworven kennis van hoe grafeen
verandert in een atmosferische omgeving levert ons nieuwe kennis over hoe we grafeen correct moeten

gebruiken of voorbehandelen voor applicaties.

Sleutelwoorden: Chemical vapor deposition, grafeen op koper substraten, Raman spectroscopie, atomic force
microscopie, x-ray foto-elektron spectroscopie, UV-foto-elektron spectroscopie en elektronen energieverlies

spectroscopie, blootstelling aan atmosferische druk, thermische behandeling.






Chapter 1

Introduction

In 2004 Andre Geim and Kostya Novoselov were the first to extract graphene from bulk graphite and since then
graphene has attracted a great deal of attention. This one carbon atom thick sheet has a two-dimensional (2D)
hexagonal crystal structure and possesses outstanding mechanical, thermal and chemical properties. Due to
these unique properties, graphene offers new ways into low-dimensional physics and continues to provide a fertile
ground for applications. High carrier mobility, high thermal conductivity, tuneable band gap, visible transparency
and a robust structure are some of the main characteristics of graphene () Table 1 summarizes several
potential applications for graphene that are under development. Electronics, photonics and optoelectronics are
particular areas where graphene will be used in the future on a commercial scale and they are explained in more
detail below ©.

This project gives a view on new aspects regarding graphene synthesis: the fundamental growth mechanism,
catalyst graphene interaction and influence of post growth ambient exposure. By searching for the right synthesis
variables, a controllable growth of single and bilayer graphene films is obtained. This controlled synthesis together
with the acquired knowledge of how graphene interacts with its environment and how we can reverse this

environmental influence will create opportunities for the use of graphene, application wise.

Table 1: Main application for graphene with its physical properties adapted from (http://2-dtech.com/applications/).

Application Properties graphene

Bendable electronics Transmittance (97.7%)
Touch screens

E-paper

Foldable OLED

Transistors High mobility
High on/off ratios (10° for vertical devices)
High cut off frequencies (up to 1 THz)

Photonics

Photodetectors Wavelength independent absorption

Optical modulators Large bandwidth operation

Opitical polarization controllers Good extinction ratios in magnetic fields

Sensors High sensitivity
Multifunctional sensing (strain, gas environment, magnetic field etc.)
Universal resistance standard based on easily observable quantum Hall effect

Bioapplications Large surface area

Chemical purity
Easy functionalization



The aim of this thesis project is to produce high-quality graphene layers on top of Cu substrates and to investigate
the influence of oxygen after ambient air exposure. The project comprises two parts. In the first part, graphene
samples were synthesized by means of chemical vapor deposition (CVD). The basics of the applied CVD
processes are explained in more detail below. Different analysis techniques like x-ray photoelectron spectroscopy
(XPS), ultra violet photoelectron spectroscopy (UPS), Raman spectroscopy (RS) and electron energy loss
spectroscopy (EELS) are used for characterization. Also, the film quality, the chemical, electronic and vibrational
properties of the resulting graphene layers are analysed. In addition, their morphology is studied using atomic
force spectroscopy (AFM) 78 The chemical analysis will lead to the determination of appropriate growth
parameters and, thus, towards a controlled synthesis process. In the second part, the influence of ambient
conditions (‘ex situ’) on graphene layers is examined. The chemical composition of the as-grown graphene
samples will be measured in situ with XPS, UPS and EELS. Next, identical measurements were performed on the
samples after air exposure. The results from in situ and ex situ measurements are used to define changes in the
chemical character of the graphene samples. The few layer graphene is expected to react with different
molecules in the air. These molecules might influence the properties of the graphene by chemical interaction
thereby forming chemical and/or physical bonds. By comparing the results of in situ an ex situ measurements the
shift in the chemical character upon exposure to air is investigated. This chemical shift can also contribute to a
better understanding of the growth mechanism and interactions between the Cu substrate and the graphene ®)

The possibility to reverse the impact of contaminations is explored as a last experiment in this thesis. The
graphene sample undergoes thermal annealing for five minutes at 773 K and 973 K to remove the unwanted

molecules from its surface without causing damage to the morphology of the 2D crystal structure (10)

1.1  Structure of graphene

Until 2004 there was no experimental prove that strictly two-dimensional (2D) materials could exist without a
three-dimensional (3D) support. 2D materials were thought to be thermodynamically unstable, their melting point
decreases with a decrease of layer thickness. This theory of Landau and Peierls, which was overall accepted for
more than 70 years, was proven wrong by a “Friday night experiment” in the University of Manchester. In this
experiment a 2D crystal structure named graphene was derived by the now famous “scotch tape method” @

Graphene can be described as a flat monolayer of carbon atoms tightly packed into a 2D honeycomb lattice. It is
also the basic building block for all other graphitic materials shown in Figure 1. Stacked graphene forms the well-

known graphite (3D), while rolled or wrapped graphene forms (1D) carbon nanotubes or (OD) fullerenes @8),
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Figure 1: Graphene structure is a simple planar hexagonal arrangement of carbon atoms and it can be used as a basic
structure to form (0D) fullerenes, (1D) carbon nanotubes and (3D) graphite (2).

Graphene is a 2D sheet of hexagonally arranged carbon and has sp2 hybridized orbitals with the adjacent carbon
atoms. These orbitals form the three o-bonds within a planar 120° configuration having about 1.4 angstroms as
interatomic distance. This makes the bond between the neighbouring atoms within one graphene layer quite
strong. Within the honeycomb lattice, there are two possible cuts, the “armchair’ and “zig-zag”. These two main
directions in the crystal lattice show a different electronic behaviour 9.

In graphite, the graphene layers are only weakly coupled with the p, orbital, they form bonding 1 and anti-bonding

T states and the sheet are separated by a distance of about 3.4 angstroms (.12

1.2 Electrical properties

The fact that graphene exhibits new physical phenomena, has played a major role in the graphene gold rush over
the last years. In the next paragraph some major aspects of graphene physics are addressed. They demonstrate
the great interest in fundamental research on graphene for future electronic applications. Some of the most
interesting applications will also be mentioned at the end of this part.

An important fact in graphene production is that the electronic structure of graphene is very dependent on the
amount of layers. Only single and double layer graphene have simple electronic properties that classify these 2D
crystals as zero-gap semiconductors. This differentiates them from multilayer graphene or graphite because these
do not possess a linear dispersion relation, which is the fundamental basis of the electronic properties of single
and double layer graphene @)

Figures 2.A represents the low-energy band structure of graphene, illustrated by two symmetric cones. The
valence band is formed by m-bonding states previously mentioned. While the conduction band is formed by the
anti-bonding 1 states. These states are orthogonally positioned, touching at six points. These connecting points
are called Dirac points. Due to the fact that graphene is an exception to the Schrédinger equation, the electronic
properties of graphene are better described using the Dirac equation. This Dirac Hamiltonian is used to define the
electrons present in graphene representing low energy quasiparticles. These quasiparticles are also called

. . . . 2,4,13
massless Dirac fermions and they can be seen as electrons with effective mass zero ( )



The unit cell of graphene, shown in Figure 2.B, contains two carbon atoms and the graphene lattice is divided in

two sub-lattices, A and B evolving from the two carbon atoms @13, 14).

A B

Figure 2: (A) The band structure of single and double layer graphene. The figure shows that the conduction bands
touch the valence bands at the Dirac points (4). (B) The crystal structure of graphene with its different sublattices A
and B marked in blue and red (5).

The previously discussed band structure is responsible for different transport phenomena in graphene. Three of
the most important features are the minimum conductivity, high carrier mobility and quantum Hall effect.

As stated before, single and bilayer graphene possess a band gap width wide zero and therefore the type of
charge carrier is determined by the position of the Fermi energy. This Fermi energy level can be tuned by
applying a voltage or an electrical field as provided by a gate voltage V,. Figure 3.A illustrates this pronounced
ambipolar electrical field effect in graphene and a direct consequence is the strong dependence of the
conductivity on the gate voltage. By sweeping the gate voltage Vg from -60 V to +60 V the Fermi energy level
shifts from the valence band (on the left) to the conduction band (on the right). This phenomenon affects charge
carrier density, resistivity and simultaneously, the conductivity. A minimal however finite value of conductivity is
reached at the Dirac point, also referred to as charge neutrality point. Studies have shown that the conductivity in
graphene never falls below a certain value. The charge carriers in graphene can be tuned continuously between
electrons and holes in concentrations n as high as 10" cm™. Their mobilities p can exceed 15.000 cm’ V' s
under ambient conditions and they can reach 100.000 cm? V' s” at 300 K. This extraordinary high carrier mobility
is almost not affected by chemical doping. Therefore graphene can be used for ballistic transport on the

. . (2, 4,5)
submicroscopic scale .

Besides a high mobility and minimum conductivity graphene also has an interesting anomalous quantum Hall
effect (QHE). This QHE is directly related to the previously mentioned massless Dirac electrons. Future
description of the QHE goes beyond the scope of this thesis but can be found in many reviews or experimental

studies (2).
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Figure 3: (A) Ambipolar electric field effect of graphene shows how the position of the Fermi energy Ef is dependent
on the applied gate voltage Vg. A positive Vg will result in electrons, while a negative voltage will form holes. The
resistivity will also rapidly decrease, more or less independently of the temperature when charge carriers are added.
This is an indication of the high mobility (2). (B) Optical microscope of a graphene based FETs (5).

These outstanding electronic properties make graphene a promising material for many future applications in
electronics. Graphene is a very good candidate as channel material for field effect transistors (FETs). These
graphene field effect transistors (GFETs), shown in Figure 3.B, do need the introduction of an energy gap to
become a semiconductor. GFETs perform well at low temperatures, up to 4 K. This makes them ideal for
operation under extreme environments like space. To build graphene transistors an insulating material is needed
and 2D boron nitride (BN) crystals are proven to be ideal for this job. BN films have a large bandgap of 6 eV
making them ideal for gate insulator and substrate in GFETs. Graphene can also be used as a conduction sheet
to create single electron transistors (SET). Components as conducting channels, interconnects and barrier can all
be cut from single graphene layers. The high conductivity of graphene and large surface to volume ratio make it

also an excellent candidate for electric batteries @5)

1.3 Optoelectronic and other properties

Apart from unique electrical properties graphene also possesses outstanding optical properties, such as the fact
that a single graphene layer is still visible without an AFM despite it being the thinnest material even made.
Recently, wide energy range studies demonstrated that graphene monolayers absorbs 2.3 % or even more of the
light that passes through it. Another characteristic of graphene layers is that they produce a photocurrent upon
photoexcitation. This, together with a wide absorption range, the ability to work at ambient temperature, their
thinness and high carrier mobility makes them ideal photodetectors.

Besides, single and bilayer graphene also have a fast decay time after excitation. Due to this the light absorption
of graphene decreases with an increase in intensity without causing damage and therefore it can be used in laser

" . . 2,5
cavities to produce picosecond laser pulses from a continuous wave output( )



1.4 Chemical vapor deposition

The properties of graphene depend strongly on the thickness or the number of layers. In the case of multiple
layers the characteristics will change, which is an issue in graphene based technologies. Therefore the synthesis

(6,15

of large-scale few layer graphene films of high quality is of great importance ) Various approaches have been

developed to produce single or double/triple layered graphene, such as mechanical exfoliation, chemical

6.1 cVD combined with a copper (Cu)

reduction of graphene oxides and chemical vapor deposition (CVD)(
catalyst has been recognised as a promising method to synthesize large area graphene monolayers. Sukang Bae
et al. even reported production of 30 inch monolayer graphene on flexible Cu foils by a roll-to-roll production
method '®,

During CVD a substrate is exposed to certain volatile precursors and chemical reactions of these vapor species
will cause the deposition of a thin solid film on the substrate. Figure 4 shows the simple CVD set-up with the
different components: the reactor with the heaters, the gas delivery system with the mass flow controllers, the
valves and finally a gas removal system. During a thermal CVD experiment the temperature will be increased in
the reactor until the required growth temperature is reached. When this temperature is reached the flow rate of
the reactive gas species is set and the chemical reaction will take place in the reactor. The graphene films will
form in the reactor and the non-reacted gases and the byproducts are removed by vacuum pumps.

For the graphene synthesis, Cu is used as substrate and methane (CH,) is exploited with or without additional
hydrogen (H) as precursors. Thermal CVD can be executed at different pressures, atmospheric pressure, low-

pressure or ultrahigh vacuum (UHV). The CVD processes used for this thesis are executed in high vacuum (13,

19)

Flow Valve
controller
CH.
Reactor
i Pump
Flow Heating system
controller element
H2

Figure 4: Schematic representation of the CVD set-up with the different components: the vapor species flows are
regulated by the mass flow controllers, the temperature in the reactor is regulated by the heating element and the
vacuum system powered by the different pumps removes the exhaust gases.

CVD depends on various parameters such as the pressure, the temperature, the chemical reaction time and the
flow rate ). Figure 5 illustrates the influence of the transport kinetics of the vapor species in a CVD experiment.
In this experiment the Cu substrate is used as catalyst, the catalyst will contribute to the graphene deposition by
lowering the energy barrier of the reaction. A lower energy barrier will cause dissociation of the vapor precursors
and formation of the graphitic structures. The use of a catalyst will enhance the reaction kinetics resulting in a
better control of the graphene quality (19.21)

Many metal catalysts can be used for graphene production and the use of Cu catalyst has certain advantages. Cu

has a very low carbon solubility (< 0,1 atom %) even at high synthesis temperatures. So, graphene growth on Cu



is a surface mediated process and the formation of precipitations by dissolution is negligible. This leads to a better
control over the amount of formed graphene layers and in that way producing the high quality few layer graphene.
Another advantage of Cu catalyst is that it has a lower catalytic capability then Ni catalyst. This also leads to a

more controlled CVD process of graphene synthesis (19)

@mﬁz CH, @ﬁ

1 Boundary layer

Figure 5: The different processes involved during the chemical deposition process of graphene. In this diagram the
reactants first diffuse trough the boundary layer (1), then they are absorbed on the substrate surface (2). Next,
chemical reactions will decompose the vapor species in active carbon and reactive hydrogen species (3). These active
carbon species will form the graphene layer (4); the byproducts (hydrogen) and non-reacted gases will diffuse away
from the substrate surface (5). After they diffused trough the boundary layer they will be removed from the reactor by
the vacuum pumps (21).

Figure 5 summarises how graphene grows on Cu. First, the Cu substrate is exposed to the chosen precursors;
hydrogen and methane gases. In the next step these vapor species will be decomposed on the Cu surface to
form active carbon species. These active carbon species can form graphene nuclei. The formation of graphene
islands and finally the coverage of the Cu sample with graphene will depend on the used temperature, precursor
partial pressures and the Cu surface quality. The inactive species, hydrogen and non-reacted carbon will diffuse

from the surface through the boundary layer and are eventually removed by the vacuum pumps @)






Chapter 2

Experimental

In this chapter, the experimental techniques relevant to this thesis are introduced. This project involves the
synthesis of graphene by CVD. A detailed description of the CVD process and the involved materials will be given
in the next section. Chemical analysis of the resulting graphene samples was performed using Raman
Spectroscopy, XPS, EELS and UPS measurements. AFM measurements were made on the samples in order to

study the surface morphology of the graphene on the Cu sample.

2.1 Chemical vapor deposition process

The graphene samples made in this thesis were grown on 25 um thick Cu foils, 99.999% (Alfa Aesar, NO. 10950,
metal basis). This foil was cut into samples of ~1cm? to fit into the heating cylinder in the reactor. The Cu
substrates were heated in the reactor at a typical temperature of 1200 K and a base pressure of 10® mbar. During
the annealing step, hydrogen (ALPHAGAZ, H,, 99.9999%) was added with a typical flow rate of 35 sccm.
Methane (ALPHAGAZ, CHs, N55 99.9995%) was added during the growth step. After growth, the chamber was
cooled from the growth temperature to 673 K with 50 sccm of hydrogen. Below 673 K, the cooling continued
without gas flow in ultrahigh vacuum conditions. The used CVD process and the different steps for the formation

of graphene in this thesis is illustrated in Figure 6.
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Figure 6: Schematic representation of the used CVD process, it illustrates the temperature-time profile for the different

CVD steps.



After the CVD step the produced graphene samples were characterized in situ using XPS, UPS, EELS and ex situ
by means of Raman spectroscopy. These measurements were performed to prove the presence of graphene
layers on the Cu substrate and to detect possible contaminations. An overview of the different CVD processes
used for each sample is included in the appendix in Table 5. Two surface treatments were also tested to remove
the contaminations due to air exposure. We heated the graphene samples under UHV for five minutes. The

temperature reached 773 K during the first treatment and 973 K during the second one.

2.2 Surface analysis: Photoelectron spectroscopy

Photoelectron spectroscopy (PS) measures the energy of the electrons ejected from liquids, gases and solids by
the photoelectric effect, which is explained in section 2.3. This energy measurement of the electrons determines
the binding energy (BE) of the electrons in the sample. Ultraviolet photoelectron spectroscopy and x-ray
photoelectron spectroscopy are two techniques based on photoelectric effect that are commonly used for
qualitative and quantitative surface analysis. Since UPS uses ultraviolet light to excite electrons there is only
sufficient energy to emit electrons from the valence band. Therefore UPS is widely used in the study of the
electronic band structure of metals, alloy, semiconductors and adsorption phenomena. For core level electrons on
the other hand much higher photon energies are required to remove them from the atoms. As these energies
typically lie in the x-ray regime of the electromagnetic spectrum, the photoelectron spectroscopy of core levels is

commonly known as XPS or electron spectroscopy for chemical analysis (ESCA) (22, 23)

Table 2: Possible applications for XPS and UPS adapted from (http://chemwiki.ucdavis.edu/Physical_Chemistry
ISpectroscopy/Photoelectron_Spectroscopy/Photoelectron_Spectroscopy%3A_Application).

Application XPS UPS Application XPS UPS
Materials on surfaces X X Electron energy levels X X
Depth profiling X Elemental composition X
Angle dependent studies X X Valence band fine structure X
Binding energy X X Oxidation states or adsorption sites X

The main goal in UPS or XPS is to gain information about the chemical state, composition, electronic state, and
binding energy of the analysed surface. The key point in PS is that a lot of qualitative and quantitative information
about the surface region of solids can be obtained. Specifics about what can be studied using XPS or UPS is

summarized in Table 2.

2.2.1 Photoelectron instrumentation

A photoelectron spectrometer needs a few basic components in the instrumental set-up, which are represented in
Figure 7.A. These include an UHV environment, a radiation source and an energy analyser. The ejected electrons
travelling from the sample surface towards the energy analyser should encounter as few gas molecules as
possible, otherwise they will be scattered and lost from the analysis. For most experiments it is adequate to

operate at a base pressure of the order of 10 mbar or below.
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Figure 7: (A) Typical set-up of PS instrumentation used in XPS and UPS with the basic elements. (B) Schematic
representation of a concentric hemispherical analyser (CHA). Only photoelectrons of the correct energy are able to
pass through the detector instead of colliding with the side walls of the hemisphere (23).

The radiation sources used in UPS and XPS are fixed-energy radiation sources. The used sources as well as the

used analysers are discussed in more detail below (22.23)

2.2.2 Radiation sources

While many components of instruments used in PS are common to both UPS and XPS, the radiation sources are
one area of distinction. The radiation source for UPS is a gas discharge lamp, with the typical one being a Helium
(He) discharge lamp allowing excitation energies of 21.2 or 40.8 eV, respectively.

The used x-ray source is determined by two important factors. The energy of the x-ray has to be sufficient to
excite photoelectrons of all elements, but at the same time the natural line width of the x-ray transition should be
narrow to obtain a high-energy resolution. Our XPS measurements are performed using a monochromatic Al ko
source (1486.6 eV).

XPS has a choice between a monochromatic beam of a few microns in diameter or an unfocused non-
monochromatic beam of a couple of centimeters. Due to the monochromatization only a small proportion of the
total x-ray flux emission is selected. Therefore the resolution is higher when we use our monochromatic Al ka
source. A disadvantage is that the photon flux available on the sample is much less than that in an

. 22,23
unmonochromatized source ( ).
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2.2.3 Analyzers

An electron energy analyser also called spectrometer measures electron velocities and converts it in a spectrum.
A concentric hemispherical analyser (CHA) is often the used energy analyser and the basic set-up of a CHA is
shown in Figure 7.B. CHA consist of two concentric hemispheres, the inner and outer one. The potential is
different for both hemispheres and this will create a potential in the centre of the two hemispheres. This potential
difference is varied so that photoelectrons of different kinetic energies can reach the detector. The slits in a CHA
define the energy range that a photoelectron may have when entering or leaving the analyser. Photoelectrons

that are of higher or lower kinetic energy are lost through collisions with the walls @3)

2.3 X-ray photoelectron spectroscopy

In XPS the sample surface is bombarded with photons from the x-ray source. The interaction between primary
x-rays and the sample causes the ejection of core electrons from the atoms. The ejection of these photoelectrons
is schematically represented in Figure 8 and it is the first signal that one can measure during the XPS analysis.

The second signal is due to Auger electrons that may be emitted because the relaxation of the excited ions

."‘.
f
N f
P 4 Fermi level /"'{
/ / & N /

e Valence level t

N\ o L2, 2p

remaining after photoemission.

\\ f‘ L1.2s Core levels

K, 1s

XPS UPS

Figure 8: Energy diagram of photoemission process in ultraviolet photoelectron spectroscopy (right) compared to that
of X-ray photoelectron spectroscopy (left).

During this process an outer electron falls into the inner orbital vacancy and a second electron is simultaneously
emitted, carrying off the excess energy. The Auger electron effect occurs roughly 10™ seconds after the

photoelectric effect.
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Figure 9: The “universal curve” for inelastic mean free paths, versus electron kinetic energy (eV) (23).

The x-ray photoelectron spectroscopy principle originates from the photoelectric effect, discovered by Hertz. If a
photon with sufficient energy hits an electron in an atom the energy of the photon can be used to overcome the
binding energy (BE) of the electron and emit it from the atom. The kinetic energy of the photoelectron (Exin) can
be calculated by the basic equation of XPS, Equation 2. The electrons are detected with an electron energy
analyser, where they are filtered with an electric field. Therefore the work function ¢ of the electron analyser has

to be considered as well as for the kinetic energy of the electrons.

Epin= hv—BE — ¢

Equation 2: The basic formula for XPS, where h is the Planck constant and v is the frequency of the incident photon,
together the photonenery. BE represents the binding energy core level electron, Ey;, the kinetic energy of ejected
photoelectron and ¢ the work function.

As different elements have different core level binding energies, XPS can be used to identify different chemical

species. The chemical surrounding can also be detected; they are visible in the spectra as chemical shifts. The

XPS signal intensity is proportional to the amount of emitted electrons from a specific core level @3

2.3.1 Surface sensitivity

The reason that XPS is a surface sensitive technique lies in the intense inelastic scattering that occurs for
electrons in this energy range. If an electron travels through a medium it can undergo inelastic collisions with
other electrons. During an inelastic collision the electrons will lose some of their kinetic energy. Due to this loss
these electrons can only be detected at lower kinetic energies and therefore contribute to the background of the
spectra. For an electron of intensity |, emitted at a depth d below the surface, the intensity is attenuated according
to the Beer-Lambert law. So, the intensity Is of the same electron as it reaches the surface is given in Equation 3.

If the depth is three times the mean free path the signal is already reduced by 95%. Therefore quantity 3 A is

called information depth.
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Ig= I+ e~/

Equation 3: Beer-Lambert law explaining the attenuation of the intensity due to inelastic collisions of the electrons in
the sample. With |, representing the original intensity, Is the measured intensity, d the travelled distance of the
electrons ejected from the sample surface and A the mean free path.

Thus A is of great relevance in respect to the surface sensitivity of XPS. It mainly depends on the kinetic energy of
the electrons, but also on the material. Figure 9 shows the so called “universal curve” for the dependence of the A
on the kinetic energy of the electrons. The curve has a minimum around 50-100 eV, so the best surface sensitivity

is reached by bringing the kinetic energy of the electrons close to 100 eV @3)

2.4 Electron energy loss spectroscopy

Another important method for chemical analysis is electron energy loss spectroscopy. The technique measures
electron loss events from a monochromatic electron beam after interaction with the sample. Vibrational motions of
the atoms and molecules at the sample surface can be analysed by these energy losses. Therefore, EELS is
used in material science to obtain structural, chemical and electronic information about a sample. Table 3

compares some important features of the used methods for surface analysis of samples in this thesis.

Table 3: Summarization of the basic factor for chemical surface analysis in UPS, XPS and EELS (23).

Elements not

REClENE) In.pu.t Information Sensitivity Quantification covered
detected radiation
UPS Electrons Photon Chemical 1% Easy N/A
EELS Electrons Electrons Chemical 1% Easy N/A
XPS Electrons Photons Chemical 0.3% Easy H, He
Elemental

To start an EELS experiment, electrons from the source need to be accelerated to high energies (+ 100 eV)
before they enter the sample surface. Electrons are mostly scattered elastically, changing their direction but not
their energy. However, a small part of the electrons is inelastically scattered. These inelastically scattered
electrons lose energy to the sample due to specific excitations like, e.g., the creation of plasmons. EELS typically
measures the distribution of inelastic scattered electrons with respect to the elastic peak

Zero loss peak

Plasmon
Number

of
counts

jonisation edge

0

Energy Loss

Figure 10: Basic graph of an EELS spectrum, showing the elemental
features (zero loss peak, plasmon, ionization edge).
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Figure 10 shows a schematic representation of an EELS spectrum. The largest signal occurs at energy loss zero,
the zero loss peak (ZLP). This peak contains all electrons that crossed the sample without losing any energy. The
energy loss spectrum of the inelastic scattered electrons is measured from this point on. Plasmon losses and

ionization edges are the other principal features of such spectra (24.25)

2.5 Atomic force microscopy

Atomic force microscopy is a scanning probe microscopy technique used to image the topography of structures
with a resolution in the nanometer range. Microscopy imaging methods give information on the position and
shape of the graphene flakes, but not on their surface morphology and height differences. These needs can be
met by measuring the samples with AFM. Another advantage is that AFM allows imaging of both conductive and
insulating samples.

The basic concept is that chemical forces, van der Waals forces and electrostatic forces act between a sample
and a sharp tip. This sharp tip, which ideally consists of a single atom point, is scanned over the surface giving
the x- and y-coordinates of the data. The determination of the z-coordinate depends on the chosen AFM mode
but in principle all of them measure the force acting between tip and sample. The characteristic force distance
curve is described by a Lennard-Jones potential and shown in Figure 11.A.

Two regions characterize this potential, they have a different potential gradient and there is a minimum between
them. This leads to the development of two main AFM modes, contact mode and non-contact mode. All contact
modes work on the branch with negative slope and the non-contact modes in the region with the positive one. The
tapping mode combines both regions, working near the minimum of the potential. Non-contact mode is used for

the AFM images of the graphene samples in this thesis (26,27)

10

8k
Non-contact mode Ro'::aclzl'on
6
4}
F
o 2r Detecting and
r of controlling
c ﬂ electronics
e 2r
4}
(nN) Contact mode
6 Attractive
forces
8} Scanner
-10 : o Image recording X.Y.Z directions
0.0 0.5 1.0 15

Tip-sample distance (nm)

A B

Figure 11: (A) The Lennard-Jones potential describes the acting forces (nN) between the tip and the sample in function
of the distance (nm) between them. (B) A schematic illustration of an AFM set-up; the scanner moves the sample
holder while the tip is at a fixed position. The force between the tip and the sample causes a deflection of the
cantilever. These deflections are monitored by a photodetector and processed using imaging software.
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The force between tip and sample surface is measured by the change in oscillation amplitude of the cantilever,
whose bending is detected by the combination of a laser beam focused onto the cantilever backside and a
position sensitive photodiode as shown in Figure 11.B. While the sample is scanned beneath the tip, a feedback
loop adjusts the cantilever closer to or further away from the sample surface in order to keep the oscillation
amplitude constant. The recorded information of the adjusted height values gives a topography image.

The lateral resolution depends on the tip size; a thinner tip gives a better resolution. Normally a resolution of 0.05
nm can be reached under ambient conditions. Other quantities can additionally be recorded such as the phase or
the amplitude of the signal (26, 27)

The AFM used is a commercial ambient condition instrument Park systems NX10 and the AFM images were

analysed and processed using the Gwyddion software.

2.6 Raman spectroscopy

Raman spectroscopy (RS) is an analytical method to obtain vibrational spectra of the molecules present in the
sample. During the measurement the sample is radiated by a monochromatic laser beam of a certain wavelength
A and frequency. The monochromatic beam photons will interact with the sample and the light will be reflected,
absorbed or scattered by the molecules present in the sample. The photons can be elastically scattered, without
changing the A or scattered by inelastic collision. RS detects the inelastic scattered signal. During inelastic
scattering the photons will transfer energy, which will cause a slight difference in wavelength or frequency
between the incoming and scattered light.

This phenomenon is called the Raman effect and it is illustrated in the Jablonski energy diagram, shown in

Figure 12. The difference in frequency, the Stokes Raman shift, is due to transitions in the vibration states of the

(28, 29)
molecules .
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Figure 12: Jablonski energy diagram for Raman scattering. Irradiation by a laser will excite molecules from a
vibrational state 1 or the ground state 0 to a higher energy level. Afterwards the molecules can fall back to lower
energy states by either Rayleigh scattering or Raman scattering.
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The monochromatic incoming light will thus result in variant wavelengths due to different Raman shifts. These
different wavelengths are shown as Stokes Raman lines in the spectra and they represent the detected
molecules. Raman shift due to lower frequencies are anti-Stokes lines, those due to higher frequencies are
Stokes lines and Rayleigh lines still have the same frequency. An important condition for Raman scattering is that

it can only be detected if there is a change in the electron distribution or polarization in a bond during vibration.

Therefore molecules that have a centre of symmetry during the vibrations cannot be detected with RS (28, 29)
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Figure 13: (A) Typical Raman spectra of single layer, multilayer graphene and graphite spectra with the 3 main
features, a visible G and 2D peak and the small D band (9, 30). (B) Atomic displacements of the G and D mode (31).

Previous research has shown that RS is a powerful technique to identify the number of layers as well as the
density of the defects of the graphene sample. In more advanced analysis it can also be used to determine the
influence of strain, the local doping levels and for the study of the electrical properties or the electron-photon
coupling effect.

Figure 13.A shows typical Raman spectra graphene and graphite with the most prominent features, the D peak,
the G peak and the 2D peak. Graphite being composed out of multilayers of graphene shows similar Raman
features. The G peak at 1580 cm™ and the 2D peak around 2700 cm’ are the main bands in the spectra. This is in
contrast with the D band at 1355 cm". This peak is only present if there are unwanted carbon defects in the
graphene layer (Figure 13.B). The presence of graphene can be determined by looking at the G band or G mode.
It involves in plane bond stretching of the previous mentioned planar sp2 bonded carbon atoms in graphene, see
Figure 13.B.
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The influence of the laser frequency is almost negligible on the position of the G peak, while the other bands shift
with a change in laser energy. The other main peak in graphene spectra is the second order of D band, the 2D
peak or G™ peak. The 2D band shape and width provide information on the number of layers in the sample.

The ratio of intensity between the 2D peak and G peak (l2o/lg) is an important tool to discriminate single from
multi-layered graphene. From Figure 13.A one can calculate that single layered graphene has an Ixp/lg ratio larger
than 2 and bilayer graphene has aratio of 1. These are ideal values for the |2p/lg ratio; they can vary with the used
laser frequency or energy. Another ratio that can be used to estimate the graphene layer quality is the Ip/lg ratio.
The Ip/lg ratio is a measure of the disorder in the sample, which can be edges, charge puddles, ripples, or any

other defect. A low Ip/lg ratio indicates good quality graphene samples (31.32)

The Raman measurements in this thesis were performed with T64000 Horiba scientific Raman system, using the
488 nm Argon laser. The 2D band intensity strongly depends on the laser energy. Costa et al. and previous
research has shown that the Iop/lg decreases with an increasing laser energy or frequency. The highest 2D band
intensities are reached using a 514 nm or 633 nm laser. Due to a higher laser energy the 2D band obtained in our

spectra has a lower intensity and therefore we expect a lower lap/lg ratio for our samples ®3)
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Chapter 3

Results and discussion

In this chapter the most important results of this thesis project are presented and discussed. An overview table of
all the produced samples and their different CVD processes can be found in the appendix, Table 5. First, the
Raman spectroscopy measurements of our graphene samples are analysed to estimate their quality. We will also
discuss the morphology of our produced graphene by means of AFM images. Finally, XPS, EELS and UPS
spectra are used to characterize the chemical composition of the graphene before/after exposure to 1 bar air and
after the thermal treatment. Besides measuring our graphene samples, we also performed Raman, XPS and

EELS measurements on a highly ordered pyrolytic graphite (HOPG) sample as reference.

3.1 Raman measurements

The Raman measurements of the graphene samples were performed using a polarized laser with a wavelength of
488 nm, under ambient conditions. Our used copper foils have a large backscattering signal, which will give a
high background in the obtained spectra. In the next section, the most important data is presented and the rest of
the Raman spectra can be found in the appendix Figures 35 to 46. First, a Raman spectrum of an annealed Cu
sample is shown, as an example for the high background of the Cu samples. Then, Raman spectra of HOPG and
our graphene on Cu samples are presented. Raman spectra of our graphene after the thermal treatment are also
given in this first part. The second part contains an overview table of the two most important ratios Iop/lg and Ip/lg

of all the produced samples.

3.1.1 Raman spectra of annealed Cu, HOPG and graphene before and after treatment

Figure 14 shows the Raman spectrum of an annealed copper sample, magnification of the objective is x100. It
displays the characteristic signatures of the influence of our Cu substrate in the obtained graphene Raman
spectra. Copper will act as a mirror, providing a large backscattering signal and therefore a high noise level in the
measurements. This sample was annealed for 40 minutes under 35 sccm hydrogen gas. In contrast to the HOPG
sample and our graphene sample in Figures 15-18, the annealed Cu sample does not displays D, G or 2D peaks.

This absence shows that there is no contamination in our reactor that could cause deposition of carbon structures
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on our Cu substrates. Consequently, the carbon signals in the following Raman spectra are due to the addition of

methane gas during the CVD processes.
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Figure 14: A typical Raman spectrum obtained from an annealed Cu foil (A = 488 nm). There are no visible D, G or 2D
bands present. Only the high background signal is visible in these spectra.

As mentioned previously highly ordered pyrolytic graphite (HOPG) and graphene exhibit only a few detectable
Raman bands. A larger G peak observed at 1580 cm’, due to C-C bond stretch vibration of the carbon atom
lattice. The small and wide 2D peak at 2700 cm’ is also visible in the HOPG Raman spectra and the lzp/lgratio is
much lower than. The transformation of graphite to graphene leads to a decrease of the G band intensity. In

addition the 2D peak shows a significant change in the shape and intensity.
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Figure 15: A typical Raman spectrum obtained from a HOPG sample (A = 488 nm). These spectra show a strong G band
at 1580 cm” and a wide 2D band around 2700 cm’. The Raman measurements are performed with the following
parameters: objective magnification: x100; 3x120 s measuring time.

The following Figure 16 displays the characteristic signatures of graphene Raman spectra. Namely, the defect
band or D peak at 1357 cm’, which has a low intensity. This low signal is an indication that there are only a few

defects in our graphene sample. The next bands are the G peak at 1580.9 cm™ and the 2D peak at 2711 cm'.
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The Ip/lg and I2p/lg ratios of this graph are 0.069 and 1.38, these indicate that the graphene is of high quality,
there is a low defect prevalence and that the number of graphene layers is between single layer Iop/lg (ratio lager

as two) and a bilayer Iop/lg (ratio of one).
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Figure 16: A typical Raman spectrum obtained from graphene (A = 488nm). Small D (1357 cm’) band contribution points
towards a very low amount of defects. The high G peak (1580.9 cm’) and 2D peak (2711 cm’) indicate the formation of 1
to 2 layered graphene samples.

Figure 17 shows the Raman spectrum of the graphene sample after thermal treatment to remove the
contamination due to exposure to 1 bar air. Despite their lower intensities, the G band at 1593.67 cm™ and 2D
band at 2694.32 cm’ are still observed. The observation of the D peak at 1347.2 cm’ is more prominent with a
higher intensity.

When the ratios of the 2D and G peak intensities of the Raman spectra before and after treatments are
compared, there is a decrease of a factor 2 visible. This, together with an increase in the D band intensity shows
that the thermal treatment causes a small amount of damage in the graphene samples but the spectra are still
recognizable. These Raman results will be compared to the XPS and EELS measurements in the next

paragraphs.
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Figure 17: A Raman spectrum obtained from graphene after thermal treatment of 773 K and 973 K
(A =488nm). The increased D (1347 cm’) band points towards a small increase in the amount of defects. The high G
peak (1593.6 cm’) and 2D peak (2694.3 cm’) indicate the formation of 1 to 2 layered graphene samples.
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3.1.2 “Game changer” monolayer graphene on Cu

At the end of this thesis project, after having made some adaptations to the experimental set-up (heater system)
in order to extend the stability of the deposition system at high temperature, monolayer graphene could be
synthesized by increasing the CVD process time from 30 to 40 minutes. This is shown in Figure 18, which

presents the characteristic signatures of single layer graphene.
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Figure 18: A Raman spectra of the produced single layer graphene (A = 488nm) on copper. The D band at 1351.4 cm’ is
rather small. While G band as well as a large 2D are located at 1584.7 cm” and 2696.6 cm’. The Raman measurements
are performed with the following parameters: objective magnification: x100; 3x120 s measuring time.

The Raman spectrum shows a small defect band at 1351 cm™. The G peak is located at 1584.7 cm™ and there is a
large 2D peak visible at 2696.6 cm". The Ip/lg and lxp/lg ratios of this graph are 0.18 and 2.17, proving that we
produced single layer graphene of a reasonably quality.

Unfortunately, due to the time frame of the master thesis project, we did not have enough time to perform XPS,
EELS our UPS measurements on this sample. However, chemical analysis of this sample and the underlying

CVD process will definitely be explored in the very near future.

3.1.3 Ip/lgand lyp/lg ratios table

The intensity ratio of the D/G band and 2D/G band are given in Table 4 and they will be used to estimate the
amount of layers as well as the quality of our graphene samples. The Raman spectra of these values are all given

in Figures 35 to 46, which can be found in the appendix. Due to the high background signal the intensities are

calculated in Origin 8.0 after integration and the creation of a baseline for the different peaks.
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The influence of the high background signal is clear when the intensities of the graphene samples 1 and 2 before
and after their transfer to silicon dioxide (SiO2) substrates are compared. Overall all the intensities increase, which
is positive for the G and 2D band signal. The disadvantage is that this transfer causes more defects in the
graphene structure, resulting in an increased D band intensity. Further elaboration of this transfer process could
be a future prospect, but the transfer process is not discussed in this thesis.

The Ip/lgratio is used to measure the degree of disorder in the graphene lattice that arises from structural defects
introduced during the CVD process as well as from the crystallite dimensions. The Tuinstra Kéning relation in
Equation 5 gives a formula to estimate graphene crystallite sizes (La) using Raman spectroscopy, where the value

of the empirical constant C (Ejaser) depends on laser energy (32, 34),

I_D C(Eia -10

— C(Ewaser)
o L = L,(nm)

)A(488 nm)*
Ip/l;

_ (2.4%10

Equation 5: Tuinstra Koning relation to estimate the graphene crystallite size L, (nm) using the Ip/l; ratio and the laser
excitation wavelength A (nm).

Based on the above relation, we can conclude that the CVD process used for sample 5 creates the best quality
bilayer graphene sheets. The graphene of sample 5 shows ordered graphitic regions with a size of ~197 nm
surrounded by areas of carbon defects or edges. This value can be directly compared with the size of the areas
observed in the AFM images, reported in the next section. When we look at the single layer graphene flakes in

sample 12 we see a larger Ip/lg ratio and consequently their diameter will be smaller, approximately 75 nm.

Table 4: Overview table of the intensity ratio of the D/G band and 2D/G band of the different samples and their CVD
processes. The symbol X indicates that the intensity of the peak was not significantly higher as the background signal
and therefore could not be integrated in our calculations.

Samples I/l ratio lp/lg ratio Samples I/l ratio lp/lg ratio
Sample 1 on Cu X X Sample 6 annealed Cu X X
Sample 1 on Si 1.47 0.40 Sample 7 on Cu 0.22 0.21
Sample 2 on Cu 0.44 X Sample 8 on Cu 0.44 1.05
Sample 3 on Si 0.20 0.36 Sample 9 on Cu 0.08 X
Sample 4 on Cu 0.41 1.31 Sample 12 on Cu 0.18 2.13
Sample 5 on Cu 0.069 1.38 HOPG sample X 0.16
Sample 5 after treatment 0.28 0.71

High quality single layer graphene has a sharp 2D peak, roughly at least twice the intensity of the G peak. An
increase of the amount of layers in the graphene sample will lead to significant decrease in intensity of the 2D
band. Bilayer graphene therefore has a large band or a larger FWHM as single layer graphene and the Iop/lg ratio
is decreased. Graphene samples with more than five layers have Raman spectra that are almost identical to that
of bulk graphite (HOPG).

Thus, with the use of Raman spectroscopy one can clearly distinguish a single layer, from bi-layer or multi-layer
by looking at the 2D/G band ratio. Again when we look at the calculated ratio in Table 4, sample 12 has the
highest lop/lg ratio value and therefore the best suited CVD process to produce single layer graphene. The bilayer
graphene in sample 5 is also of good quality, thus allowing to study its chemical and electronic properties using
XPS, EELS and UPS as presented below.
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3.2 Optical and AFM images

As previously mentioned, it is still a challenge to produce large area uniform graphene sheets suitable for
applications. CVD on Cu has proven to be a practical solution for low defect graphene with a controlled synthesis.
During our CVD processes methane was decomposed on Cu foil at high temperature. Due to the limited solubility
of carbon in Cu, CVD on Cu substrates results in mono- or bilayer graphene sheets with dimensions up to several
inches. Obviously, the unpolished surface of these polycrystalline Cu foils is very different from single-crystalline
Cu (111) substrates and the graphene growth should be strongly influenced by the presence of a polycrystalline
surface. To gain more control over the production process of graphene, it is of major importance to understand
the interaction between our grown graphene sheet and such Cu foils.

Hence, some AFM results of as-grown graphene layers on Cu are presented below. These AFM images are used

to study the continuity of the graphene on top of the Cu foil.

Figure 19: Optical microscope images of untreated Cu foil (left), annealed Cu (middle) and graphene on Cu (right).
Thermal annealing under UHV conditions will make the Cu foils more crystalline.

Y. Zhang et al. and L Zhao et al. have shown that graphene domains can span over several micrometers and the

domain orientation does not depend on the Cu substrate symmetry (7. 8 35 36)

. Figure 19 shows optical
microscope images of the copper foil morphology before CVD and after different CVD steps. There is a clear
difference visible between the untreated Cu substrate (left side) and after its annealing to the deposition
temperature (the middle image, no growth yet). Microscopic structures (‘flakes’) appear after heat treatment,
indicating the thermal behavior of our polycrystalline Cu foils. Y. Zhang et al. also shown that this thermal
behavior of Cu is very distinct from that of graphene and that the formation of wrinkles and ripples is related to this
difference . The higher thermal expansion coefficients of Cu result in more contraction between the Cu surface
and the graphene, leading to the release of graphene on certain places and so the formation of wrinkles.

In the next figures the most important AFM images and their height profiles are selected, to explain the correlation

between the Cu surface and the grown graphene sheets.
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Figure 20 illustrates the topography of an annealed Cu foil, which was heated for 40 minutes at 390 Watt with a
flow rate of 50 sccm hydrogen gas. The 2D and 3D AFM images show lamellar structures caused by the high
temperature. From the line profile the height differences between the different lamellas or terraces, which can be
determined yielding an average step height of ~8 nm and a width of 100 nm. The absence of height variations
within the terraces (due to wrinkles) together with the previous Raman results indicate that there is no graphene
present on the Cu substrate yet despite the presence of carbon-based residual gas molecules (like CO) during

annealing under UHV conditions.
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Figure 20: AFM topography image of an annealed Cu foil sample 6 (upper left picture). The Cu foil was heated for
40 min at 390 Watt under 50 sccm of hydrogen gas. A 3D (lower left picture) close-up image demonstrating clear
lattice distortions and corresponding section views across the different planes (upper line profile) and in plane (lower
line profile) are presented on the right side. These height profiles show that the big steps (visible lammeala on the 3D
image) are around 10 nm, while the height inside one plane does not show any significant height differences.

There are clear morphological differences visible when comparing Figure 20 (annealed Cu) with Figures 21 or 23,
both representing graphene on Cu. Figure 21 depicts an AFM image taken on sample 4. Here, the produced
graphene is of lower quality than that of sample 5 shown in Figure 23. Raman spectra of sample 4 show a higher
In/lg ratio, which indicates the presence of more carbon defects. Our 2D and 3D AFM images show the presence
of undesired CuxO nanodots. From the dark planes in the phase image it is clear that there is still uncovered Cu
present. Wen Ge et al. have shown that these not fully covered Cu surfaces result in the formation of nanodots at

the edges ®
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40 nm
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Figure 21: AFM topography 2D and 3D images of sample 4. The CVD process can be found in the appendix. There are
a lot of copper oxide nanodots present. From the phase image (lower right picture) the non-covered Cu is visible as
the darker parts while the graphene layer is indicated by the lighter colour.

A series of AFM images of graphene on Cu are shown in Figure 22. On these pictures graphene flakes on Cu
terraces are indicated and their boundaries are clearly visible. These Cu terraces provide good graphene
nucleation sites, this effect will be explained in Figure 22.

Figure 22: AFM images of graphene on copper samples where the graphene domain boundaries are clearly visible.
Graphene and Cu are indicated as “G” and “C” respectively.
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The presence of the nanodots is almost negligible in the AFM image of sample 5 presented in Figure 23. In this
figure carbon lattices on terraced regions can be observed. Again the terrace steps are around 8 nm in height
over 100 nm distance, but besides this observation there are also in plane height differences. In contrast to Figure
20, this line profile (lower line profile on the right) show height difference between 0.5 and 0.8 nm in plane.

Zhang et al. confirm that these findings in height differences can indicate the presence of wrinkles or ripples over

an average of 30 nm. These AFM images together with the previously shown Raman spectra prove that we were

36
able to produce graphene sheets on our copper substrate terraces (36),
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Figure 23: AFM topography 2D and 3D images of sample 5 (left). The CVD process can be found in the appendix. There
are almost no copper oxide nanodots present. Corresponding section views across the different teraces (upper line
profile) and in plane of a terace step (lower line profile) are presented on the right side. These height profiles show
that the big steps are around 8 nm, while the height inside one plane changes with 0.5 to 0.8 nm.

So far, this work indicates that we have grown bilayer graphene flakes with diameters of around 197 nm diameter.
Overall there are only weak interactions between the graphene and the copper substrate. But due to thermal
expansion defect ripples and wrinkles can evolve along areas where there is strain release. Furthermore, this
strain effect due to the perfect two-dimensional graphene that lies on the highly polycrystalline Cu surface is found
to induce local bonding between the graphene sheet and its substrate. This will cause configuration changes of

the carbon atoms from sp2 to sp3 hybridization 8,
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3.3 XPS, EELS and UPS analysis

XPS, EELS and UPS are all surface sensitive spectroscopy methods, which make them ideal candidates to study
one atom thick graphene sheets. By measuring our graphene samples in situ after CVD, we eliminate the
presence of surface contaminations. These in situ measurements will be compared with post growth
measurements, after exposing our samples to ambient conditions. These results will determine the graphene-Cu
interaction after growth as well as the influence of an ambient environment on the chemical character of
graphene. We also aim on finding a treatment to remove these air-based contaminations. Therefore, we subject
our exposed graphene sample to two thermal treatments. The results of these thermal treatments are also
analysed with XPS and EELS. Beside graphene samples chemical analysis was also performed on a HOPG
sample serving as a reference.

Most of the spectra have a background signal. This background is subtracted during peak analysis in Origin to

obtain correct intensity values.
3.3.1 Survey XPS measurement of Cu substrate before and after treatment
Before starting with the CVD process of graphene, we measured the Cu foil 99.999% of Alfa Aesar that will serve

as substrate and catalyst. A wide XPS scan was performed before and after the annealing step. During the

annealing step the Cu foil was heated for 20 minutes at 1200 K under a continuous flow of 35 sccm H; gas.
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Figure 24: Wide scans of a contaminated (ex situ) Cu foil before (bottom curve) and after (top curve) its in situ

cleaning. The major Cu peaks arising from the clean sample are the most intensive ones. On the contaminated sample
the presence of C, N and O surface impurities is visible. These survey scans were recorded at a pass energy of 187 eV.
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Figure 24 displays the two wide XPS spectra of annealed Cu and untreated Cu. All the intensive peaks of the
clean Cu surface are almost completely damped by contaminations from exposure to air. The major elements in
this contamination layer that covers the Cu foil are due to hydrocarbon peaks (C 1s peak at 284.5 eV), oxygen (O
1s around 533 eV) and nitrogen (N 1s at 400 eV). After the annealing step, all these contaminations are removed
and a clean Cu surface remains. This clean surface will serve as catalyst during the subsequent growth of

graphene by CVD.

3.3.2 XPS survey of Graphene on Cu and HOPG

When a wide XPS scan of graphene on Cu substrate is compared to that of HOPG, there are clear differences
(Figure 25). The XPS survey of HOPG only shows carbon peaks, a very large C 1s peak and a small C auger
peak around 484 eV and 1221 eV, respectively. In contrast, the major peaks in the graphene/Cu spectrum are
caused by photoemission from the underlying Cu substrate. As expected, a small C 1s peak appeared after the
growth step. This small peak indicates that there is formation of carbon deposits on the Cu foil. Raman and AFM

images confirm that this carbon peak is due to the formation of bilayer graphene on the Cu foil.
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Figure 25: Wide scan of a graphene/Cu sample and HOPG serving as reference. The major Cu peaks arising from the
Cu substrate are still the most intensive ones, but there also appears a small C 1s peak (284.5 eV). This C 1s peak has
a much higher intensity in the HOPG graph. These surveys were recorded at pass energy of 187 eV.
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3.3.3 XPS survey of annealed Cu, graphene on Cu and graphene after exposure

The wide XPS scans in Figure 26 compare an annealed Cu foil and graphene on Cu sample before and after
exposure to 1 bar air. It illustrates the change in the carbon 1s, oxygen 1s and Cu 2pz3 peaks.

The carbon 1s peak appears after the growth step during the CVD process and its intensity increases after air
exposure. This increase is caused by the absorption of hydrocarbons form the air on the graphene sample.
Exposure to air also causes oxygen contaminations and the Cu peak intensity decreases due to large damping

effect caused by the contamination layers on top of the Cu substrate.
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Figure 26: Wide scans of an annealed Cu sample and a graphene on Cu sample before and after exposure to 1 bar air.
The major Cu peaks arising from the Cu substrate are still the most intensive ones in all the spectra, but there also
appeared a small C 1s peak (284.5 eV). This C 1s peak has a large intensity after air exposure due to hydrocarbon
absorption. After air exposure there is also an O 1s peak present (533 eV). These survey scans were recorded at a
pass energy of 187 eV.

The overview scans presented in Figure 26 give a first impression of the changes induced during the CVD
process and after exposure to air for an extended time. They show that all contaminations can be removed from
the Cu foil by heating it at 1200 K for 20 min under a continued flow of 35 sccm. After this annealing step
graphene growth can start, the formation of graphene will give rise to a small C 1s signal and a very small
damping effect that decreases the Cu 2p doublet. After their exposure to air, graphene/Cu samples reveal the
presence of contaminations on the sample surface. Absorption of hydrocarbon and oxygen is detected as well as
a larger damping effect of the Cu signal. The following XPS measurements analyse changes in the Cu 2p2s3, C 1s

and O 1s peaks in more detail, damping effects are calculated and chemical shifts are analysed.
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3.3.4 XPS measurement of C 1s peaks of HOPG, graphene on Cu before/after exposure and

treatment

Figure 27 shows the evolution of the C 1s XPS spectra of graphene after CVD, air exposure and thermal
treatment. As previously shown, there were no carbon signals present after the annealing of the Cu substrate
under hydrogen atmosphere in UHV (XPS survey shown in Figure 26). Upon methane exposure a carbon peak
component appeared around 284.7 eV in our graphene on copper sample (graphene/Cu). Other XPS spectra
obtained after exposure to air or after thermal treatment show two different carbon components located at binding
energies of 284.4 eV and 285.2 eV. Differences in the defect density and graphene copper interaction cause this

variation of main carbon positions.
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Figure 27: Overview of the C 1s peaks of a graphene on Cu sample (graphene/Cu), a graphene on copper sample
after 2 months of air exposure and a graphene sample after the two thermal treatments. The table under the graph
shows the position of the carbon peaks maximum. These max positions may not be confused with the carbon
components, which are located in the different carbon peaks. These spectra were recorded at pass energy 6 eV.
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The observed C1s position in the graphene/Cu sample is consistent with findings of Kidambi P. et al. ® When
this value is compared to that of HOPG (Figure 28), given in Figure 28, we see some clear differences in the
binding energy. The main carbon component is at 284.4 eV for HOPG, while that of graphene on Cu is positioned
at a higher binding energy (284.7 eV) thus, indicating an interaction between the substrate and the graphene
layer. The higher binding energy is due to interactions between the Cu substrate and graphene, which eventually
causes a charge transfer between the two sub-systems (Kidambi P. et al.). When we look at the XPS spectrum of
our graphene samples after they have been exposed to air for two months, we see a small shift towards a lower
binding energy (Figure 27). This might reflect a modification in the interaction between the graphene and its Cu

substrate due to adsorbates/chemisorbates from the ambient.
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Figure 28: High-resolution XPS spectra of the C 1s core level region of our graphene on copper sample and a HOPG
sample serving as reference. The C 1s peak is located at 284.75 eV for the graphene sample and at 284.2 eV for the
HOPG sample. These spectra were recorded at a pass energy 6 eV.

Beside a shift of the main C 1s line, the XPS spectrum in Figure 29 reveals two additional components caused by
the interaction of carbon atoms with oxygen-related species. The first component around 286.5 eV is assigned to
alcohol (C-OH) groups, the second around 288.7 eV arises from carbonyl (O-C=0) groups, thus reflecting the
presence of complex surface contaminations with strong polar character. After the thermal treatments a shift back
towards the position of the in situ prepared graphene can be seen accompanied by the disappearance of the

carboxyl contamination thus indicating a cleaning effect due to annealing.
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Figure 29: XPS data of a graphene on copper sample after it has been exposed to air for two months. The C 1s core
region with its maximum at 284.6 eV shows the presence of three components. The first peak around 286.5 eV is
assigned to alcohol (C-OH) groups, the second around 287.5 eV is caused by C=0 groups and the third rises from the
carbonyl (O-C=0) groups around 288.7 eV. This spectrum was recorded at pass energy 6 eV.

Overall we conclude that the main C1s component represents graphene on Cu, while the additional contributions
reflect an interaction of the graphene layer with different physisorbed/chemisorbed oxygen species. As already
mentioned in the AFM results, graphene will only occasionally form weak bonds with the copper substrate,
causing the formation of wrinkles or ripples. These weak interactions with the substrate will break due to
absorption/intercalation of oxygen-related polar species when our graphene samples are exposed to air. After
appropriate heat treatments we see the removal of carbonyl and alcohol groups. This is a first indication that our
thermal treatments are sufficient in removing the absorbed oxygen and in restoring the copper graphene

interactions.

3.3.5 XPS characterization of Cu peak on annealed Cu and graphene on Cu

In addition to this detailed chemical analysis of the carbon component, in situ high-resolution XPS studies are also
performed on the Cu 2p23 core level. Figure 30 shows two XPS spectra of this copper peak located at 932.7 eV,
one spectrum acquired after the hydrogen annealing step and the other one after exposure to methane gas

during the growth process.
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When we look at the spectra there is a difference, which is due to the damping effect of the carbon layer on the

copper signal. In the simple case of a homogeneous graphene layer on a copper substrate the layer thickness (d)

can be calculated by the damping effect given in Equation 6 (3, 37),
I
d= —In (-9 ). cos (6)
Ieu ()

Equation 6: Formula used to calculate the graphene layer thickness by using the intensity of the copper peak before
and after graphene growth (lcu(0)and lcu(q)) the mean free path of carbon Ac and the emission angle 6 (during our
measurement this angle was set at 20 degrees).

This formula estimates the thickness of the formed graphene layer to be around 0.3 nm by using the inelastic
mean free path of carbon, the emission angle of the photoelectrons and the measured photoemission intensities
of Cu before and after growth. One carbon layer is estimated to have a thickness of 0.22 nm, this calculation thus
agrees well with the information derived from the lop/lg ratio of our Raman measurements (Figure 16) which

pointed towards a bilayer graphene on our copper substrates.
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Figure 30: High-resolution XPS spectra of the Cu 2p;, core level of a copper sample after the annealing step and after
the growth step. The peak position is at 932.7 eV and the intensities are given in the table next to the spectra. The
difference in intensity is due to the damping of the copper signal by means of the graphene overlayer. These spectra
were recorded at a pass energy 3 eV.

3.3.6 XPS spectra of O 1s peak of Graphene sample after exposure and after treatment
The last XPS spectra displayed in Figure 31 shows the oxygen signal on the graphene/Cu sample after it has

been exposed to air for two months and after the thermal treatment at 773 K. After air exposure there is a broad

oxygen signal visible with two peaks.
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These two peaks are assigned to oxygen in the carbonyl (C=0) group at 531.2 eV and in the hydroxyl (OH) group
at 532.6 eV. The O 1s spectrum after the first thermal treatment exhibits one large peak at the hydroxyl
component position and a small increase around the carbonyl group component. During this first treatment the
graphene sample was heated to 773 K for 5 minutes in UHV. From this O 1s spectrum we can conclude that a
heat treatment at 773 K was not sufficient to remove all the contaminations from the graphene surface. It is
important to note that no significant oxygen signal was measured after the second treatment, were the

temperature was increased to 973 K for five minutes.
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Figure 31: High-resolution XPS spectra of the O 1s core level region of a graphene sample after air exposure and after the
first annealing to 773 K. Two main peaks are assigned to oxygen, the carbonyl (C=0) group at 531.2 eV and the hydroxyl
(OH) group at 532.6 eV. These spectra were recorded at pass energy 6 eV.

From these measurements we can conclude that the first thermal treatment has only partly removed the oxygen
contamination from the graphene surface. While the second treatment did succeed in the complete removal of

oxygen species, it did however cause minor damage to the graphene sample, causing increase in the Ip/lg ratio.

3.3.7 UPS and EELS measurements of annealed copper and graphene on Cu before/after air

exposure and after thermal treatment

Besides in situ XPS measurements, UPS and EELS measurements were also performed during this thesis
project, to detect changes of the electrical character, band bending and charge transfer of the valence band of our
graphene samples. First, we are going to explain the obtained UPS spectra, afterwards we finish this chapter with

analysing our EELS results.
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Figure 32 compares the UPS valence band spectra of annealed Cu, graphene grown on Cu and graphene on
copper after they have been exposed to an ambient environment. The UPS spectra were collected within 14 eV of
the Fermi level located at the origin (0 eV). The UPS spectra of our annealed copper sample shows spectral
features of the Cu-3d band for binding energies between 2-4 eV, with the Fermi edge at 0 eV and the 4s band
visible in the range around 0-2 eV.

When we look at the graphene/copper spectrum we notice an overall decrease in the copper signal intensity.
However the 3d band and the Fermi edge signal can still be distinguished. This decrease in intensity is due to the
carbon deposition on top of the Cu substrate that damps the copper photoelectron intensity as described before.
On the other hand, the main features of the Cu3d-band can clearly be recognized thus pointing to a rather weak

interaction between the Cu support and the graphene layer on its top.
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Figure 32: This figure shows UPS spectra of an annealed copper sample, graphene on copper sample and one
graphene sample after it has been exposed to air for one week. In the annealed copper spectrum we can identify the 3d
band at 2 eV, the Fermi edge at 0 eV and the plateau like 4s band between them. In the spectrum of one graphene
sample we can see a small emission feature at 3 eV. This is caused by the 1 band state of graphene. These spectra
were recorded at pass energy 3 eV.

In the UPS spectra of graphene, we also see a small emission feature at around 3 eV, which is not present in the
spectrum acquired on the pure Cu substrate after annealing. Cho S.W. et al have shown that this increase is
caused by the 11 band state of graphene. In other words this peak around 3 eV is characteristic for the carbon sp2

hybridization in our graphene layer (38,39)
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After our graphene samples have been exposed to air for one week, the spectral features of Cu are no longer
discernible thus pointing to a large amount of oxygen and carbon based adsorbates on top of the graphene. All
the absorbed impurities affect the charge carriers, the electron mean free path and electron mobility within our
graphene sample. Therefore, it is important to study the influence of an ambient environment on the graphene
sample post growth. From these UPS data we can conclude that the valence band properties are probably very
sensitive towards contaminations arising from exposure to air. This means that graphene samples should be
treated accordingly to removes such air-based contaminations before they graphene layers are studied or
used in an application.

As previously mentioned, EELS investigations also allow to deduce electronic structure information from the
graphene sample. We measured different EELS spectra to evaluate the electronic properties of graphene/Cu
samples under various conditions. Again the obtained EELS data were acquired from annealed copper samples,
a HOPG sample, and graphene/copper samples before and after their air exposure to air as well as after the two

thermal treatments.
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Figure 33: Low electron energy loss spectra of an annealed copper sample and graphene on copper sample. Both
measurements were taken on the same spot on our graphene sample 5. A primary electron beam energy (Ep) of 100 eV
and a constant pass energy (PE) of 3 eV were used to produce these spectra.

Figure 33 compares an EELS spectrum of clean copper after the annealing step to an EELS spectrum after the
growth step of the CVD process. The low loss EELS spectrum of annealed copper shows two main components
around 3 and 6 eV from the zero loss peak. Residues of these signals are still visible in the spectrum of our grown
graphene sample but the largest peak position has shifted to the 7 eV. Raman measurements have shown that
we made bilayer graphene on our samples. Therefore, we will associate this peak with plasmon excitation of the
1 valence band electrons, resulting from the sp2 hexagonal crystal structure of graphene. Eberlein et al. have

shown that the peak position of this plasmon can vary between 7 and 5 eV “0)
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There are a major changes visible in the EELS spectra when our graphene samples were exposed to air for two
months. Figure 34 shows the low loss EELS spectrum of graphene after air exposure. The main EELS feature of
graphene at 7 eV is almost completely suppressed due to air contamination on the graphene surface. However,
there are two slight increases in signal intensity around 5 and 8 eV. Langer et al. also observed these out of plane

excitations and the damping of the signal in response to the absorbed contaminations (10, 41)
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Figure 34: Low electron energy loss spectra of graphene on copper sample before and after air exposure as well as
graphene samples after thermal treatments at 773 K and 973 K. Both measurements were taken on the same spot on
our graphene sample 5. A primary electron beam energy (Ep) of 100 eV and a constant pass energy (PE)
of 3 eV were used to produce these spectra.

Figure 34 also contain two EELS spectra obtained after the two thermal treatments. Our goal was to remove or
largely decrease the amount of absorbed air contamination present on the sample surface. In the EELS spectrum
of the first treatment, were the sample was heated to 773 K, the mean feature of the - * excitation reappears
around 7 eV. When the temperature is further increased to 973 K during the second treatment the peak intensity
increases further. However, we also notice that the intensity of the copper signal increases and we observe a
small shift of the maximum position to the right. This small shift and an increase of copper signal indicate that
small defects arise in the graphene layer at these high temperatures. Raman as well as XPS measurements have

all shown the same result.
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Chapter 4

Summary and outlook: There is more room in flatland

It has been ten years since graphene was first reported and in that time graphene has grown from an unexpected
newcomer to a Nobel Prize winning star. During these ten years the research performed on graphene has risen
exponentially, with newly produced articles and finding every day. This great interest proves that graphene has

great potential for future applications and exciting new physics.

With this thesis project we wanted to take our first steps into graphene research. In the first part, we aimed on
producing monolayer graphene on copper substrates using the CVD processes. The presented Raman
measurements show that we succeeded in the production of high quality graphene using methane and hydrogen
as precursors. The found CVD processes during this project produced single and bilayer graphene in samples 12
and 5. In these graphene films there was only a small percentage of defects present, indicated by an Ip/lg ratio of
0.18 and 0.07. With this ratio and the Tuinstra Koning equation, we calculated that our graphene flakes in
samples 12 and 5 had a diameter of more or less 75 and 197 nm. We obtained representative AFM images with
interesting structures from our graphene samples. In these images the boundaries between the graphene flakes
on Cu terraces were clearly visible. We also observed the presence of wrinkles or ripples on the copper terraces.
These winkles and ripples caused by a difference in thermal expansion coefficient showed height differences
between 0.5 and 0.8 nm in the line profiles. We concluded that our graphene flakes extended over different
crystalline copper regions and that there were weak interactions present between this copper substrate and the
graphene flakes.

In the second part of this project we wanted to investigate the original chemical character after growth as well as
the shift in this chemical character after air exposure. First, we investigated wide scan XPS results to get an
impression of the changes during the CVD process and after exposure to an ambient environment. In the survey
scans we only saw minor changes. Afterwards we exanimated these effects in detail by measuring changes in the
XPS core levels of C 1s, Cu 2pz3 and O 1s elements. From the C 1s core level we learned that the main carbon
of graphene on Cu is positioned at binding energy 284.7 eV (C4 position), while that of HOPG is at 284.4 eV (C>
position). We found that the C 1s peak shifts from the C4 position towards C; position when the graphene samples
are exposed to air. Kidambi P. et al. have reported that this shift can be caused by the interaction between the Cu
substrate and graphene, due to charge transfer. Besides a shift in the C 1s peak, intercalation of oxygen also
causes three additional signal increases in the C 1s spectrum. We assigned the first peak around 286.5 eV to
alcohol (C-OH) groups, the second around 287.5 eV is caused by C=0O groups and the third rises from the
carbonyl (O-C=0) groups around 288.7 eV. From the measured damping effect of the Cu 2p23 spectra we could

calculate that the thickness of our graphene layer was around 0.3 nm.
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This agrees with the previous executed Raman measurements. Comparing in situ EELS and UPS measurements
with ex situ ones, after air exposure, gave the same results. From all those spectroscopy studies we could
conclude that the air exposure caused some major changes in graphene chemical character and consequently
also in it extraordinary properties. The absorbed contaminations destroy the two-dimensional character of the
graphene sheets.

As a final part in this project we tried to remove these surface contaminations. Therefore we tested two thermal
treatments. During the first thermal treatment the samples were heated to 773 K and during the second one the
temperature reached 973 K. After each thermal treatment, in situ XPS and EELS studies were performed. XPS
spectra have shown that the first treatment already lowered the intensity of the O 1s but it did not remove all the
contaminations from the graphene surface. After the second treatment, we could no longer detect an oxygen
signal. Unfortunately, the higher temperature during second treatment also caused minor defects in the graphene
sheets. This increase in defect density was measured by an increase in the D band on the Raman spectra and a
shift of the C 1s peak in XPS results. EELS spectra showed that specific features of graphene reappeared after
the treatments, but also in the EELS measurements we detected a small shift due to appeared defects in the
graphene sheets. These defects are mainly caused by the previously mentioned difference in thermal expansion
coefficient of copper and graphene. During the thermal treatment the rigid graphene cannot follow the expansion
of the underlying copper substrate. This caused strain effect that lead to the detachment of the graphene, leaving

spots of bare copper behind.

To summarize, we have proven that ambient air contaminations are found to introduce a major change in the
chemical character of our produced graphene samples. Therefore, it is important to find a surface treatment that
is easy to use and does not increase the prevalence of defects in the graphene crystal structure. The next step in
the project would be to try a third treatment method. This treatment would use the temperature of the first
treatment together with a hydrogen flow of 35 sccm. In this way we hope to remove all the oxygen from the
surface, without causing an increase in defect density by operating at a lower temperature. Another opportunity
appeared after we made sample 12 in the last week of this project. We expect that there will be differences in
XPS, EELS and UPS measurements between bilayer and monolayer graphene. It would be interesting to
investigate these differences. These results could prove what has already been discovered, that in the Angstrom

range very small changes, can eventually lead to major difference in fundamental properties.
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Appendix

This Appendix contains all the used CVD processes with their parameters and the corresponding Raman

measurements.

4.1 CVD process different samples

Table 5 summarizes all the tested CVD processes with the used parameters for each sample. Afterwards we
measure Raman spectra of all these samples, those results are given in the next part.

During this thesis project we had some problems with estimating the temperature inside the CVD reactor. We
could not measure the absolute temperature with the use of a pyrometer. We did however notice that the samples
melted when the applied power passed 410 Watt. Therefore we mentioned the applied power for each CVD
process instead of the temperature.

Table 5: overview table of all the used CVD processes with different heating times and gas flows.

Sample Power Heating Annealing Annealing Growing Growing Cooling Cooling
Nr. (Watt) (min) (min) (sccm) (min) (sccm) (min) (sccm)
1 391 10 20 / 4 35 CH, 10 /
2 393 10 30 / 10 100 CH,4 10 /
3
4 401 12 15 35 H; 25 50 H, 6 /
20 CH,4
5 394 10 20 35 H; 30 50 H, 4 35 H,
20 CH,4
6 392 10 40 35 H; / / 4 35 H;
Annealed
copper
7 380 10 20 35 H; 30 50 H, 4 50 H,
10 CH,4
8 388 10 20 35 H; 30 50 H, 4 50 H,
10 CH,4 10 CH,4
9 256 10 20 35 H; 35 50 H, 4 35 H,
20 CH,4
12 309 10 25 35 H; 40 50 H, 4 35 H;
20 CH,4

After we formed sample 8 we made some adjustments to the set-up lowering the resistivity. These adaptions
lowered the needed power to reach the Cu melting point. Consequently the needed power to produce sample 9
was much lower than with all the other CVD processes.
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4.2 Raman measurements different samples

Graphene sample 1 on Cu and on Si

Intensity (a.u.)
Intensity (a.u.)
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Ramanshift (cm’) Ramanshift (cm’)
Figure 35: Two Raman spectra obtained from our graphene sample 1 (A = 488nm) on copper (upper graph) and after
transfer to SiO, (lower graph). On copper only the D band and G band are visible. After the transfer three peaks can
be distinguished. The D peak and G peak have a higher intensity and the 2D peak has appeared. The measurements
are performed with the following parameters: objective magnification: x50, 2x20 s (left graph) measuring time and
objective magnification: x100, 2x120 s (right graph) measuring time.

Graphene sample 2 (only CH,)
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Ramanshift (cm’)

Figure 36: A Raman spectrum obtained from graphene sample 2 (A = 488nm) on copper. The D band (1364 cm’) and G
band (1597 cm)) are clearly visible, while the 2D band is less pronounced. The Raman measurements are performed
with the following parameters: objective magnification: x50; 2x20 s measuring time.
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Graphene sample 3 on SiO; substrate
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Figure 37: A Raman spectrum obtained from graphene sample 3 (A = 488nm) on a SiO, substrate. The D band (13543
cm’), the G band (1595 cm’) and the 2D band (2708 cm’) are all visible. The Raman measurements are performed with
the following parameters: objective magnification: x100; 5x60 s measuring time.

Graphene sample 4 on Cu
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Figure 38: A Raman spectrum obtained from graphene sample 2 (A = 488nm) on copper. The D band (1355 cm)) is
small and G band as well as the 2D are visible at 1580 cm™ and 2711 1580 cm". The Raman measurements are
performed with the following parameters: objective magnification: x50; 5x60 s measuring time.
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Graphene sample 5 before treatment
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Figure 39: A typical Raman spectrum obtained from a graphene on Cu sample (A = 488nm). Small D (1357 cm’) band

contribution points towards a very low amount of defects. The high G peak (1580.9 cm’) and 2D peak (2711 cm))

indicate the formation of 1 to 2 layered graphene samples. The Raman measurements are performed with the following

parameters: objective magnification: x100; 3x120 s measuring time.

Graphene sample 5 after treatment
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Figure 40: A Raman spectrum obtained from a graphene on Cu sample after thermal treartment of 773 K and 973 K
(A =488nm). The increased D (1347 cm’) band points towards a small increase in the amount of defects. The high G
peak (1593.6 cm’) and 2D peak (2694.3 cm’) indicate the formation of 1 to 2 layered graphene samples. The Raman
measurements are performed with the following parameters: objective magnification: x50; 3x120 s measuring time.
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Sample 6 annealed Cu
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Figure 41: A typical Raman spectrum obtained from an annealed Cu foil (A = 488 nm). There are no visible D, G or 2D
bands present. Only the high background signal is visible in these spectra. The Raman measurements are performed

with the following parameters: objective magnification: x100; 3x120 s measuring time.

Graphene sample 7 on Cu
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Figure 42: A Raman spectrum obtained from graphene sample 7 (A = 488nm) on copper. The D band (1353.4 cm’) and
G band (1586.2 cm’) are clearly visible, while the 2D band not visible. The Raman measurements are performed with

the following parameters: objective magnification: x100; 3x120 s measuring time.
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Graphene sample 8 on Cu
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Figure 43: A Raman spectrum obtained from graphene sample 8 (A = 488nm) on copper. The D band (1356.5 cm’) and
G band (1593 cm’) are clearly visible, while the 2D band (2698 cm’) is less pronounced. The Raman measurements are
performed with the following parameters: objective magnification: x100; 3x120 s measuring time.

Graphene sample 9 on Cu
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Figure 44: A Raman spectrum obtained from graphene sample 9 (A = 488nm) on copper. Only the G band at 1592 cm' is
clearly visible, while the D and 2D band are not detected. The Raman measurements are performed with the following
parameters: objective magnification: x100; 3x120 s measuring time.
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HOPG sample
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Figure 45: A typical Raman spectrum obtained from a HOPG sample (A = 488 nm). These spectra show a strong G band
at 1580 cm- and a wide 2D band around 2700 cm-. The Raman measurements are performed with the following
parameters: objective magnification: x100; 3x120 s measuring time.

Graphene sample 12 on Cu
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Figure 46: A Raman spectra of the produced single layer graphene in sample 12 (A = 488nm) on copper. The D band at
1351.4 cm’ is rather small. While G band as well as a large 2D are located at 1584.7 cm” and 2696.6 cm". The Raman
measurements are performed with the following parameters: objective magnification: x100; 3x120 s measuring time.
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