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Abstract
Graphene is a 2-dimensional material, with a unique combination of properties.
Graphene’s unprecedented high mobility makes it a uniquely suited material for many
applications, including high-frequency transistors, or as a transparent conductive layer.
One of the challenges nowadays is synthesizing graphene on a large scale, while retaining
its excellent quality. A feasible method for producing large areas of single layer graphene,
is growth by chemical vapor deposition (CVD). This deposition technique however, produces poly-crystalline graphene, with grain boundaries at the interface between crystals.
These grain boundaries are known to have a negative effect on the electronic properties
of graphene.
This work describes the optimization of the quality of graphene, grown by CVD in the
setup available at the Plasma & Materials Processing group of the Eindhoven University
of Technology. In order to improve the quality, the amount of grain boundaries is reduced
by decreasing the amount of nucleation sites.
It is shown that the system pressure and the gas flow ratios can be used to control the
nucleation density of graphene. The background pressure was increased by the addition
of an argon gas flow to the precursor gas mixture. The increase in pressure caused by
this inert gas resulted in a significant reduction in the nucleation density. The flows of
the precursor gasses hydrogen and methane have also been optimized to further decrease
the nucleation density. With the optimized growth condition, the nucleation density was
decreased from (46.4 ± 15.4) · 103 mm−2 to (1.6 ± 0.3) · 103 mm−2 .
Furthermore, the effect of cleaning the copper substrate before it is used for the
growth of graphene is investigated. It is found that the pre-cleaning of the copper foil
with various cleaning agents reduces the nucleation density of graphene flakes. From the
various solutions used, the best results have been obtained by pre-cleaning the copper
sample for 30 s with 1 M nitric acid, before it is used for the synthesis of graphene.
With this pre-cleaning step the nucleation density was reduced by a factor of ∼ 2 to
(1.1 ± 0.4) · 103 mm−2 .
The optimization of both the growth conditions and the pre-cleaning procedure have
led to a decrease in the overall nucleation density by a factor of ∼ 41 from
(46.4 ± 15.4) · 103 mm−2 to (1.1 ± 0.4) · 103 mm−2 . With Fourier transform infrared spectroscopy (FTIR) and Hall measurements, graphene grown with both the original and
optimized growth processes was analyzed and compared. The mobility of the graphene
grown with the optimized growth process was higher in all measurements. The optical
mobility, obtained with FTIR, was 3.2 · 103 cm2 V−1 s−1 . The mobility measured with
the Hall setup was 2.7 · 103 cm2 V−1 s−1 after annealing. The results of the comparative
measurements are a strong indication that the amount of grain boundaries has been reduced, and that the quality of the graphene has improved by decreasing the nucleation
density.
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Chapter 1

Introduction
This thesis is about improving the quality of graphene grown by chemical vapor deposition (CVD). This chapter will first introduce graphene and its applications. The second
section is about different methods to synthesize graphene. In the third section the project
goal and research questions are set out, and the last section will give an outline of the
rest of this thesis.

1.1

Graphene and Its Applications

Graphene was recently described as “the name given to a flat monolayer of carbon atoms
tightly packed into a two-dimensional (2D) honeycomb lattice, and is a basic building block for graphitic materials of all other dimensionalities” in a review paper by its
discoverers, Andre Geim and Kostya Novoselov 1 . An idealized representation of this
honeycomb or hexagonal lattice is shown in figure 1.1.
More than 70 years ago it was argued that 2D crystals could not exist, since they
would thermodynamically be unstable 3 . This assumption was proven to be wrong with
the experimental discovery of graphene by Geim and Novoselov at Manchester University
in 2004 4 . Their graphene was obtained with a process called mechanical exfoliation.

Figure 1.1: Idealized structure of part of a single graphene sheet. The black dots are the
carbon atoms, bounded by the atomic bonds in yellow. The blue dots are dangling bonds.
Reproduced from Yan and Barron 2
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Scotch tape was repeatedly used to split highly oriented pyrolytic graphite (HOPG),
attached to a photoresist, into increasingly thinner pieces. The carbon flakes were then
released in an acetone solution. When a silicon wafer was dipped in this solution, some
flakes, including graphene monolayers, were captured on the wafers surface.
This newly discovered material proved to be a very interesting material, due to the
combination of its unique properties. Since graphene is the thinnest material ever known
to mankind, it is also the lightest. Nevertheless graphene is also the strongest material
known to mankind 5 , much harder than diamond, while still being bendable. Because
graphene is so thin, it is practically transparent with an absorption coefficient of 2.3%. On
top of that come its outstanding electronic properties. Graphene is a good conductor with
a high electron mobility, even at room temperature. Mobilities over 200 000 cm2 V−1 s−1
have been reported 6 .
The discovery of graphene also lead to a new class of crystals, that are just one
atom thin. These other 2D crystals include boron nitride (BN), molybdenum disulfide
(MoS2 ), magnesium diboride (MgB2 ), and many others 3 . These mono-layer crystals
can be combined to engineer new materials for a variety of new applications in different
industries.
Applications of Graphene
Due to the absence of a band gap in graphene, applications in logic circuits as a channel
material is not desirable, since the device cannot be turned off 8 . The application of
graphene as a transparent conductive layer in touch screens and electronic paper however,
is very promising. The low absorption, combined with the flexibility and relatively low
price of CVD graphene, make it an excellent replacement for the indium tin oxide that
is commonly used. Especially in rollable and flexible products. The news article from
Physics World 7 , at the bottom of this page, predicts a phone with a graphene electrode in
its touchscreen to enter the commercial market this year. A Samsung Galaxy smartphone
with graphene in its touchscreen was recently demonstrated by Ryu et al. 9 .

Graphene goes commercial
. . . But next year, as every year, most
physicists will be doing work that is
much more down to Earth - from medical physics and optics to nanotechnology and semiconductors. In particular,
2014 will see a continuing stream of exciting results using graphene - the oneatom-thick sheet of carbon that is not
only the strongest material ever discovered, but can also carry currents with a
density one million times that of copper.
Our prediction is that this material will
be used for the first time in the touchscreen of a commercially available smartphone - either from Samsung or Apple.
The device will not look or feel too
different to existing phones, as the

graphene will merely replace the conventional indium-tin-oxide electrode. However, a phone with a graphene electrode
in its touchscreen could kick-start the
next transformation of the display industry, which will eventually see fully flexible and bendable screens made largely
from graphene becoming the norm. We
can therefore expect the further development of a “graphene ecosystem” during 2014, thanks to a “perfect storm” of
companies making graphene of the right
amount and quality, engineers designing products people want and researchers
transferring their know-how from the research lab to the marketplace. . . .
Article from: Physics World 7

1.2 Graphene Synthesis
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In a later stage graphene can also be used in high-frequency transistors. When the
existing semiconductors can no longer satisfy the device requirements, graphene (in combination with other 2D materials) is considered a promising substitute material, because
of its carrier transport properties. 10
Graphene is an excellent material to be used in photodetectors. Graphene has a
wavelength independent absorption, with a much wider range than semiconductor photodetectors. Combined with the high operating bandwidth of graphene, graphene based
photodetectors are expected to become competitive within a decade. 10
Graphene can also be used in the generation of energy. For the same reasons as with
the above discussed electronics, graphene is an excellent candidate for a transparent
electrode in a solar cell. More challenging, though in principle feasible, is the use of
graphene as an active medium in a solar cell. The uniform light absorption over a broad
spectrum could be used to directly generate energy. 10

1.2

Graphene Synthesis

With the price of micromechanically cleaved graphene exceeding $1,000 for crystallites
smaller than the thickness of a human hair 11 , other production methods are preferred.
Furthermore, most applications will require large-area graphene, which cannot be produced by exfoliating graphite. Therefore other production methods were explored and
found.
Graphene can for instance be grown epitaxially on silicon carbide (SiC) substrates
by high temperature annealing, in a process called graphitization. The growth of the
graphene directly on electronic-grade SiC can be very useful for the semiconductor industry. The graphene sheets produced in this way are oriented with respect to the SiC,
and because of the high temperatures in the production process, almost defect- and
contamination free. Unfortunately it is very challenging to control the thickness of the
graphene grown with graphitization, causing the surface to be covered with mono-layers,
coexisting with multi-layers and uncovered areas. Furthermore, the production of a single crystal SiC wafer is challenging. This makes the SiC wafers very pricey, and making
it even more expensive to produce large areas of this epitaxially grown graphene. 12;13

Chemical Vapor Deposition
Another promising method for growing graphene is by chemical vapor deposition (CVD) 1 .
With CVD large-area films of high quality graphene can be grown at a relatively low cost.
In a CVD process a precursor gas (or mixture of gasses) flows into a reaction chamber
containing a heated sample that is to be coated. Under the right conditions, chemical
reactions on and nearby the sample can cause a thin film to be deposited on the surface
of the sample. A more detailed description of the CVD process is given in section 2.2.2.
Graphene can be grown on various metal substrates, such as nikkel (Ni), platinum
(Pt), iridium (Ir), copper (Cu), and gold (Au) 14–18 . These metals act as a catalyst for
the growth of graphene. While Ni has a better lattice match with graphene, Cu is a
more favorable substrate, as it is relatively cheap and allows for controllably growing
predominantly single-layer graphene, with a small percentage (less than 5 %) of the area
having two- and three-layer graphene 17 . The growth on copper is self-limiting and a
roll-to-roll production method for 30-inch graphene films, as illustrated in figure 1.2, was
reported and demonstrated by Bae et al. 19 . This shows a great potential for large-scale
production of CVD-graphene.
A disadvantage of this CVD-graphene is that it is found to be highly poly-crystalline.
The structure and properties of the grain boundaries have a negative effect on the mechanical, chemical, and electrical properties of the graphene (see section 2.1.4).
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Figure 1.2: Schematic of the roll-based production of graphene films grown on a copper foil. The process
includes adhesion of polymer supports, copper etching (rinsing) and dry transfer-printing on a target substrate.
A wet-chemical doping can be carried out using a set-up similar to that used for etching. Reprinted by permission
from Macmillan Publishers Ltd: Nature Nanotechnology, Bae et al. 19 , copyright 2010.

1.3

Project Goal and Research Questions

As mentioned, graphene is a very interesting material with numerous applications. The
large-area graphene grown with CVD unfortunately does not yet have the desired quality
for the use in high-end electronic applications, due to its poly-crystallinity.
Several years ago, a setup (see chapter 3) was designed for the CVD growth of
graphene at the Plasma & Materials Processing (PMP) group of the Eindhoven University of Technology (TU/e). With this CVD setup, Jan-Willem Weber 20 achieved the
successful growth of a closed film of poly-crystalline graphene on copper. The growth
conditions however, were never fully optimized to improve the quality of graphene. Therefore, the main goal of this research project is to optimize the quality of large-area graphene
grown by CVD.
In order to improve the quality of the graphene, the amount of grain boundaries
should be reduced. Implicitly this means that the goal is to grow larger graphene grains,
or in the best case even a single-crystalline graphene. In order to achieve this goal a
better understanding of the graphene growth process with the available setup is required.
The growth of graphene is known to be strongly dependent of the specifications of the
experimental setup. The following research questions are the guiding principles of this
project:
- What is the effect of the different gas flows and partial pressures on the quality of
the graphene?
Previous studies have shown that the ratio between the precursor gasses can influence the graphene nucleation and growth, but also the total pressure can have
an effect on the size, shape, nucleation, and growth of the graphene, as will be explained in section 2.2. In this work, the optimal growth conditions are determined.
- What is the effect of cleaning the copper substrate before CVD growth on the quality
of the graphene?
In several articles the copper foil used for CVD graphene is investigated, since the
foil of different suppliers, but even different batches from the same supplier seem
to yield different results in terms of quality of the graphene. Kim et al. 21 have
suggested a method in which the copper foil used, is cleaned with a commercial Ni
etchant or nitric acid to remove impurities from the surface to improve the quality
of the graphene and the reproducibility of experiments. In this work, the effect
of three different cleaning solutions (ammonium persulfate, hydrochloric acid, and
nitric acid) is investigated.

1.4 Outline of the Thesis

1.4

5

Outline of the Thesis

The next chapter of this thesis is a theoretical chapter about graphene and its properties,
the mechanisms of the growth process, and the theory behind the diagnostic technique
Raman spectroscopy. In chapter 3 the experimental setup, the cleaning, growth, and
transfer procedures, and various diagnostic techniques will be introduced and explained.
Chapters 4 and 5 will each answer one of the research questions. In chapter 6, the
effects of the improved growth process are investigated, by comparing the nucleation
with electron microscopy and Raman spectroscopy, and by comparing the mobility using
Fourier transform infrared spectroscopy and Hall measurements. In the last chapter
of this thesis the general conclusions are presented, followed by an outlook on future
research.
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Chapter 2

Theory
This chapter consists of three sections. In the first section the properties of graphene
will be discused. In the second section a review of graphene growth using chemical
vapor deposition (CVD) on copper substrates is given, including important aspects of
the growth mechanism. In the last section the theory behind Raman spectroscopy, as a
diagnostic technique for graphene, is described.

2.1

Properties of Graphene

This first section is about the properties of graphene. First the structure and lattice
are discussed, followed by sections on the electronic and general properties. Lastly grain
boundaries and their properties are discussed.

2.1.1

Structure and Lattice

Graphene, in its ideal form, is a mono-layer of carbon atoms that are densely packed in
a hexagonal, honeycomb-like structure. Since graphene has no out out of plane bonds
and is only one atom thick, it is considered to be a 2D material and therefore a buildingblock for carbon allotropes in all other dimensions as illustrated in figure 2.1. Multiple
layers of graphene (>10) stacked on top of each other, weakly coupled by van der Waals
forces, make the 3D material graphite. When rolled up, graphene makes the 1D carbon
nanotube (CNT) and it can even be ‘wrapped up’ into a 0D fullerene or buckyball.
Figure 2.2a schematically shows a section of an ideal graphene lattice. The distance
between two neighboring carbon atoms is a = 1.42 Å. Because of the hexagonal structure,
a unit cell consists of two carbon atoms, resulting in the lattice vectors
a1 =

√
a
a √
(3, 3), and a2 = (3, − 3),
2
2

(2.1)

with a length of a = |a1 | = |a2 | = 2.46 Å. When stacked, the interplanar spacing of
multiple layers of graphene is 3.35 Å.
Due to the hexagonal structure a straight edge of a free standing graphene crystal can
be oriented in two ways as illustrated in figure 2.2b and 2.2c. These edge orientations are
called the armchair and zigzag edge respectively. Yu et al. 22 found that zigzag edges are
preferred over armchair edges in hexagonal shaped graphene grown on poly-crystalline
copper, as they are energetically favorable.
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Figure 2.1: Graphene is a 2D building material for carbon materials of all other dimensionalities. It can be
wrapped up into 0D buckyballs, rolled into 1D nanotubes or stacked into 3D graphite. Reprinted by permission
from Macmillan Publishers Ltd: Nature Materials, Geim and Novoselov 1 , copyright 2007.

a1
a2
(b) armchair edge

unit cell

(a) graphene lattice

(c) zigzag edge

Figure 2.2: Schematic representation of graphene in real space, showing: (a) the ideal graphene lattice, with
lattice vectors a1 and a2 shown in red and a unit cell containing two carbon atoms in blue. The two carbon atoms
have a different color as a visual aid. (b) the armchair edge, and (c) the zigzag edge of graphene.

2.1 Properties of Graphene

2.1.2

9

Electronic Properties and Transport

The hexagonal structure of graphene is caused by the sp2 -hybridization between one
s orbital and two p orbitals of each carbon atom. The σ band is completely filled
and therefore forms a valance band. The remaining p orbital binds covalently with a
neighbouring carbon atom, causing the formation of a π band, which is half-filled. This
leads to a flat structure with angles of 120° between each carbon-carbon bond.
The hexagonal lattice, as shown in figure 2.2a, leads to the Brillouin zone (BZ) of
figure 2.3a, with the reciprocal-lattice vectors
b1 =

√
2π
2π √
(1, 3), and b2 =
(1, − 3).
3a
3a

(2.2)

Figure 2.3b shows the energy bands derived from the tight binding Hamiltonian for
electrons in graphene. The valence and conduction bands meet at the symmetry points
K and K 0 , which are located at the corners of the BZ. These so-called Dirac points are at
the intrinsic Fermi energy EF , and at these points the density of states (DOS) converges
to zero. Graphene owes its zero-gap semiconducting and semi-metallic nature to these
intersections with zero states. 23;24
Expanding the electronic band structure from figure 2.3b close to the Dirac points
results in a linear dispersion relation. At low energies, this dispersion mimics the physics
of quantum electrodynamics (QED) for massless fermions. However, the electrons in
graphene move with a much lower speed, than massless fermions would. The speed can
be obtained from the slope of the conic dispersion. The Fermi velocity vF can reach a
value of approximately 106 m s−1 , about 1/300th the speed of light c. 23;24
In summary, the electrons in graphene, known as Dirac fermions, essentially behave as
massless particles. This leads to the unprecedented high effective speeds at which charge
carriers can travel trough the material 24 . These high electron mobilities are theoretically
predicted to be up to µ = 2.5 · 105 cm2 V−1 s−1 , even at room temperature 10;25 .

b1
K
Γ

M
K’
b2

(a) Brillouin zone

(b) band structure

Figure 2.3: (a) Brillouin zone of the graphene lattice from figure 2.2a, with reciprocal-lattice vectors b1 and
b2 shown in red. The Dirac cones are located at the K and K 0 points. (b) Band structure of graphene. On the
left: the energy spectrum, calculated with a tight-binding approach. On the right: a zoom in of the energy bands
close to one of the Dirac points, showing the vertically mirrored Dirac cones, intersecting at the Fermi energy EF .
Reproduced with permission from Weiss et al. 24
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Other Properties

As mentioned in the introduction, it was believed that 2D materials would be thermodynamically unstable. Graphene however is rather stable. For instance, when annealed
in air, no structural damage occurs up to a temperature of 250 ◦C 24 . When annealed
in argon, temperatures up to at least 800 ◦C are no problem. Graphene is even a good
thermal conductor, with an in-plane thermal conductivity up to 5 · 103 W mK−1 26 .
Mechanically speaking graphene is very strong, due to the strong carbon-carbon bonds
of ∼ 7.4 eV per atom 18 , while still being flexible. Suspended graphene holds the record
for the strongest known material with an intrinsic breaking strength of 42 N m−1 for
defect-free graphene 5 .
Chemically speaking, graphene is an inert material, since it has no out of plane bonds.
However, Elias et al. 27 have shown that it can be chemically functionalized in a reaction
with atomic hydrogen. This reversible process, called hydrogenation, transforms the
graphene into the closely related graphane. Graphane’s carbon atoms are sp3 hybridized,
as opposed to the sp2 hybridized graphene, creating a possibility for other atoms and
molecules to attach to its surface.

2.1.4

Grains and Grain Boundaries

Large area synthesized graphene almost always consists of multiple grains, each with its
own crystal orientation. This leads to a patchwork of misaligned grains with complex
shapes. At the interface of these misaligned lattices, a grain boundary (GB) forms. At
these GBs the graphene is not perfectly hexagonal, but has defects in the form of deformed
hexagons, pentagons, heptagons, octagons, dangling bonds, and numerous other defects.
Figure 2.4 shows some examples of GBs. In simulations a grain boundary is often
simulated as a periodic series of defects (figure 2.4a), or a periodic sheet with aperiodic
GBs(figure 2.4b). Figure 2.4c shows an enhanced image of an actual grain boundary,
obtained with an annular dark-field (ADF) scanning method in a scanning transmission
electron microscope (STEM). In this image, the different sorts of defects are outlined in
different colors.

(a)

(b)

(c)

Figure 2.4: Grain boundaries in graphene. (a) Atomic structure of a simulated, periodic grain boundary.
Reprinted by permission from Macmillan Publishers Ltd: Nature Materials, Yazyev and Louie 28 , copyright 2010.
(b) Top view of a periodic 20 nm x 20 nm graphene sheet with four grains, used to model poly-crystalline
graphene. The lines indicate orientations of the graphene lattice within each grain. Reproduced from Kotakoski
and Meyer 29 . (c) Atomic-resolution ADF-STEM image of two graphene crystals, intersecting with a 27° relative
rotation. An aperiodic line of defects stitches the two grains together. Defects in the form of pentagons (blue),
heptagons (red) and distorted hexagons (green) are outlined. Scale bar of 5 Å. Reprinted by permission from
Macmillan Publishers Ltd: Nature, Huang et al. 30 , copyright 2011.
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These defects in the lattice of graphene have a detrimental effect on the properties
of graphene. Mechanically speaking, GBs are the weakest point in the lattice. Using
simulations, Kotakoski and Meyer 29 have shown that when graphene is strained, cracks
typically appear at a point where different GBs meet. These cracks then propagate
trough the grains in either the zigzag or armchair direction.
On the other hand, Lee et al. 31 have shown that CVD-graphene can be almost as
strong as pristine graphene. The mechanical strength is dependant on the exact configuration of the GBs, and more importantly the processing techniques used to transfer the
graphene.
Chemically speaking, simulations have shown that dangling bonds, which are most
commonly present in GBs, allow extrinsic species (such as hydroxyl, carboxyl, and other
groups) to attach to the surface. Hydrogen terminated edges are also good attachment
points for these extrinsic species 32 . With simulations, Zhang et al. 33 have showed that
extrinsic species adsorbed at the GBs substantially increase the scattering of electrons,
and therefore degrade the electronic transport.
Intrinsic defects in the graphene lattice can also effect its electronic properties, and
lead to scattering of the electron waves 23;32 . Yazyev and Louie 28 have shown that GBs,
in their models represented by periodic arrays of defects, can have two distinct effects
on the electrical transport, depending on the specific structure of the GB. The GB can
either appear transparent to the charge carriers, or the GB can cause a perfect reflection
of the charge carriers.
Yu et al. 22 have done electronic measurements on GBs and calculated that a single
GB provides an additional resistance of ∼2.1 kΩ, which is more than twice as much as
the total inter-grain resistance. Tsen et al. 34 also showed that the cross-grain resistivity
can be several order of magnitudes larger than the resistivity within a grain. This causes
a grain boundary, with a typical length in the order of tens of nm, to have the same
resistance as a much longer piece of defect-free graphene. This effective length can be up
to ∼ 1.8 µm.
On the other hand, Huang et al. 30 have compared the average grain size and electron
mobilities for different growth methods, and surprisingly found that although the mobility
is effected by the average grain size, a high mobility does not directly correlate with a
large grain size. In line with this, Tsen et al. 34 also compared different growth methods.
They concluded that a good stitching of the different crystals significantly lowers the
additional resistance they induce.
Lastly, Jiménez et al. 35 have shown that the poly-crystallinity also has a negative
effect on the transconductance (the ratio of the current variation at the output to the
voltage variation at the input). This leads to a severe degradation of the maximum and
cut-off frequencies in graphene based FETs (GFETs), while these high frequencies are
what made graphene an ideal candidate for high-frequency transistors in the first place 10 .
In conclusion, GBs degrade the chemical, mechanical, and electronic properties of
graphene. Especially the degrading effect of the GBs on the transconductance and electronic resistance are an issue for the use of graphene in practical applications.
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Graphene Growth Fundamentals

Although graphene is grown on copper substrates for more than 5 years now, the growth
mechanism is not completely understood and appears to be specific to each setup. This
section will give a review of the growth fundamentals for thermal CVD of graphene on
copper substrates.
This section will first discuss the main reasons for using copper as a substrate. Then
the generalities of a thermal CVD process are discussed, followed by the growth kinetics
of graphene. In the following section nucleation, the initial growth, and copper surface
treatments are discussed, as they are important parameters for improving the quality of
the graphene. Finally the effects of the precursor gasses, and pressures are discussed.

2.2.1

Copper Substrate

In 2009 Li et al. 17 showed that is is possible to grow a closed graphene film on copper,
with the film being predominantly single-layer graphene (more than 95 %). Up to that
point several other growing substrates had been used, but they almost always yielded
only partially covered films, or mainly multi-layer graphene 12;13 .
In most metals, carbon dissolves relatively well, creating the possibility for the growth
of a secondary layer underneath the already present graphene, leading to multi-layer
graphene. Furthermore, upon cooling, the remaining dissolved carbon atoms segregate
to the surface, again forming additional graphene layers. Copper has a very low carbon
solubility (0.001-0.008 wt.-% at 1084 ◦C 36 ), which explains why the graphene grown
on copper is predominantly single-layer. This, combined with the fact that copper is
relatively cheap, makes copper a preferred growing substrate.
Most of the copper substrates that are used, are poly-crystalline copper foils with
a thickness between 25 and 50 µm. A much thinner copper film would be preferential
over these relatively thick copper foils. A thin film however, tends to dewet at high
temperatures, making a copper foil a better choice.
The copper grains, that form during the annealing of the copper foil, are no barrier for
the graphene growth. Yu et al. 22 have shown that graphene can grow continuously across
the coppers grain boundaries (GBs), without any apparent distortion. Furthermore, the
graphene crystals show no definite relation with the copper crystals, as multiple graphene
grains grown on the same copper grain having different orientations with respect to each
other.
Within a copper grain there can be atomic-height steps between copper terraces.
These steps can also be overcome by the graphene, as the graphene can grow over both
ascending and descending steps without interrupting the graphene lattice 18 . This would
allow for defect-free graphene grains, larger than the coppers terraces and even larger
than the copper grains itself, that are typically in the order of several mm. This ensures
that the poly-crystalline nature of the foils is not an issue.

2.2.2

Thermal CVD

In a general thermal CVD growth process, a mixture of precursor gasses flow over a
heated substrate (in this case the copper foil) that is to be coated with a thin film (the
graphene). First the precursor gasses enter the system, and need to move from the bulk
of the flowing gas to the more stagnant vapour adjacent to the substrates surface, trough
a so-called boundary layer. Next the species are adsorbed on the surface, where they
migrate, and react chemically. The energy for the reactions is supplied by the heat of the
thermal CVD furnace. The reaction products diffuse back to the bulk gas and exit the
system. Figure 2.5 shows a schematic diagram of a typical thermal CVD process. 37;38
One of these steps is always the limiting factor in a CVD process, with mass transport
and the surface kinetics the most common limiting factors. If the reaction is limited by
the rate at which the reactant is fed into the system, the reaction is “supply-limited”.
The mass transport trough the boundary layer is most likely rate limiting for large CVD
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Figure 2.5: Schematic diagram of a thermal CVD processes, showing the different reaction steps; (1) transport
of the precursor gases into the reaction chamber, (2) gas phase reactions of the precursor gases, (3) diffusion of the
precursor gases through the boundary layer to the substrate, (4) absorption of gases onto the substrates surface,
(5) migration of the reactants over the substrates surface, (6) chemical reactions at the surface, (7) desorption
of (product) gasses from the substrates surface, and (8) transport of the gases out of the system. Adapted from
Pattanaik and Sarin 38 .

reactors, operating at high temperatures and/or higher pressures, causing the process to
be “mass-transport controlled”. If this mass transport is sufficiently large, the process will
be limited by the chemical reactions, making the process “surface-kinetics controlled”.

2.2.3

Growth Kinetics

Graphene consists solely of carbon atoms, but alle precursor gasses also contain other
atoms. Methane is the most commonly used carbon source, and has strong C−H bonds
(440 kJ mol−1 36 ) that need to be overcome. For this dissociation to occur thermally,
temperatures over 1200 ◦C would be needed. These high temperatures would cause the
copper to melt, as the melting point of copper is 1084.6 ◦C. Thermal dissociation is
therefore not very feasible. The copper substrate however, functions as a catalyst for the
dissociation of methane, allowing graphene to grow at much lower temperatures. 36
Atomic carbon is commonly considered to be the building block for graphene. However, Zhang et al. 39 argue that the dehydrogenation of methane to atomic carbon is
endothermic and therefore energetically unfavorable on copper. This in contrast to the
exothermic dehydrogenation on other substrates such as nikkel (Ni), palladium (Pd), and
ruthenium (Ru). It therefore is more likely that partially dehydrogenated species (CHn ,
with 0 < n < 4) will combine in Cx Hy structures, before forming the hydrogen-free
graphene.
These insights lead to a growth process, where the methane first diffuses trough the
boundary layer and is adsorbed on the copper surface. Once adsorbed, the methane is
(partially) dehydrogenated. These dehydrogenated species diffuse over the surface and
react with each other, resulting in larger active carbon species in the form of Cx Hy .
These species will either keep on moving over the surface until they attach to an existing
graphene domain edge and are incorporated into the lattice.

2.2.4

Nucleation and Graphene Flakes

The growth process of the previous section, does not yet explain the formation of the
graphene domains. It is however useful to know what causes the nucleation of graphene,
since the amount of nucleation determines how large the graphene crystals can grow,
before they start to stitch to other crystals and form a GB. And, as explained in sec-
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tion 2.1.4, having less GBs most likely improves the quality of the graphene. Therefore,
one of the most pursued approaches for improving the quality of CVD graphene films is
to grow the largest-possible graphene flakes (GFs) 18 .
Nucleation
Kim et al. 40 studied the growth at different temperatures, and found that nucleation
occurs at temperatures above 720 ◦C. They also found that a higher temperature leads
to a lower density of nuclei, with a larger lateral size. The growth at temperatures below
1000 ◦C did not fully cover the copper substrate, even after growth times over 150 min.
Thirdly they concluded that nucleation only occurs in the initial instants of the growth
process. They explain that the concentration of active carbon species on the surface cCu
increases up to a supersaturation level cnuc . At this point the nucleation sites start to
form, which leads to a decrease in the active carbon concentration to an equilibrium level
ceq , where no new nucleation occurs. Dependant on the availability of carbon species, the
process stops at a saturated incomplete coverage (Asat < 1) or a fully covered substrate
(Asat = 1). This mechanism is illustrated in figure 2.6.
Nie et al. 41 looked at the initial nucleation of graphene on copper in real time, and
found that most islands initially nucleate at atomic steps in the copper, or at impurity
clusters. An increased carbon flux leads to a secondary nucleation at positions equidistant from the original nucleation sites. They found that about half of the GFs were
single crystals, that were closely aligned with the copper substrate. More interestingly,
they found that 10 out of the 11 self-aligned islands, were formed during the secondary
nucleation step. The self-aligned islands however, were not perfectly aligned with each
other, but were aligned within ±3° of the copper lattice.
Aligning the Graphene Flakes
Besides decreasing the nucleation density, another commonly pursued approach aims
to align all graphene islands during growth in such a manner that they stitch together
perfectly, and form a single crystal. 18
In an attempt to align all graphene islands, Geng et al. 42 grew hexagonal GFs on
a liquid copper surface. The problem with liquified copper is that it tends to bulge, to
minimize the surface free energy. Therefore, in order to prevent balling of the copper, a

Figure 2.6: Overall illustration of the nucleation and growth mechanism of graphene on Cu. The decomposition
of methane leads to supersaturation of carbon adatoms at the Cu surface. When cCu reaches a critical supersaturation point (cnuc ) graphene domains nucleate and begin to grow, possibly involving multiatom carbon cluster
formation and attachment of the clusters (i). Graphene nuclei coalesce as the growth proceeds further (ii). The
growth stops either when the amount of superstaurated carbon species are consumed (iii) or when the domains
merge together to completely cover the surface of Cu (iv). Adapted with permission from Kim et al. 40 . Copyright
2012 American Chemical Society.
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tungsten (W) support needed to be placed underneath the copper. It was found that the
single crystalline hexagonal GFs would self align as the surface coverage increased, and
after a relatively long growth time the surface was covered with a continuous film. In this
paper, it is however not stated whether the entire film is single crystalline or not, and
the quality of the graphene is comparable to that of common poly-crystalline graphene.
Wu et al. 43 later also found that hexagonal GFs self-aligned on liquified copper. Their
analysis however showed, that the flakes did not perfectly align, but had a 9 % standard
deviation in the orientation angle.
Lee et al. 44 succeeded in perfectly aligning the graphene nucleation on a germanium (Ge) substrate, and have grown a wafer-scale single crystal of graphene. Although
this was not achieved on a copper substrate, it is definitely worth mentioning here. Unfortunately the growth time for this substrate is 120 min, making this production process
not very practical.
Seeded Growth
In order to have have better control on the location of nucleation sites, Wu et al. 45
developed a method to realize seeded growth at predetermined locations on the substrate.
They have achieved this by locally providing a high concentration of carbon to the copper
substrate. Poly(methyl methacrylate) (PMMA) is used as a carbon source for this high
carbon-concentration. First a PMMA layer is spin-coated on the copper foil, and then
electron beam lithography is used to create a patterned array of PMMA dots. This
patterned copper foil is then used to grow an array of graphene islands with CVD. They
found that if the PMMA dots were small enough (∼ 0.8 µm in diameter), the GFs that
grew from these sites would be single crystals.
Yu et al. 22 also realized seeded growth, but with a different carbon source. They
used a continuous layer of multi-layer graphene on copper as a starting point. They also
patterned the carbon layer lithographically, and then reinserted the patterned copper foil
into the CVD setup to successfully regrow from predetermined locations.
Crystallinity of Graphene Flakes
So far both single crystal GFs, and poly-crystalline GFs have been discussed. When using
the nucleation density as an indicator for the amount of GBs, it is good to know whether
the GFs are single crystal or not. Hexagonal shaped GFs are always single crystals 46 .
Lobed, and flower-like GFs on the other hand are not always single crystalline.
Wofford et al. 47 investigated the four-lobed GFs they had grown at surface imperfections, and found that these GFs had a different crystal orientation in each of the four
lobes. Li et al. 48 looked into the dendritic six-lobed GFs they had grown, and found that
relatively large GFs occasionally had more than one crystal orientation.
Wu et al. 49 did an extensive statistical analysis on lobed GFs, and found a sizedependant probability of graphene islands being single-crystals. The larger flakes on
the sample (> 35 µm) had a significantly lower probability of being a single-crystal in
comparison to the smaller flakes (< 15 µm). They found a single-crystal probability of
13.8 % for large GFs, versus 97.7 % for small GFs in six-lobed flakes, and a 3.4 % versus
96.6 % probability for four-lobed flakes. They however did not find a direct relation
between the number of lobes and the number of crystal orientations within a GF. Several
examples of poly-crystalline GFs are shown in figure 2.7.
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Figure 2.7: SEM images of large 6- and 4-lobed graphene islands (ca. 35-45 µm lateral dimension) on TEM
grids. For each island, the areas with different crystal orientations are marked with different colors, and the
corresponding SAED patterns are displayed in the corners. Reproduced with permission from Wu et al. 49

2.2.5

Substrate Treatments

Knowing that initial nucleation most commonly occurs at surface defects and impurities clusters 41 , surface treatments of the copper foil might be an effective approach in
decreasing the overall nucleation density. The commonly used copper foils are made by
successive cold rolling of a pure copper billet to reduce its thickness. These reducing rolls
leave imprints on the copper, in the form of waltz lines with different depths.
Surface Smoothing
Wu et al. 50 have created a much smoother surface, by depositing a copper film on a
polished silicon wafer and then peeling it of. This copper film has copied the wafers
smoothness, and therefore has less high energy surface sites than commonly used copper
foil does. They found, that when using this smoother substrate, the nucleation became
much more uniform.
Mohsin et al. 51 also used a smoother substrate, but produced the smoothed substrate by first melting common copper foil, placed on a tungsten substrate, and than
resolidifying the foil by again lowering the temperature. This resolidified copper has a
much smoother surface than electro-polished and/or annealed copper, and therefore a
lower nucleation density. Using resolidified copper, as compared to liquid copper, has
the advantage that solid copper has a lower desorption of active carbon species, which
in turn also leads to a lower nucleation density.
Copper Enclosures
Li et al. 48 found that when shaping the copper into a “pita-pocket” enclosure, the growth
inside of the enclosure yielded significantly larger domains and a much lower grow speed.
The pita-pocket was obtained by folding the copper foil in half, and then crimping the
three open sides. In a later study, Zhang et al. 52 have shown that when using a half open
quartz tube, the growth within the tube differed from the growth outside of the tube.
They concluded that the use of this vapor trapping tube changed the local environment.
The gasses were believed to be trapped in the tube, resulting in a slower growth rate and
larger, flower shaped graphene domains.
Pre-cleaning
Kim et al. 21 addressed the problem that different batched of copper foils from different
suppliers, or in some cases even the same supplier, yielded different results. This causes
experiments to become less reproducible, when different batches of copper are used.
They found that when cleaning the copper foil before it is annealed, with the process
as illustrated in figure 2.8, the experimental results did become consistent for different
batches of copper. The surface was cleaned with different solutions, of which nitric acid
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Figure 2.8: Schematic diagram of the copper pre-cleaning process with nitric acid. The unclean copper foil is
placed in a solution, that etches of the top layer, in a process that forms NO2 bubbles. These bubbles help to
remove the impurity particles. The clean, but rough copper substrate is then rinsed in DI water to remove the
etchant remains, and finally annealed to smoothen the surface again. Reproduced from Kim et al. 21

was the most effective. They argue that the NO2 bubbles that form during the etching
process help to remove the larger impurity particles from the surface.
Surface Oxygen
In a further attempt to understand the differences between differen copper foils, Hao
et al. 46 have looked at the role of oxygen on the growth of graphene. They first classified
different copper foils to be “oxygen-rich” or “oxygen-free” copper foils, with concentrations of respectively 10 · 10−2 and 10 · 10−6 atomic%. In nucleation experiments, the
oxygen-rich foils had a much lower nucleation density and therefore much larger GFs, as
compared to the oxygen-free foils. Additionally they found that the nucleation density
also decreases, when exposing oxygen-free copper foil to oxygen just before growth. From
this they concluded that the oxygen effectively passivates the copper surface, suppressing
the nucleation of graphene. The surface oxygen also accelerated the growth speed of the
graphene, and with that shifted the GFs shape from compact to more dendritic.

2.2.6

Precursors

Not only the substrate, but also the precursor gasses methane and hydrogen are known
to influence the graphene growth. Methane is the carbon source for the graphene, and
therefore essential to the growth. The flow rate and partial pressure of methane are
known to have an effect on the nucleation density. In several studies 53–55 , a low methane
flow and partial pressure has lead to a lower nucleation density.
The effect of hydrogen on the growth of graphene has been uncertain for quite some
time. Vlassiouk et al. 56 have reported that the growth of graphene is strongly affected by
hydrogen, and that the hydrogen appeared to serve a dual role. Firstly, the hydrogen acts
as an catalyst in the activation of the carbon species. Secondly, the hydrogen appears to
act as an etchant, that controls the size and morphology of the graphene domains during
the growth, as well as the number of layers.
This etching effect was also reported by Zhang et al. 57 . They used hydrogen to
anisotropically etch graphene that was grown on copper. At a temperature of 800 ◦C the
hydrogen created voids with mainly 120° angles, resulting in straight edges in the zigzag
direction. Choubak et al. 58 however showed that when using purified ultrahigh purity
hydrogen, no graphene etching was visible. This showed that not the hydrogen by itself
is responsible for the etching, but also the oxygen impurities in the hydrogen play an
important role, as later confirmed by Hao et al. 46 .
The partial hydrogen pressure also has an effect on the passivation of the edges
of graphene. Zhang et al. 59 explained that with a relatively low hydrogen pressure,
the GFs edges are not passivated, and therefore tightly attach to the copper substrate.
When increasing the hydrogen pressure, the edges tend to become hydrogen terminated
and with that detach from the copper substrate. If the edges become detached from the
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copper, additional layers can start to grown underneath the first graphene layer, resulting
in bi-layer or multi-layer graphene.

2.2.7

Pressures and Partial Pressures

Finally the system pressure, as well as the partial pressures of each gas (which can
be tuned with the gas flows) effect the graphene nucleation, growth, and morphology.
So far both hexagonal and lobed GFs have been discussed. The hexagonal, and single
crystalline GFs are typically grown with an atmospheric pressure CVD (APCVD) process.
A low pressure CVD (LPCVD) process, typically produces flower-like four- and six-lobed
structures. 36
Zhang et al. 52 have investigated the effects of both the total pressure, and the CH4 :H2
ratio on the nucleation of GFs. They showed that when keeping the CH4 :H2 ratio constant, but increasing the total pressure, the morphology of the GFs changes from fourlobed, to six-lobed, to irregular shapes. Surprisingly the same effect was obtained, when
keeping the total pressure constant and increasing the CH4 :H2 ratio, as illustrated in
figure 2.10.
Wu et al. 60 have done an extensive study on the shape of hexagonal GFs grown with
APCVD. They found that the shape of the flakes can be influenced by tuning the gas
flows of CH4 , H2 , and Ar. As illustrated in figure 2.9, an increase in the ratio of H2 :Ar
changes the shape from a dendritic snowflake like structure, to more compact structures
(figures 2.9a-h). Even further increasing the ratio results in GFs with straight edges
(figures 2.9i-j) and completely eliminating the argon from the reaction chamber leads to
positive curvatures of figures 2.9k-l.

Figure 2.9: Typical SEM images of separated GFs under different conditions. The ratio of H2 to Ar is increasing
with each step. For (a-i) the flow of Ar is larger than the H2 flow, for (j) both flows are equal and for (k-l) there
is no Ar flow. All scale bars are 5 µm. Reproduced from Wu et al. 60
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Figure 2.10: SEM images of graphene grown using various recipe. The central images with yellow frame in both
left and right column are the same. The left set of SEM images with blue frame are graphene grown at 1:12.5
CH4 :H2 ratio with the total pressure varied from 80 mTorr to 400 mTorr. The right set of SEM images with red
frame are graphene grown at 150 mTorr with the CH4 :H2 concentration ratio varied from 1:30 to 1:2. Reprinted
with permission from Zhang et al. 52 . Copyright 2012 American Chemical Society.
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2.3

Raman Spectroscopy

Raman spectroscopy is a non-destructive technique that offers a fast and high-resolution
characterization of a substrate by looking at the inelastic scattering of monochromatic
light caused by phonons and other excitations in a substrate.
In order to obtain structural and electronic information about a substrate, a laser
bundle is directed towards it. The incident photons ωL create a perturbation in the
Hamiltonian, causing an increase of energy for the electrons from the ground state EGS
to an increased level
Einc = EGS + ~ωL .
(2.3)
This increased level is typically not a stationary level but a virtual level, causing the
system to relax to a stationary state. When the system returns to its original state, a
photon is emitted with the same wavelength as the incident one. This elastic scattering,
or Rayleigh scattering, only leads to a change in propagation direction of the photon.
Much more interesting for graphene research, though less probable to occur, is the socalled Raman scattering 61 . The incident photon loses part of its energy in the interaction
with the substrate. In a Stokes process, energy is lost to a phonon with an energy ~Ω
that is equal to the loss of energy of the scattered photon ~ωSc , where
(2.4)

~ωSc = ~ωL − ~Ω.

When the reverse process (the Anti-Stokes process) happens, a phonon causes an incoming photon to scatter with an increased energy
(2.5)

~ωSc = ~ωL + ~Ω.

The difference in energy between the incoming and scattered photon is called the “Raman
shift”. Even though this Raman shift is a difference in energy, it is historically plotted
in cm−1 . This can be converted to electronvolts using 1 cm−1 = 0.123 984 meV.
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Figure 2.11: The Raman spectrum for pristine and defected graphene on a 90 nm SiO2 covered Si-wafer. These
spectra were obtained with a excitation laser wavelength of 514 nm.

2.3 Raman Spectroscopy

2.3.1

21

Raman of Graphene

When measuring a Raman spectrum of graphene a number of peaks can be identified.
Figure 2.11 shows a typical Raman spectrum of pristine and defective graphene, with
the conventional nomenclature of the different peaks. The most important peaks for
graphene characterization are discussed below. Figure 2.12 illustrates the band diagram
pathways for most of the discussed peaks, and since Raman spectroscopy uses phonon
interaction, figure 2.13b shows the calculated dispersion relation of the six phonon modes
in graphene. 24;61–64
G band ∼ 1595 cm−1
The G band got its name in 1977 during Raman experiments on graphite. The
band was observed in both pristine and defective graphite, and therefore had to
come from the graphite itself, so it was named the G band 61 . The G band represents the in plane vibrations of the sp2 bonded carbon atoms, and is the only
allowed first order Raman band for graphene.
As illustrated in figure 2.12a, an electron-hole pair is created by an incident photon.
The wavelength of this photon is much larger than the nearest neighbour distance,
so the photon has a negligible momentum. Therefore, momentum conservation requires these quasi-particles to have an equal, but opposite quasimomentum k. One
of these quasi-particles creates a phonon. This phonon must have a quasimomentum qphonon = 0, to allow for recombination of the electron-hole pair. This means
that only zero momentum phonons at the BZ centre Γ can participate. 63
Because this band comes from a first order process, the peak position of the G
band is independent of the excitation energy. The peak position however, can shift
to higher wavenumbers for a decreasing number of layers, and therefore be used to
determine the number of layers of graphene. The G peak position is also rather sensitive to doping and minor strain in the graphene, which makes the determination
of the number of layers less straightforward.
D band ∼ 1350 cm−1
The D band is named after disorder, since in the Raman experiments on graphite
in 1977, it was only observed in defective graphite. The D peak comes from the
in-plane transverse optical (iTO) phonons around the BZ corner K. The D band
represents the breathing mode of a sp2 six-atom carbon ring.
Even though this band comes from a second order Raman process, it only involves
a single phonon. As illustrated in figure 2.12b, a defect combined with an iTO
phonon activates this band. Therefore, the sp2 carbon ring needs to be next to an
edge or lattice defect. The peak intensity is therefore directly proportional to the
amount of defects, making it very useful for the identification of grain boundaries
and defects in graphene.
Second order processes can be enhanced by double resonance, as is the case for the
D band. This double resonance makes the peak position strongly depend on the
laser excitation energy.
D’ band ∼ 1625 cm−1
The D’ band was also first measured in defective graphite, what lead to its name.
This peak comes from the longitudinal optical (LO) phonons. The double resonance
is similar to that of the D band. Again a defect in combination with a phonon
activates this band. However, as illustrated in figure 2.12c, the process occurs
within a single valley, and thus is an intravalley proces. The D’ peak position is
just as the D peak position, dependant on the laser excitation energy.
2D band ∼ 2690 cm−1
The 2D band was initially named the G’ band in 1977, as it appeared in both
pristine and defective graphite, just like the G band. In 2006 however, Ferrari
et al. 65 renamed it to 2D, since it is an overtone of the D band.
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(a) G band

(b) D band

(c) D’ band

(d) 2D band

Figure 2.12: Schematic band diagrams of Raman resonance pathways for (a) G, (b) D, (c) D’, and (d) 2D peaks
of monolayer graphene. Reproduced with permission from Weiss et al. 24

K
Γ

M

(a) Brillouin zone

(b) phonon dispersion

Figure 2.13: (a) Brillouin zone of the graphene lattice. (b) Calculated phonon dispersion relation of graphene
showing the six in-plane (i) or out-of-plane (o), longitudinal (L) or transverse (T), and acoustic (A) or optic (O)
phonon branches: iLO, iTO, oTO, iLA, iTA and oTA. Reprinted from Malard et al. 62 , copyright 2009, with
permission from Elsevier.
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The 2D band is the result of a two phonon lattice vibrational process, as illustrated
in figure 2.12d. The two iTO phonons have opposite wave vectors, leading to a
conservation of momentum. This causes the peak to always be present and not
require any defects for its activation.
The 2D band can also be used to determine the number of layers in graphene. The
use of this peak however, is more complex as the band consists of more components
for multiple graphene layers, and is strongly dependant on doping. The 2D band
is also dependant on the excitation energy of the laser.
D + D” band ∼ 2463 cm−1
This D + D” band is also present in defect-free graphene samples. It was first
reported in 1979, where it was suggested to be an overtone, but many different
assignments of this band followed over the years. In 2013, Ferrari and Basko 61
assigned it as a combination of a D phonon and a phonon belonging to the longitudinal acoustic (LA) branch called D”, and therefore the D + D” band.
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Chapter 3

Experimental Setup and
Procedures
In this chapter the experimental setup and procedures will be discussed. The first section
introduces the experimental setup that was used for the graphene growth, and the main
components are discussed. In the second section the copper foils used, and the precleaning procedure are set out. The following two sections explain both growth, and
transfer procedures. The last section introduces the different diagnostic techniques that
can be used to image and characterize the graphene.

3.1

The CVD setup

As mentioned in the introduction, the graphene growth is achieved in a low pressure CVD
reactor. The setup, as shown in figure 3.1, is a hot wall reactor operating at pressures in
the order of several mbar. The main components will now be discussed.
Tube furnace
The heating of the setup is done with a Carbolite TZF 12/65/550 tube furnace.
This furnace has three control zones, in which the temperature is actively regulated
with a thermocouple. The three zones are linked to each other, to achieve a heating
zone of extended temperature uniformity. The furnace has heating elements comprising a ceramic work tube wound with resistance wire. The maximum operating
temperature is 1200 ◦C. For optimum temperature uniformity, an insulating plug is
placed in the right side of the furnace, to prevent heat loss. The furnace is mounted
onto a movable bearer, so it can easily slide around a quartz tube containing the
substrate.
Quartz tube
The setup includes a 50 mm diameter quartz tube with a closed rounded end at the
right. At the open side, the tube is enclosed by an actively water-cooled frame with
a loading dock. Inside the tube a boat-like, quartz sample holder is placed, to carry
the substrate. At the top of the tube a delivery line introduces the gas at the closed
end of the quartz tube. At the other end of the tube the exhaust is connected to
a Alcatel Adixen 2010SD dual stage rotary vane pump, resulting in a constant gas
flow trough the tube from right to left. The pump has a nominal pumping speed
of 9.7 m3 h−1 , that results in a base pressure for this system of p = 1.3 · 10−3 mbar.
Gas flow
The system is connected to four gasses, namely hydrogen (H2 ), methane (CH4 ), argon (Ar), and nitrogen (N2 ). The first three of them are connected to a Bronkhorst
mass flow controller with a maximum standard volumetric flow rate Q of respectively 10, 100, and 500 sccm. Al gasses go through a mixing chamber, before they
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gas inlet

thermocouple
gas flow

exhaust
Figure 3.1: A schematic representation of the hot wall CVD reactor, showing the main components of the
system. The furnace (shown on the right) is mounted on a sliding table which can easily be moved over a heat
resisting glass tube. In the tube the precursor gasses are introduced trough a delivery line that extends to the
right end of the tube. On the left the gases are pumped out of the system resulting in a gas flow from right to
left. The sample temperature is measured with a thermocouple that is placed inside the tube, directly above the
sample.

are introduced in the system trough the delivery line. The N2 line is not connected
to a flow controller and is only used for purging the system.
Thermocouple
The temperature of the sample Tsample , is measured with a type K thermocouple
that is placed inside the quartz tube. The thermocouple is wound around the gas
flow delivery line, and placed directly above the sample.
Pressure Gauges
At the exhaust end of the system, three pressure gauges are connected. The first
gauge, a Pfeiffer TPR 280, is used for the lowest pressure regimes. This Pirani
gauge is gas dependant, and has a measurement range from ∼ 5 · 10−4 to 1000 mbar.
The other two gauges are gas independent Baratron gauges, with a range up to 10,
and 1000 mbar.

3.2

Copper Foil

For this research, two different types of copper foils are used. Both foils properties will
be discussed briefly.
Alfa Aesar
The most commonly used copper foil was ordered from Alfa Aesar with product
no. 13382. This foil is always used in the experiments where graphene is grown.
The foil has a specified purity of 99.8 % and a thickness of 0.025 mm. According to
Hao et al. 46 this foil is oxygen-rich, which was confirmed with X-ray photoelectron
spectroscopy (XPS), see appendix F.
Salomon
The other used foil is obtained from Salomon, and has a thickness of ∼ 0.040 mm.
This foil was used for the copper etch experiments. XPS analysis shows that this
foil is contaminated with carbon, natrium, and chlorine (see appendix F).
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If the copper foil is used for the growth of graphene or graphene flakes (GFs), it is
folded into a tray of approximately 5x2 cm (or 2x2 cm for smaller batches), as illustrated
in figure 3.2. This tray is than placed upside-down in the furnace to trap the copper
vapor, as explained in section 2.2.5.

3.2.1

Pre-Cleaning

As also introduced in section 2.2.5, the copper foil can be cleaned with an etchant, before
it is used in the experiments. In this research three different etchants/acids are compared;
ammonium persulfate ((NH4 )2 S2 O8 ), hydrochloric acid (HCl), and nitric acid (HNO3 ).
Each of these will briefly be discussed.
Ammonium persulfate
A solution of 2.0 M ammonium persulfate (APS) is made by dissolving Emsure
1.01210 ammonium peroxodisulfate crystals in DI water. The APS solution, is
known to chemically react with copper. The peroxydisulfate ions (S2 O8 2-) react
with the copper in a reaction producing both copper and sulfate ions:
Cu(s) + S2 O8 2-(aq) −−→ Cu 2+(aq) + 2 SO4 2-(aq).
Hydrochloric acid
A 5.0 M solution of hydrochloric acid is made by diluting 30 % Emsure 1.00318
Suprapur® hydrochloric acid with DI water. The hydrochloric acid does not react
with the copper itself. The acid however can react with copper oxide, and the
surface contaminants and impurities, cleaning the surface, without removing any
of the un-oxidized copper. The chemical reaction is:
CuO(s) + 2 HCl(aq) −−→ H2 O(l) + CuCl(aq).
Nitric acid
A 5.0 M solution of nitric acid is made by diluting 69 % Emsure 1.01799 nitric acid
with DI water. The nitric acid is also known to react with the copper. The reaction
produces copper ions, and nitrogen dioxide bubbles in the chemical reaction:
Cu(s) + 4 HNO3 (aq) −−→ Cu(NO3 )2 (aq) + 2 NO2 (g) + 2 H2 O(l).
The copper surface is cleaned by immersing the copper foil in ∼ 50 mL of the aqueous
solution for 30 s. The etchant or acid removes the oxidized surface, the impurities, and
(except for HCl) also dissolves some of the copper.
Afterwards the copper is immersed in deionized (DI) water for rinsing. The rinsing
is carried out three times with plenty of fresh DI water, so that the etchant or acid is
completely removed from the foil. The cleaned foil, that typically has a rougher surface,
is than folded into a lid, and directly placed in the quartz tube.

Figure 3.2: Illustration of the folding of the copper foil into a lid. The lid is placed in the CVD setup with the
opening at the bottom, to trap the vapor inside.
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Growth Procedure

The graphene growth procedure was developed by Weber 20 and is based on the procedure
reported by Li et al. 17 , with some alterations and additions. The growth process can be
divided into four phases, namely heating, annealing, growing, and cooling. Each of these
four steps will be discussed separately.
1. Heating
After the sample is placed into the quartz tube the system is pumped down to a
typical base pressure of p ≈ 5 · 10−3 mbar. A flow of 10 sccm H2 is started, resulting
in a hydrogen pressure pH2 ≈ 0.15 mbar. The furnace is moved over the quartz tube,
causing the Cu-foil to heat at a decreasing rate (as illustrated in figure 3.3) to a
temperature of 1045 ◦C.
2. Annealing
The copper substrate is annealed for ∼ 30 min, while maintaining the 10 sccm H2
flow, to remove the copper oxide, remove impurities from the substrate, and to
smoothen the surface. During this time the copper crystallizes, resulting in large
copper grains, with a size in the order of several mm. The temperature meanwhile
increases slightly and stabilizes at Tgrow ≈ 1055 ◦C, just below the melting point
of copper.
3. Growing
After annealing the H2 flow is lowered to 2 sccm, and when the pressure stabilizes
at pH2 ≈ 0.04 mbar, a flow of 35 sccm CH4 is introduced, causing the pressure to
increase to p ≈ 0.576 mbar, resulting in partial pressures of pH2 ≈ 0.031 mbar and
pCH4 ≈ 0.545 mbar. After 2 min the substrate is fully covered with graphene on
both sides.
4. Cooling
Once the growth is completed, the furnace is moved from the quartz tube, causing
the graphene covered substrate to cool at an decreasing rate, as illustrated in
figure 3.3. During the cooling all gas flows are kept the same as during the growth.
The time dependence of both the temperature and the gas flow rates are depicted in
figure 3.3, and table 3.1 shows the gas flow rates, pressure, and process times for each
step. The growth process is also illustrated in figure 3.4 (steps 1-4).

Table 3.1: Experimental parameters for the graphene growth process developed by Weber 20 ,
showing the gas flows of H2 , CH4 , and Ar, with the resulting pressure and the process time for
each step.

Annealing
Pre-growth
Growth
Cooling

H2 flow
(sccm)

CH4 flow
(sccm)

Ar flow
(sccm)

Pressure
(mbar)

Time
(min)

10
2
2
2

0
0
35
35

0
0
0
0

0.15
0.04
0.58
0.58

∼ 30
∼1
2.0
∼ 15
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Ar
H2
CH4

10 sccm
-

2 sccm
35 sccm

2 sccm
35 sccm

Heating

Annealing

Growth

Cooling

Temperature

10 sccm
-

Time
Figure 3.3: Illustration of the time dependence of the experimental parameters temperature and gas composition/flow rate, during the four phases of the growth procedure.

Copper
(1) Pristine copper

Graphene
Copper
(4) Closed film

PMMA
Silicon wafer
(7) Target substrate

Copper
(2) Annealed copper

PMMA
Copper
(5) Polymer support

Graphene
Silicon wafer
(8) Polymer removal

Copper
(3) Graphene nucleation

PMMA

(6) Copper etching

Silicon wafer
(9) Device fabrication

Figure 3.4: Schematic representation of the graphene growth (steps 1-4) and transfer (steps 5-8) processes.
Showing: (1) the pristine copper foil, (2) the annealed copper, showing the copper grains, (3) the nucleation of
graphene, (4) a closed film of graphene on copper, (5) the attachment of the polymer support (PMMA), (6) the
copper foil etched off, (7) the deposition on the target substrate (SiO2 covered Si-wafer), (8) the removal of the
polymer support, and (9) the fabrication of a graphene based devices.
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Transfer Procedure

The graphene transfer procedure is similar to the procedure reported by Bae et al. 19 .
Again this process can be divided into four steps, which are described below. Each step
is illustrated in figure 3.4 (steps 5-8).
5. Adhesion of polymer support
The copper tray is unfolded and the graphene grown on the inside is transferred onto
a SiO2 -wafer. Poly(methyl methacrylate) (PMMA) is used as a polymer support
for the transfer process. The PMMA is ordered from MicroChem as 950PMMA
A4. It is spin coated on the graphene on copper at 2500 rpm for 60 s resulting in a
resist, that was measured by Vervuurt 66 to be approximately 300 nm thick.
6. Copper etching
To remove the copper and the graphene grown at the uncoated side, the sample
is etched in an aqueous solution of iron(III) chloride (FeCl3 ) with a concentration
of 1 M for 5 min. The sample is than gently rinsed with deionized (DI) water to
remove the graphene on the uncoated side (backside graphene). The sample is than
left in 0.5 M FeCl3 for several hours until all the copper is etched away.
7. Deposition on target substrate
After the etching is complete, the sample is transferred, using a glass plate as
support, to fresh DI water to rinse off the FeCl3 . This is repeated three times,
and after the third DI ‘bath’ the sample is transferred to a HCl solution of 1 M, to
remove any remaining iron particles. The sample is then again washed with fresh
DI water three times. Each time the sample is left for 5 min in the fluid.
After the final rinse, the sample is scooped onto a silicon dioxide (SiO2 ) covered
silicon wafer. The sample is then placed on a hot plate that is heated to 70 ◦C to
dry. After the sample has dried for several hours, it is baked on a hot plate at
220 ◦C for 5 min to improve the adhesion.
8. Polymer support removal
To remove the PMMA support layer on top of the graphene, the sample is submerged in fresh acetone (Emsure 1.00014 ) for 5 min twice. After the acetone dip,
the sample is also dipped in 99.8 % pure methanol for 5 min to prevent the stains
the acetone would leave on the surface. After the methanol dip the sample is blown
dry from the top with nitrogen gas.
Alternatively, the PMMA can be removed by heating the sample at 400 ◦C for
30 min in the tube furnace with a hydrogen flow of 10 sccm. Though annealing the
PMMA of takes more time, it gives a slightly better result. The acetone wash typically leaves a 3-5 nm layer of PMMA residue, where annealing leaves only 1-3 nm of
residue. The amount of residue was determined by Vervuurt 66 using spectroscopic
ellipsometry (SE).

3.4.1

Target Substrate

As mentioned in step 7, the graphene is transferred onto a SiO2 covered wafer. The wafer
has an oxide thickness of 90 nm. The oxide thickness largely determines the visibility of
the graphene, as shown by Blake et al. 67 . They have studied the visibility of graphene, as
a function of the oxide thickness and the light wavelength. For most oxide thicknesses,
graphene is not visible. In white light, the best visibility is obtained with an oxide
thickness of either 90 or 280 nm. Of these two, 90 nm is the better choice, since this
oxide thickness is better suited as a substrate for the production of electronic devices.

3.5 Diagnostic Techniques
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Diagnostic Techniques

Due to its atomically thin body, it is typically difficult to image and characterize graphene.
This section is about the different diagnostic techniques that are able to visualize, identify,
and characterize graphene. First the already discussed Raman spectroscopy is further
specified, followed by both optical and electron microscopy. Then Fourier transform infrared spectroscopy is introduced and finally electrical characterization techniques are
discussed.

3.5.1

Raman Spectroscopy

One of the most commonly used diagnostic techniques for graphene, is Raman spectroscopy. The principles of Raman spectroscopy have already been discussed in section 2.3, as well as the various characteristic peaks that are visible in the Raman spectrum
of graphene.
The spectroscope used for this work is a Renishaw Invia Raman microscope. This
spectroscope has an excitation laser, with a wavelength of 514 nm, and a spot size of
∼ 1 µm. The laser is directed through a diffraction grating with 1800 grooves/mm. The
laser power is set to 10 %, with an exposure time of 10 s. The Raman shift between 800
and 3200 cm−1 is typically measured. The obtained data is analyzed and fitted with the
accompanied WiRE software. The initial fit parameters have been optimized, and are
shown in section E.1 of appendix E.
With this spectroscope it is possible to obtain a so called Raman map. During the
mapping of the sample, the spectroscope measures the Raman spectrum for subsequential
points on the surface. The step size is set to 0.5 µm. Afterwards, the software is used to
fit all spectra, and with this data a color map can be created of for example the peak
intensity of for instance the D peak, to look at surface defects.

3.5.2

Electron Microscopy

Another commonly used tool is a scanning electron microscope (SEM). The SEM uses
a focused electron beam to image very small surface structures. A SEM can reach a
much higher magnification than an optical microscope due to the shorter wavelength
of electrons compared to light. The primary electron beam scans the surface, and the
various induced signals, that depend on the form, the density, and the composition of
the sample, are used to construct an image of the substrate’s surface. 68
The high-energy electrons are reflected or back-scattered due to elastic scattering.
The back-scattered electrons (BSE) can be used to detect different elements, since heavy
elements reflect more electrons than lighter elements, and therefore have a different contrast in the SEM image.
The most commonly used imaging mode uses the secondary electrons that are induced
by inelastic scattering. The secondary electrons are emitted from the k-shell of the sample’s atoms by interaction with the electron beam. These low-energy electrons originate
from the samples surface. The angle of incidence of the beam determines the amount
of emitted secondary electrons, which results in a difference of contrast between flat and
steep surfaces. This difference in contrast gives the three-dimensional appearance of the
images.
The system used during this research is the JEOL High Resolution SEM JSM-7500FA
located at the NanoLab@TU/e. This system is a low voltage SEM that allows for acceleration voltages of 0.1-30 kV. A wide range of magnifications is possible, ranging from ∼ 10
times to more than 500 000 times. Two separate operation modes can be distinguished
for the detection of the secondary electrons. The Lower Secondary Electron Image (LEI)
mode is the default mode in the system, that works for a large range of working distances.
This mode uses the lower detector for secondary electron, as illustrated in figure 3.5. The
Secondary Electron Image (SEI) mode uses the upper detector for the secondary, and
therefore only works at small working distances.
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Figure 3.5: A schematic representation of the detector inside the JEOL JSM-7500FA scanning electron microscope, showing the two different detectors for the LEI (lower detector) and SEI (upper detector) imaging modes.
Reproduced from JEOL 68 .

When analysing the rough copper foil itself, the best results are obtained with the
LEI mode, with a working distance of ∼ 15 mm and an acceleration voltage of 1.0 kV.
This low accelerator voltage is used, so that the electrons do not penetrate too deep into
the sample. This enables the examination of the surface of the substrate.
For SEM images of graphene flakes (GFs) on copper, the SEI mode is used with a
working distance of ∼ 5 mm and an acceleration voltage of 1.0 kV. The small working
distance is used so that the upper secondary electron detector can be used, and again
a low voltage is used to look at surface. The GFs are visible due to a difference in
conductivity between the graphene and the copper. The dark areas are covered with
graphene, while the lighter areas are the uncovered copper foil. The SEI mode is uses
because it gives the best contrast between graphene and copper, but with these settings
it is not possible to distinguish between single-layers and multi-layers of graphene on
copper.
For graphene on a SiO2 covered wafer, the same settings as on copper foil are used,
but with an acceleration voltage of 5.0 kV. With the graphene on a wafer, it is possible
to see a difference in contrast for single-layer and multi-layer graphene. Again the lighter
areas are the substrate, and the darker areas the graphene. The image gets darker for
an increasing number of layers.

3.5.3

Optical Microscopy

Graphene grown on copper is not visible with the naked eye. If the copper foil is covered
with GFs, there is no optical difference between covered and uncovered copper foil. Wang
et al. 54 proposed a method to make the GFs visible with an optical microscope (OM) by
selectively oxidizing the copper foil. When heating copper foil on a hot plate at 200 ◦C
for approximately 1 min in air, the copper foil will start to oxidize and change color.
The areas of the foil that are covered by graphene however, will be protected from the
oxidization 69 . Afterwards the GFs will be visible with an OM, due to a color difference.
In this work the optical microscope is mainly used to study the copper foil. The
optical microscopy system used is a Leica Polyvar MET microscope, also located at
NanoLab@TU/e.
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Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is an analysis technique that uses the
absorption or transmittance of infrared (IR) light to provide information about the illuminated material.
Weber et al. 70 showed that the FTIR transmittance spectrum can be used to obtain
the optical carrier mobility µ of graphene. In order to extract the mobility, the optical
conductivity σ1 (which is obtained from the transmittance), as function of the photon
energy ν̃ is fitted with
ns eµ
,
(3.1)
σ1 (ν̃) =
t(1 + nµ2 πγ 2 ν̃ 2 )
where ns is the sheet carrier density, e the elementary charge, t the thickness, and
γ = hc/(evF ), with h the Planck constant, c the speed of light, and vF the Fermi speed
of 106 m s−1 . In section D.1 of appendix D a summary of the derivation for this equation
is given. This equation is valid for the conductivity σ1 in the Drude respons part of the
spectrum (approximately 370-1000 cm−1 ). Two Lorentz curves are used to fit the rest of
the spectrum.
In this work a Bruker Tensor 27 benchtop FTIR spectrometer is used, with a KBr
beam splitter and DTGS detector. The photon energy is measured in the range from 370
to 7000 cm−1 , with a 16 cm−1 resolution, averaged over 1000 scans. The aperature is set
to 3 mm. The substrate used, is a double side polished silicon wafer with a thickness of
300 µm (FZ, n-type, ρ = 1-5 Ω cm).

3.5.5

Electrical Characterization

As mentioned in section 2.1.4, GBs have a detrimental effect on the electronic properties
of graphene and therefore the resistivity can be used as an indication of the quality of
the graphene.
For typical resistance measurements, a voltage V is applied to two contacts and the
current I trough the same contacts is measured (two-point probe). With this resistance R,
the sheet resistance Rs can be calculated using
RA
ρ
=
,
(3.2)
t
lt
where ρ is the resistivity, A is the cross-sectional area, l is the length of the sample, and t
is its thickness. A derivation of this equations can be found in section D.2 of appendix D.
Unfortunately the resistance R obtained with a two-point probe measurement is a
combination of the contact resistance, channel resistance and the lead resistance. A
more accurate method to measure the channel resistance separately is with a four-point
probe measurement.
Rs =

Four-point Probe
The four-point probe has four equally spaced tungsten tips that are applied to the investigated sample. A current is sent through the sample with the two outer contacts
resulting in a voltage drop throughout the sample. Part of this voltage drop is measured
with the inner two contacts as illustrated in figure 3.6a. The inner leads have a high
resistance, so no current will flow through them, which ensures the high accuracy of this
technique.
For graphene the thickness t is much smaller than the probe spacing s. In these cases
the resistivity is given by
 
V
πt
.
(3.3)
ρ=
ln(2) I
Substituting this expression in equation 3.2, an expression for the sheet resistance Rs is
obtained;
 
π
V
Rs =
.
(3.4)
ln(2) I
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C
B

(a) Four-point probe

D
A

(b) Van der Pauw contacts

Figure 3.6: Showing: (a) Schematic illustration of a four-point probe measurement. A current is sent through
the two outer contacts, resulting in a voltage drop over the sample. The inner contacts measure this voltage drop.
(b) Schematic illustration of the contact placement for the Van der Pauw method. Four probes are placed at the
edges of a square of graphene with dimensions of ∼ 1x1 cm.

Magneto-transport
The Hall effect occurs when an electrical current I is sent trough a charge conducting
material in a magnetic field B perpendicular to the current. The Lorentz force on the
electrons causes them to deviate from a straight line, in the direction perpendicular to
both the magnetic field and the current. This leads to an asymmetric charge distribution
in the material, creating an additional electric potential, inducing a voltage difference
transverse to the current direction, the so called Hall voltage VH .
The Hall voltage can be used to calculate the mobility µ of the graphene. The Van der
Pauw method 71 uses the Hall coefficient RH , combined with the resistivity to calculate
the mobility of the majority carrier. For the measurements four ohmic contacts are
placed on the sample, as illustrated in figure 3.6b.
With this method both the horizontal and vertical resistance are determined as described in section D.2.2 of appendix D. The Van der Pauw formula (equation D.16) is
then used to calculate the sheet resistance Rs , which in turn can be used to determine
the mobility of the majority carrier µm , with
µm =

1
|VH |
=
,
ens Rs
IBRs

(3.5)

with the sheet carrier density ns = IB/(e|VH |).
The system used for this work is an Ecopia HMS-5300 Hall Effect Measurement System, located at the Materials and Interface Chemistry group. The system is automated
to measure and plot a variety of temperature dependent material properties, including
the conductivity, the resistivity, and the mobility. For the measurements the sample is
heated to 550 K for 4 h with a constant nitrogen flow. The sample is then cooled back to
300 K and the mobility is measured.

Chapter 4

Influence of (Partial) Pressures
on the Growth of Graphene
In this chapter the influence of the total pressure, and the partial pressures of the different
precursor gasses on the nucleation and growth of graphene is investigated. As mentioned
in the introduction, and the theory chapter, both the total, and partial pressures can
influence the nucleation and growth. The setup as described in chapter 3 is characterized,
since the nucleation and growth are typically different for each setup.
In the first section the effect of the background pressure is investigated by increasing
the pressure with an inert gas. The following section gives an optimization of the hydrogen and methane flows. In the third section the effect of the anneal flow is investigated.
In the last section the optimized growth process is described and discussed.

4.1

Role of the Background Pressure

Traditionally, Weber 20 used the growth procedure as introduced in section 3.3, without
an argon flow, as shown in table 3.1 on page 28. As mentioned in section 2.2.7, the total
system pressure is known to influence the growth and nucleation of graphene. Therefore,
for this work, the setup was upgraded to allow for the addition of a controlled argon
flow to the gas mixture. Adding argon to the precursor gas mixture results in a larger
total system pressure during the growth procedure. Theoretically, the partial pressures
of hydrogen (pH2 ) and methane (pCH4 ) will not change, since the amount of hydrogen
and methane gas that flows trough the system is kept the same.
In order to investigate the effect of the background pressure, the nucleation density
was measured. To measure the nucleation density the growth was terminated by stopping
both methane and hydrogen flows after 0.12 min (7.2 s), and quickly removing the furnace.
By removing the furnace, the temperature in the quartz tube rapidly decreases, and the
growth stops. This growth time was long enough for the graphene to nucleate and the
graphene flakes (GFs) to form, but short enough to prevent the GFs from coalescing. For
all experiments, it is assumed that no new nucleation sites occur after the first 7.2 s. The
time evolution of the growth, as shown in appendix B supports this assumption, as the
existing GFs grow larger, and at 10 s no small nucleation sites exist.
The additional argon flow was increased, while keeping the other flows the same as
in the original growth procedure. For each gas the standard volumetric gas flow Q is
shown in table 4.1, as well as the processing time. The argon flow QAr is kept the same
throughout the entire growth process.
For different argon flows, the nucleation density was determined by counting the
amount of nucleation sites in SEM images from 12 different equidistant locations distributed over the entire sample. The analyzed images have a dimension of 70x70 µm,
resulting in an area of 4.9 · 10−3 mm2 . Figure 4.1 shows a typical snapshot of the nucle-
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(a) 0 sccm Ar, (0.3 ± 0.3) mbar

(b) 50 sccm Ar, (1.2 ± 0.4) mbar

(c) 100 sccm Ar, (1.9 ± 0.3) mbar

(d) 150 sccm Ar, (2.5 ± 0.3) mbar

(e) 200 sccm Ar, (3.1 ± 0.3) mbar

(f ) 300 sccm Ar, (4.1 ± 0.3) mbar

(g) 400 sccm Ar, (5.1 ± 0.3) mbar

(h) 500 sccm Ar, (6.1 ± 0.3) mbar

Figure 4.1: Typical snapshots of the nucleation of GFs with an increased background pressure. The argon flow
QAr is varied between 0 and 500 sccm. All images are obtained with a SEM, and are on the same scale with a
scalebar of 10 µm. All growth conditions can be found in table A.1 of appendix A.
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ation, with an increased argon flow. Note that figure 4.1a shows the nucleation for the
original growth procedure, as there was no argon flow present during growth.
The average nucleation density, as a function of the total system pressure during the
7.2 s of growth is plotted in figure 4.2. Additionally, table A.1 of appendix A shows the
flows of all the gasses during the growth, together with the resulting system pressure,
the calculated average nucleation density, and its standard deviation.
Observations
Both the SEM images in figure 4.1, as well as the graph in figure 4.2 show a significant
decrease in the amount of nucleation sites with an increased argon flow and increased
pressure. From the images it is also clear to see that especially the smaller GFs form
less, causing the remaining GFs to grow larger in the same amount of time.
Whilst counting the amount of nucleation sites, a distinction between GFs larger and
smaller than 8 µm was made. Figure 4.3 shows the ratio of GFs larger than 8 µm to that
of GFs smaller than 8 µm. The graph confirms the observation that especially the smaller
nucleation sites occur less with a increased pressure.
For each of the typical snapshots from figure 4.1, the graphene’s surface coverage was
determined. The surface coverage is plotted in red in figure 4.2. The coverage appears
almost constant, at approximately 26 %, as indicated by the dotted red line.
Only the the sample with an argon flow of 300 sccm, resulting in a pressure p =
(4.1 ± 0.3) mbar, as shown in figure 4.1f, shows a significantly larger surface coverage.
This is also clearly visible in the size ratio plot, as there are almost no small nucleation
sites. In hindsight, the growth time might accidentally have been slightly longer than
7.2 s for this sample. GFs tend to grow very fast in these short times, as can be seen in
the time evolution of the original growth process, that is shown in appendix B.
The constant surface coverage that is observed, implies that the amount of carbon
atoms that reach the surface through the boundary layer is more or less constant, and
the increased pressure does not effect the supply of carbon. The higher pressure might
make it more difficult for the copper to evaporate, leading to a smoother surface, that has
less low energy sites where graphene tends to nucleate 50;51 . If there are less sites where
the carbon atoms are trapped, the carbon can diffuse further over the surface before it
merges with an existing GF, without effecting the supply of carbon to the surface.
Another observation is that the white dots, that can be seen in the SEM images of
figure 4.1, tend to diffuse over the surface and get stuck at low energy surface sites. The
lines of surface impurities come from the waltz lines that are present in the copper foil,
as explained in section 2.2.5. For lower background pressures, the graphene tends to
nucleate mainly at the same sites as the surface impurities. For an increased pressures
the nucleation seems to become less affected by these low energy surface energy sites.

Table 4.1: Experimental parameters for the growth of GFs with an increased background
pressure, showing the gas flows of H2 , CH4 , and Ar and the process time for each step.
The argon flow QAr is varied between 0 and 500 sccm. The temperature of the furnace is
set to Tf urn = 1100 ◦C, which results in a sample temperature Tsample ≈ 1054 ◦C.

Annealing
Pre-growth
Growth
Cooling

H2 flow
(sccm)

CH4 flow
(sccm)

Ar flow
(sccm)

Time
(min)

10
2
2
0

0
0
35
0

QAr
QAr
QAr
QAr

∼ 30
1.00
0.12
∼ 15
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Figure 4.2: The effect of adding an increasing argon flow to the precursor gas mixture. With
an increased argon flow the system pressure increases. The black points represent the average
nucleation density for the increased pressures, with its standard deviation. The red points show
the surface coverage of the graphene in the typical snapshots of figure 4.1, with an average of
approximately 26 %, as indicated by the dotted red line as a guide to the eye.
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Figure 4.3: The effect of an increased argon flow on the ratio of graphene flakes both larger
and smaller than 8 µm. The black points show the percentage of flakes larger than 8 µm, where
the red points show the percentage of those smaller than 8 µm. The dotted lines are a guide to
the eye.
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Role of the Partial Precursor Pressures

In this section the effect of the partial hydrogen pressure pH2 and the partial methane
pressure pCH4 on the nucleation and growth is investigated. In literature, the ratio of the
hydrogen to methane flow, or the methane to hydrogen flow is usually given, and stated
to be an important factor 52;59;60;72;73 . However, these ratios are not comparable amongst
different authors, as they typically work with different pressures, resulting in different
partial pressures.
For all experiments in this section, the flow of argon QAr is adjusted for each step,
so that the total pressure during the entire process is constant. For a constant pressure,
the partial pressure pi scales linearly with the corresponding mole fraction xi . The mole
fraction xi is the investigated gas flow Qi in sccm, divided by the total gas flow Qtot that
is almost constant for a constant pressure. Therefore, at constant pressure, the gas flow
rate Qi is a good approximation of the partial pressure pi with a scaling factor.
A total pressure of 4.0 mbar is chosen, so that the flow controllers can always accommodate the changes in flows fast enough. This results in the growth procedure as shown
in table 4.2.
Table 4.2: Experimental parameters for the growth of GFs at a constant pressure of
4.0 mbar, showing the gas flows of H2 , CH4 , and Ar and the process time for each step.
In section 4.2.1 the hydrogen flow QH2 is varied between 0 and 10 sccm, while keeping
the methane flow constant. In section 4.2.2 the methane flow QCH4 is varied between 2
and 50 sccm, while keeping the hydrogen flow constant. In all experiments the argon flow
QAr is adjusted to keep the pressure constant. The temperature of the furnace is set to
Tf urn = 1100 ◦C, which results in a sample temperature Tsample ≈ 1054 ◦C.

Annealing
Pre-growth
Growth
Cooling

4.2.1

H2 flow
(sccm)

CH4 flow
(sccm)

Ar flow
(sccm)

Time
(min)

10
QH2
QH2
0

0
0

294
QAr1
QAr2
304

∼ 30
1.00

QCH4
0

tgrowth
∼ 15

Role of Hydrogen Flow

To investigate the influence of the hydrogen flow, and with that the partial hydrogen
pressure pH2 , the hydrogen flow is increased, while the methane flow is kept constant at
QCH4 = 35 sccm. The growth time is also kept constant tgrowth = 7.2 s.
Just as in the previous section, the nucleation density as a function of the hydrogen
flow was determined by counting the amount of nucleation sites in SEM images from
equidistant locations on the sample. Figures 4.4a-f show a typical snapshot of the six
samples with a varied hydrogen flow.
In figure 4.5 the calculated nucleation density is plotted as a function of the hydrogen
flow in sccm. Table A.2 of appendix A shows the different growth parameters for the
samples in figure 4.4, such as the gas flow rates during growth, the resulting methane
to hydrogen flow ratio, the growth time, and the nucleation density with its standard
deviation.
Observations
As with the background experiments, the surface coverage is determined for the typical
snapshots of figures 4.4a-f. For higher hydrogen flows the surface coverage seems to stabilize at 39 %, as indicated by the dashed red line. For a low hydrogen flow (0 or 1 sccm),
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(a) 0 sccm H2 , 35 sccm CH4 , 7.2 s

(b) 1 sccm H2 , 35 sccm CH4 , 7.2 s

(c) 2 sccm H2 , 35 sccm CH4 , 7.2 s

(d) 4 sccm H2 , 35 sccm CH4 , 7.2 s

(e) 7 sccm H2 , 35 sccm CH4 , 7.2 s

(f ) 10 sccm H2 , 35 sccm CH4 , 7.2 s

(g) 2 sccm H2 , 2 sccm CH4 , 63.0 s

(h) 2 sccm H2 , 5 sccm CH4 , 50.4 s

(i) 2 sccm H2 , 7 sccm CH4 , 36.0 s

(j) 2 sccm H2 , 10 sccm CH4 , 25.2 s

(k) 2 sccm H2 , 20 sccm CH4 , 12.6 s

(l) 2 sccm H2 , 50 sccm CH4 , 4.8 s

Figure 4.4: Typical snapshot of the nucleation of GFs at a constant pressure of 4.0 mbar. In section 4.2.1 the
hydrogen flow QH2 is varied between 0 and 10 sccm, while keeping the methane flow constant (samples a-f). In
section 4.2.2 the methane flow QCH4 is varied between 2 and 50 sccm, while keeping the hydrogen flow constant
(samples c, and g-l). All images are obtained with a SEM, and are on the same scale with a scalebar of 10 µm.
All growth conditions can be found in table A.2 of appendix A.
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the surface coverage is significantly less. Since the methane exposure is constant for all
samples, the surface coverage gives an indication of the growth speed.
With no hydrogen flow during growth, the lowest surface coverage is observed, as
can be seen in figure 4.4a. The graphene that does grow, also grows much less symmetrical and uniformly. Hydrogen is known to act as a catalyst in the dehydrogenation
of methane 56 , as mentioned in section 2.2.6. Without a hydrogen flow, less methane is
activated, and therefore less growth is to be expected. There however was a hydrogen
flow during the annealing fase, which could have led to adsorbed hydrogen on the surface,
supplying the hydrogen for the initial nucleation.
Unexpectedly, no hydrogen flow during growth also results in a higher nucleation
density. This indicates that the presence of hydrogen during growth, might also effect
the mobility of Cx Hy structures on the surface.
A high hydrogen flow also results in a higher nucleation density. A possible explanation for this comes from the reducing effect hydrogen has on oxygen. Hao et al. 46
showed that surface oxygen effectively passivates the surface, leading to a lower nucleation density. When the hydrogen reduces the surface oxygen, it therefore increases the
nucleation density.
The hydrogen thus acts both as a catalyst for the growth, and a reducer of the surface
oxygen. These two effects have to be balanced, leading to an optimal hydrogen flow that
can be estimated from figure 4.2. An optimum forms around QH2 = 2 sccm, since the
nucleation density is low, yet the growth speeds is at its maximum as indicated by the
surface coverage. This optimal flow is the same as the flow used in the original growth
procedure.
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Figure 4.5: The effect of the amount of hydrogen flow within the precursor gas mixture on the
nucleation density and the surface coverage. The total pressure is constant, and therefore the
hydrogen flow scales closely with its partial pressure. The black points represent the average
nucleation density for the varied hydrogen flow, with its standard deviation. The red points show
the surface coverage of the graphene in the typical snapshots of figure 4.4a-f, that stabilizes at
approximately 39 %, as indicated by the dotted red line as a guide to the eye.
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Role of Methane Flow

In order to investigate the effect of the methane flow on the nucleation and growth of
graphene, now the methane flow is varied, while the hydrogen flow is kept constant at
the optimized flow QH2 = 2 sccm. Again the argon flow during growth is regulated to
keep the system pressure constant at 4.0 mbar.
The growth speed is found to be strongly dependant on the methane flow, so the
growth time tgrowth is varied for different methane flows. The time is chosen so that
the flakes would become large enough to count, but not so large that they would start
to coalesce. Figures 4.4c, and g-l show a typical snapshot for the seven samples in
which the methane flow was varied, and the accompanied growth time. The nucleation
density is again calculated from several equidistant SEM images, and plotted in figure 4.6.
In appendix A, table A.2 again shows al the gas flow rates, the resulting methane to
hydrogen flow ratio, the used growth time tgrowth , and the nucleation density.
Observations
As stated before, the methane flow strongly effects the growth speed. For a low methane
flow, the growth time needed to be increased significantly to increase the surface coverage,
and ensure that the nucleation fase is complete. Growth times over 50 s were used, for a
flow of QCH4 = 5 sccm, compared to the growth time of 7.2 s for a flow of QCH4 = 35 sccm.
For the variation in methane flow, the surface coverage is not plotted. Since both the
methane flow QCH4 and the growth time tgrowth are unique for each sample, the surface
coverage is not directly comparable between the samples.
The methane flow also affects the nucleation density. With an increasing methane
flow, the nucleation density slightly increases. Since there is more methane available in
the system, the carbon concentration on the copper foil increases faster and can become
larger, which explains a higher nucleation density. For the lower flows, the error is
larger than the difference between the samples, though the nucleation density appears to
increase again.
An optimum for the methane flow therefore is less trivial. It appears that a low flow
generally gives a lower nucleation density, but if the flow becomes too low, the nucleation
density goes up again. A second factor that has to be taken into account is that a lower
flow also increases the growth time needed to grow a closed layer of graphene. These
factors combined, make a methane flow of QCH4 = 10 sccm the best choice.
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Figure 4.6: The effect of the amount of methane flow within the precursor gas mixture on
the nucleation density. The total pressure is constant, and therefore the methane flow scales
closely with its partial pressure. The black points represent the average nucleation density for
the varied methane flow, with its standard deviation.
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4.3

Role of Hydrogen Flow During Annealing

A third factor that was found to influence the nucleation density is the hydrogen flow
during annealing, Qanneal in table 4.3. In the traditional process, the hydrogen flow
during annealing was always set to its maximum, Qanneal = 10 sccm. However, when
this flow was lowered to Qanneal = 2 sccm, the nucleation density was found to reduce
with a factor of ∼ 3 as can be seen in figure 4.7. Precise conditions and nucleation
densities are given in table A.3 of appendix A.
This change in nucleation density can again be explained with the role of surface
oxygen. Annealing is a process step to clean the surface, and the more hydrogen that is
used, the cleaner the surface is supposed to become. This holds for organic materials,
as they can react with the hydrogen. The hydrogen flow during annealing however also
reduces the amount of oxygen at the surface, and with that also reduces the passivating
effect the surface oxygen has, leading to an increased nucleation density. An increased
nucleation density, due to a higher hydrogen pressure pH2 during annealing, has also been
observed by Hao et al. 46 .
Table 4.3: Experimental parameters for the growth of GFs with a varied hydrogen flow
during annealing Qanneal , showing the gas flows of H2 , CH4 , and Ar and the process time
for each step. The anneal flow Qanneal is chosen at 2 and 10 sccm. The temperature of the
furnace is set to Tf urn = 1100 ◦C, which results in a sample temperature Tsample ≈ 1051 ◦C.

Annealing
Pre-growth
Growth
Cooling

H2 flow
(sccm)

CH4 flow
(sccm)

Ar flow
(sccm)

Time
(min)

Qanneal
2
2
0

0
0
5
0

QAr
300
296
303

∼ 30
1.00
0.84
∼ 15

(a) 2 sccm H2 anneal

(b) 10 sccm H2 anneal

Figure 4.7: Typical snapshot of the nucleation of GFs as the hydrogen flow during annealing Qanneal is varied.
The nucleation density is (1.7 ± 0.5) · 103 mm−2 for an anneal flow of 2 sccm (a), and (4.5 ± 1.8) · 103 mm−2 for
an anneal flow of 10 sccm (b). Both images are obtained with a SEM, and are on the same scale with a scalebar
of 10 µm. All growth conditions can be found in table A.3 of appendix A.
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Optimized Growth Conditions

By combining the findings in the previous sections, the original growth process can be
optimized to achieve a lower nucleation density. First an argon flow is added. A higher
pressure prevents the copper from evaporating, which results in a smoother surface, with
a significantly lower nucleation density. Therefore, the argon flow is set as high as possible
at QAr = 500 sccm. The hydrogen flow during annealing is lowered to Qanneal = 2 sccm,
as this lowers the nucleation density. This effectively also makes the ‘pre-growth’ step,
that was used to stabilize to a lower hydrogen flow, unnecessary.
The hydrogen flow during growth does not need to be changed, since a flow of QH2 =
2 sccm was found to be optimal. The methane flow is lowered to a flow of QCH4 = 10 sccm,
so that the growth time would not increase to much. It was found that after the original
2 min of growth the copper is covered for 95 %. The growth time for a closed graphene
film, is therefore chosen safely at tgrowth = 5 min. For the determination of the nucleation
density, a growth time of 12.6 s is used.
These adjustments combine to a new, and optimized higher-pressure growth process
as shown in table 4.4. With this process the nucleation density was decreased by a
factor of ∼ 29, from (46.4 ± 15.4) · 103 mm−2 to (1.6 ± 0.3) · 103 mm−2 . To illustrate
this, figure 4.8 shows a comparison between the nucleation with the original and the
optimized process.
Table 4.4: Experimental parameters for the growth of graphene with the optimized process
as explained in section 4.4, showing the gas flows of H2 , CH4 , and Ar with the resulting
pressure and the process time for each step.

Annealing
Growth
Cooling

(a) original process

H2 flow
(sccm)

CH4 flow
(sccm)

Ar flow
(sccm)

Pressure
(mbar)

Time
(min)

2
2
2

0
10
10

500
500
500

6.0
6.1
6.1

∼ 30
5
∼ 30

(b) optimized process

Figure 4.8: Comparison between the nucleation of the (a) original process, compared to the (b) optimized
process. Both images are obtained with a SEM, and are on the same scale with a scalebar of 10 µm.
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Chapter 5

Pre-cleaning of the Copper Foil
The pre-cleaning procedure as described in section 3.2.1, is said to make experiments more
consistent for different copper foil batches 21 , but might also have an effect on the quality
of the graphene. In this chapter the effect of the copper pre-cleaning is investigated. In
the first section the pristine copper foil is shown as a reference to further images. Then
the effect of three different etchants or acids (ammonium persulfate, hydrochloric acid,
and nitric acid) on the copper foil is investigated. In the last section the effect of the
pre-cleaning step on the nucleation density is investigated.

5.1

Untreated Copper Foil

As a reference the copper foil is analyzed with both an optical microscope (OM), and
an electron microscope (SEM). For this section and the next, the Salomon copper foil is
used, since it is less pure and therefore the effect of the pre-cleaning can be best observed.
Figures 5.1a-c show a selection of images of the copper foil as-received, and figures 5.1d-e
show the same foil after annealing for 30 min.
In all images waltz lines, which are made during the production of the copper foil, are
clearly visible. Besides these lines, many pits and scratched are observed on the copper
foil. It is not possible to detect impurities at this stage, as there are too many other
surface irregularities, as can be seen in figure 5.1c. The darker areas are most likely
impurities on the surface, but might as well be topological effects.
After annealing, the waltz lines are still visible, though the surface is a lot smoother
than before annealing. During the annealing of the copper foil, the copper recrystallizes,
and strain-free copper grains are formed. These copper grains can clearly be distinguished
on both the OM and the SEM. With the OM a copper GB appears as a dark line, due
to the local difference in height, as shown in figure 5.1d. On the SEM different copper
grains typically have a different contrast, as shown in figure 5.1e.
After annealing copper terraces, where one or more atomic steps are overcome, can
also be observed. Furthermore, rough spots are stil very common, both in the form of
pits and mounds. When zooming in even further (figure 5.1f), the copper appears flat.
Some impurity particles are visible (the black and white dots), and surface impurities
(darker gray areas) can clearly be seen on top of the copper.
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(a) OM 100x

(b) SEM 250x

(c) SEM 4000x

(d) OM 100x

(e) SEM 250x

(f ) SEM 4000x

Figure 5.1: Characterization of the untreated copper foil, both before annealing (a-c), and after annealing (d-f).
The images are obtained with an OM (a,d) and a SEM (b-c,e-f). All scalebars are 10 µm.

5.2

Cleaned Copper Foils

In order to investigate the effect of the different cleaning solutions on the copper foil,
the foil was cleaned with various chemical solutions for 30 s. For each solution different
concentrations were used, ranging from 0.125 M to 5.0 M. After the cleaning the foils
were rinsed in plenty of fresh DI water for three times. After drying the foils were again
examined with an OM. The resulting images can be found in appendix C.

5.2.1

Cleaning the Copper

The ammonium persulfate (APS) is very reactive with the copper, especially for higher
concentrations. When the copper is placed in to the solution, it starts to fizz and small
bubbles form at the copper surface. Figure 5.2a shows the copper foils after only 30 s
of etching in the highest concentration used (2.0 M). This high concentration makes
the surface highly irregular, and the copper grain structure seems to become visible. It
appears as if the APS has different etch rates for different copper crystal orientations.
For a lower concentration this effect is less prominent.
The hydrochloric acid (HCl) does not etch the copper itself, as even for high concentrations the cleaned copper foil (figure 5.2b) looks almost the same as the pristine
copper foil. One important difference is that the copper oxide is removed; the foil has
a different color, and is more reflective after cleaning. There is no significant difference visible with the OM, for samples cleaned with different concentrations varying from
5.0 M to 0.25 M. For the low concentrations however, the copper tarnish is probably not
completely removed, as not the entire foil changed its color.

5.2 Cleaned Copper Foils

(a) APS 2.0 M
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(b) HCl 4.0 M

(c) HNO3 4.0 M

Figure 5.2: The effect of cleaning the copper foil. The copper foil was cleaned with 2.0 M APS (a), 4.0 M HCl
(b), and 4.0 M HNO3 (c). All images are obtained with an OM, and are on the same scale with scalebars of 50 µm.
All cleaning results can be found in appendix C.

When cleaning with a high concentration of nitric acid (HNO3 ), the reaction causes
nitrogen dioxide bubbles to form at the copper surface, as already explained by Kim
et al. 21 . These bubbles however only formed in the last seconds of the 30 s cleaning.
Therefore the etch time was also varied, for a concentration of 4.0 M. The results of the
time variation can again be found in appendix C.4. Figure 5.2c shows the substrate after
30 s of etching. For an increasing etch time, the bubbles start to become larger, and the
surface becomes more and more irregular and matte. Therefore a longer etch time is not
desirable.

5.2.2

Cleaning and Annealing

For a selection of the different concentrations, a freshly cleaned copper foil was annealed
at Tsample ≈ 1048 ◦C for 30 min, and afterwards analyzed with both an OM and the
SEM. The best obtained result for each solution is shown in 2 figure 5.3. For comparison
an untreated sample is also shown.
For APS the best results were obtained with the 2.0 M concentration. Upon inspection
with the SEM, most of the surface rough spots were gone after annealing. There did
remain some surface impurities at the surface in the form of darker gray areas, as seen
in figure 5.1f.
With hydrochloric acid, a 1.0 M concentration was used to clean the copper. Upon
further inspection the surface showed both rough spots, and surface impurities.
For nitric acid it was found that with an increasing etch time the surface became
rougher, even after annealing. Therefore the best results were obtained with an etch
time of 30 s. Also the concentration was chosen at 1.0 M, so the etching does not damage
the copper foil too much. The surface still had more height differences than the untreated
copper, however, the height differences appeared les abrupt.
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(a) Pristine OM 100x

(b) Pristine SEM 250x

(c) Pristine SEM 4000x

(d) APS 2.0 M, OM 100x

(e) APS 2.0 M, SEM 250x

(f ) APS 2.0 M, SEM 4000x

(g) HCl 1.0 M, OM 100x

(h) HCl 1.0 M, SEM 250x

(i) HCl 1.0 M, SEM 4000x

(j) HNO3 1.0 M, OM 100x

(k) HNO3 1.0 M, SEM 250x

(l) HNO3 1.0 M, SEM 4000x

Figure 5.3: The effect of cleaning and annealing on the copper foil. As a reference the uncleaned copper foil
(a-c) is shown again. The copper foil was cleaned with 2.0 M APS (d-f), 1.0 M HCl (g-i), and 1.0 M HNO3 (j-l).
The images are obtained with an OM (a,d,g,j) and a SEM (b-c,e-f,h-i,k-l). All scalebars are 10 µm.

5.3 Nucleation on the Pre-cleaned Copper Foil
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Nucleation on the Pre-cleaned Copper Foil

Finally, the effect of pre-cleaning on the nucleation of graphene was investigated. For
these experiments, the optimal concentrations for each of the cleaning solutions, as discussed in the previous section, was used to clean Alfa Aesar foil. The copper foil was
submerged in the cleaning solution for 30 s, and afterwards rinsed with plenty of fresh
DI water for three times.
On these cleaned foils the optimized growth process from section 4.4 was used to grow
GFs. The growth time was set to tgrowth = 12.6 s. Just as in chapter 4, the amount of
nucleation sites was counted at 12 equidistant positions distributed over the surface, and
used to calculate the nucleation density.
Figure 5.4 shows the nucleation density for the untreated surface, compared to the
nucleation densities of the three different cleaning solutions. Figure 5.5 shows a typical
snapshot of all of the four samples.
Observations
As can be seen in the graph of figure 5.4, all three pre-cleaning treatments lead to a
reduced nucleation density, compared to the nucleation density for the untreated copper
foil of (2.2 ± 0.8) · 103 mm−2 .
In the previous section is was shown that after annealing, the APS pre-cleaned copper
foil is smoother and cleaner than the untreated copper foil. In figure 5.5b it is visible
that the lines of white dots, indicating low energy surface sites, have been replaced with
dashed lines, which indicates that the surface is indeed smoother. The nucleation density
on this surface is lower than on the untreated copper foil, as expected for a smoother
surface.
Even though the hydrochloric acid does not etch the copper, the removal of the copper
oxide by this acid is enough to decrease the nucleation density.
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Figure 5.4: The effect of pre-cleaning the copper foil on the nucleation density of graphene.
Untreated copper foil is compared to copper foil that was cleaned for 30 s with either 2.0 M APS,
1.0 M HCl, or 1.0 M HNO3 .
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The pre-cleaning with nitric acid gives the lowest nucleation density. The nucleation
density is decreased with a factor of 2, to (1.1 ± 0.4) · 103 mm−2 . In the previous section
the Salomon foil that was cleaned with nitric acid seemed very rough. With a rough
surface, a higher nucleation density would be expected, since it has many low energy
surface sites that are known to promote nucleation. However, with the growth of GFs on
the Alfa Aesar foil, the nucleation density is lower than with the other cleaning solutions.
The rough spots are no longer observed with the SEM, as can be seen in figure 5.5d.
Nitric acid and APS are known to be strong oxidizing agents. The oxidizing behaviour
of these solutions might make the copper foil more “oxygen rich”. Surface oxygen is
known to passivate the surface, which leads to a decrease in nucleation density. However,
hydrochloric acid is not an oxidizer, and does also show a reduced nucleation density. To
verify whether the amount of surface oxygen has indeed increased, an accurate analysis
of the pre-cleaned copper foil is required.
In conclusion, the lowest nucleation density was obtained by pre-cleaning the copper
foil for 30 s with 1.0 M nitric acid before it is annealed in the tube furnace. This precleaning step reduces the nucleation with a factor 2, compared to untreated copper foil.
This compliments the findings of Kim et al. 21 , whom stated that a pre-cleaning step with
nitric acid gives the best results in terms of reproducibility between different batches of
copper.

(a) Untreated

(b) APS 2.0 M

(c) HCl 1.0 M

(d) HNO3 1.0 M

Figure 5.5: The effect of pre-cleaning the copper foil on the nucleation of graphene. Untreated copper foil is
compared to copper foil that was cleaned for 30 s with either 2.0 M APS, 1.0 M HCl, or 1.0 M HNO3 . All images
are obtained with a SEM, and are on the same scale with scalebars of 10 µm.

Chapter 6

Characterization of the Original
and Optimized Growth Process
In chapter 4, the growth conditions for graphene were optimized to minimize the nucleation density. In chapter 5 the nucleation density was further reduced, by pre-cleaning
the copper substrate with nitric acid. This resulted in a growth process with a nucleation
density that is approximately a factor 41 smaller than that of the original growth process.
In this chapter the effects of this reduced nucleation density are investigated. In
the first section a characterization of the original process with electron microscopy and
Raman spectroscopy is given. In the second section the optimized growth process is
characterized in the same manner. In the third section comparative measurements are
performed on both the original and optimized growth process, to compare the sheet
resistance Rs , the resistivity ρ, the sheet carrier density ns , and the mobility µ of the
resulting graphene.

6.1

Original Growth Process

When assuming that all nucleation sites are single crystals, the mean grain size Dg , that is
the square root of the average grain area 30 , can be calculated from the nucleation density.
The original growth process had a nucleation density of (46.4 ± 15.4) · 103 mm−2 . This
can be converted to a mean grain size of Dg = (4.6 ± 3.1) µm. This naturally is an upper
limit for the mean grain size. If the nucleating GFs are not single crystals, the grain size
would decrease for an increasing number of grains within a GF.
In an attempt to identify the number of grains within a GF, GFs grown with the
original growth process have been imaged with all available diagnostic techniques. Figure 6.1 shows three images of the same GFs on both copper, and a SiO2 covered wafer.
Figure 6.1a shows these GFs, imaged with a SEM on copper. Figure 6.1b shows them,
again imaged with a SEM, after transfer onto a wafer. Figure 6.1c shows a Raman map of
the intensity of the D peak for the same flakes on the wafer. In section E.2 of appendix E
the Raman maps of the peak intensity of the G and 2D band are also shown.
In all images, both the larger and the smaller nucleation sites are visible. In both SEM
images, the edges of the flakes are clearly visible, due to the difference in contrast. In the
Raman map the edges are not so sharp, because of the limited resolution of the Raman
spectrometer. As mentioned in section 3.5.1, the Raman’s laser spot size is ∼ 1 µm. The
map is obtained with a step size of 0.5 µm between each spectrum.
Due to this limited spot and step size, the grain boundaries (GBs), if any, are most
likely not visible. The GBs typically are ∼ 1 nm wide. In the larger GFs of figure 6.1c
however, there appear to be some indications of lines of increased D peaks, running
radially outward from the centre of the GF. As shown in section 2.2.4, GBs typically run
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(a) SEM on copper

(b) SEM on wafer

(c) Raman map on wafer

Figure 6.1: Visualization of GFs grown with the original growth process as described in section 3.3. Showing
different images of the same GFs. (a) SEM image on copper. (b) SEM image on a SiO2 covered Si-wafer. (c)
Raman map of the intensity of the D peak. All scalebars are 10 µm.

6.1 Original Growth Process
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(a) SEM on copper

(b) SEM on wafer

(c) Raman map on wafer

Figure 6.2: Visualization of GFs grown with the optimized growth process as described in section 4.4. Showing
different images of the same GFs. (a) SEM image on copper. (b) SEM image on a SiO2 covered Si-wafer. (c)
Raman map of the intensity of the D peak. All scalebars are 10 µm.
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from a notch between two lobes to the centre of the GF. These findings however, are not
conclusive due to the limited resolution.
As already mentioned in section 3.5.2, multi-layer graphene can not be distinguished
with the settings used on copper. In the SEM image on the wafer of figure 6.1b, these
multi-layer spots are clearly visible as darker spots in the centre of the GFs. These
multi-layer spots also show up on the Raman image of figure 6.1c, as an increased D
peak intensity. These multi-layer spots only occur in the larger GFs, and not in the
smaller flakes in between.
In conclusion, an upper limit for the mean grain size was calculated to be Dg =
(4.6 ± 3.1) µm. There are strong indications that this is an overestimation, but the
crystallinity of the GFs could not be determined with Raman spectroscopy.

6.2

Optimized Growth Process

For the optimized growth process, on copper pre-cleaned with nitric acid, the nucleation
density was calculated to be (1.1 ± 0.4) · 103 mm−2 , which is a factor of ∼ 41 smaller
than the nucleation density of the original growth process. Again assuming that all
the nucleation sites are single crystals, the mean grain size is calculated to be Dg =
(29.6 ± 19.2) µm, which is a factor of ∼ 6.4 larger than with the original process. This
off course is again an upper limit for the mean grain size, since all GFs are assumed to
be single crystals.
Several GFs, that have been grown with the optimized growth proces, have also been
imaged before and after transfer. Figure 6.2 shows a SEM image on copper (figure 6.2a),
a SEM image after tranfer onto the wafer (figure 6.2b), and a Raman map of the intensity
of the D peak (figure 6.2c). The Raman maps of the peak intensity of the G and 2D
band can be found in section E.3 of appendix E. All Raman images are slightly distorted
due to a malfunction of the stage motor in the Raman microscope.
The SEM image on the copper foil shows three GFs. It is immediately noticeable
that the bottom GF has a impurity in the center of the flake, that most-likely acted as
a nucleation site. This impurity is still visible in the SEM image on the wafer, implying
that these impurities are transferred together with the graphene. In figure 6.2b it is
visible that multi-layer graphene starts to grown at all sides of this impurity.
In the SEM image on wafer of figure 6.2b, small clusters of higher contrast can be
observed both in between, and under the GFs. These darker areas are scrolls of the
graphene that was grown on the backside of the copper foil. During the transfer process
this backside graphene should have been removed. However, when the backside graphene
is not properly removed during the transfer procedure, it tends to roll op into the scrolls
that are visible in figure 6.2b.
These scrolls of backside graphene make it difficult to detect GBs in the Raman image
of figure 6.2c, since an increased D peak can indicate both a lattice defect caused by a
grain boundary, or scrolls of backside graphene. There again do appear to be lines of
increased D peak intensities running radially outward from the centre of the GFs. Some
lines are in the same place as scrolls of backside graphene, but others are not. This is a
strong indication that GBs most likely exist within the lobed GFs that are grown with
this setup. As explained in section 2.2.4, this is very common for lobed GFs grown with
low pressure CVD.

6.3 Comparative Measurements

6.3
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In order to compare the quality of the original and optimized growth process, comparative measurements of the optical and electrical properties are performed on samples
grown with both processes. In this section the results of Fourier transform infrared spectroscopy (FTIR) and Van der Pauw measurements are compared. With these diagnostic
techniques the mobility µ, the sheet resistance Rs , the resistivity ρ, and the sheet carrier
density ns can be obtained.

6.3.1

Fourier Transform Infrared Spectroscopy

With FTIR, the optical carrier mobility µ can be obtained, as explained in section 3.5.4.
For these measurements, the graphene is transferred to a double side polished silicon
wafer with a thickness of 300 µm. The measured FTIR spectra are plotted in figure 6.3,
and fitted with equation 3.1. From the fit of the data, the optical mobility µ, and the
sheet carrier density ns are derived, whose values are given in table 6.1.
From the graph of figure 6.3 it is directly visible that the mobility of the optimized
growth process is larger, since the Drude-tail is shifted to the left. The Drude respons
(∼ 370 − 1000 cm−1 ) determines the mobility with equation 3.1. A lower conductivity σ1
in this range, leads to a higher mobility. This is confirmed by the values for the mobilities
that are derived from the fit of the spectra, and are shown in table 6.1. Although these
results are obtained with only a single sample of both growth processes, the mobility of
the optimized growth process is more than twice as large as that of the original growth
process.
In the measured FTIR spectra, the optical conductivity σ1 should stabilize around 1
for higher photon energies. In the spectrum of the optimized growth process however, the
conductivity is much higher than that. This is caused by non-idealities in the alignment
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Figure 6.3: FTIR spectra of graphene grown with the original growth process (black) of
section 3.3, and the optimized growth process (blue) on cleaned copper of sections 4.4 and 5.3.
The spectra are fitted with equation 3.1, and the fits are plotted as dashed lines in red and
magenta respectively.
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Table 6.1: Results of the FTIR measurements, as a comparison between the original
growth process of section 3.3, and the optimized growth process on cleaned copper of
sections 4.4 and 5.3.

Original process

Optimized process

Optical mobility µ (cm2 V−1 s−1 )

1.4 · 103

3.2 · 103

Sheet carrier density ns (cm−2 )

14 · 1012

6 · 1012

FTIR

of the substrate. This does cause the fit of the spectrum to become less precise, making
this result less reliable.
In the spectrum of the sample grown with the optimized growth process, multiple
absorption peaks are visible. Around ∼ 1600 cm−1 and ∼ 3800 cm−1 water absorption
peaks are visible. This indicates that in this sample there is more water adsorbed at the
surface, or trapped underneath the graphene as compared to the other sample. Absorbed
water is known to decreases the mobility. Nevertheless, the mobility of the optimized
process is still higher. Around ∼ 1700 cm−1 absorption peaks of PMMA are also visible
in the spectrum. This indicates that there is some PMMA residue present on the sample
grown with the optimized growth process.
The sheet carrier density ns is lower for the sample grown with the optimized growth
process. This means that the conductivity σ = ens µ is very comparable for both samples.
The sheet carrier density that is derived from the fit however is only a rough estimation,
and therefore not very reliable.

6.3.2

Van der Pauw

For the Van der Pauw measurements, the graphene grown with both the original, and
optimized growth process was transferred onto a SiO2 covered Si wafer, with an oxide
thickness of 90 nm. The graphene had a size of approximately 1x1 cm, and was contacted
with silver paste at the corners, to allow for stable contacting with the Hall effect measurement system. From each measurement with the Hall setup, the resistivity ρ, the
sheet resistance Rs , the sheet carrier density ns , and the mobility µ can be obtained.
As mentioned in section 3.5.5, the sample is measured with the Hall system at 300 K.
The sample is then heated to 550 K for 4 h in a dry nitrogen environment, to prevent
oxidation of the graphene and remove the adsorbed water from the sample. The sample
is then cooled back to 300 K and the measurements are repeated. The sample is than
exposed to air, and again measured in time.
In figure 6.4 the temperature T and mobility µ are plotted for both samples as a
function of time. Table 6.2 shows the stable values of the obtained quantities for both
samples, before and after annealing, while still in the dry nitrogen environment.
Before annealing, both samples are almost identical. The mobility µ is slightly higher,
though not significantly. During the annealing in dry nitrogen at 550 K, the mobility
increases for both samples. This can be explained by the removal of p-type dopants,
such as water and PMMA residue 74 .
After annealing, the sample is cooled back to 300 K, and for both samples the mobility µ increased even further, as is expected at a lower temperature. The mobility is again
slightly higher for the optimized growth process, though not significantly. The resistivity ρ, sheet resistance Rs , and sheet carrier density ns do differ from one another with
a factor of ∼ 1.7. The optimized graphene, has a lower resistivity, which could indicate
less grain boundaries. More remarkably, the sample has a slightly higher mobility, even
with a higher sheet carrier density, while typically the mobility is lower for an increased
carrier density due to scattering.
Another remarkable difference is observed after the samples are exposed to air. The
mobility of the sample grown with the original growth process rapidly decreases back
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Figure 6.4: Van der Pauw measurements of graphene grown with the original growth process
(black) of section 3.3, and the optimized growth process (blue) on cleaned copper of sections 4.4
and 5.3 as a function of time. The temperature is plotted in red. The time axis is not linear.
The sample was heated to 550 K for 4 h.

Table 6.2: Results of the Van der Pauw measurements, as a comparison between the
original growth process of section 3.3, and the optimized growth process on cleaned
copper of sections 4.4 and 5.3.

Van der Pauw

all at 300 K

Optimized process

15.4

15.9

0.46 · 10

0.47 · 103

Sheet carrier density ns (cm−2 )

11.0 · 1012

9.5 · 1012

1.2 · 103

1.4 · 103

64.9

37.8

Sheet resistance Rs (Ω/)

1.94 · 103

1.13 · 103

Sheet carrier density ns (cm−2 )

1.2 · 1012

2.1 · 1012

Mobility µ (cm2 V−1 s−1 )

2.59 · 103

2.70 · 103

Mobility µ (cm2 V−1 s−1 )
Resistivity ρ (µΩ cm)

After annealing

Sheet resistance Rs (Ω/)

3

Before annealing

Resistivity ρ (µΩ cm)

Original process
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to its original value. After only 10 min the mobility is back to the original value from
before annealing. This behaviour is expected, since the water dopants that have been
removed during the heating can again be adsorbed on the substrate, which increases
the sheet carrier density and decreases the mobility. The sample with the optimized
growth process however, initially shows an increased mobility after exposure to air. For
more than 40 min both the mobility µ, and resistivity ρ keep on increasing, while the
sheet carrier density ns decreases with a factor 2. After reaching a maximum mobility
of 4.4 · 103 cm2 V−1 s−1 , the mobility starts to decrease again and slowly returns to its
original starting value. This behavior is not understood and should be investigated
further.

6.3.3

Comparison

With both the comparative measurements a difference is observed between the two
growth processes. In both cases the optimized growth process gives a better result for
the measured samples. With the FTIR measurements, the mobility µ is much higher
for the optimized growth. With the Van der Pauw measurements, both before and after
annealing, the mobility is only slightly higher, though not significant.
In terms of resistivity, both samples look very similar before annealing. The main
difference is observed after annealing. After annealing the resistivity ρ is lower for the
optimized growth process, which could indicate that there are less GBs present in the
sample. Before annealing however, the resistivity is very similar for both samples.
In conclusion, the samples grown with the optimized growth procedure appear to
have a better quality. Since only a single sample was used for each measurement, these
results are not conclusive. The amount of PMMA residue on the graphene due to the
transfer procedure strongly influences the quality of the graphene, and can vary from
sample to sample. Therefore, to be more certain of the difference between the growth
processes, a more statistical analysis should be done on more samples.

Chapter 7

Conclusions and Outlook
The main goal of this work was to optimize the quality of large-area graphene grown by
CVD. The quality of graphene is strongly effected by grain boundaries (GB) between
different graphene crystals. As explained in section 2.1.4, the GBs have a detrimental
effect on the chemical, mechanical, and electrical properties of the graphene. Therefore,
in order to improve the quality of the graphene, a commonly pursued approach to increase
the graphene’s quality is to grow the largest possible graphene flakes (GFs). When the
graphene crystals can grow larger before they start to coalesce with other crystals, less
GBs will form, which improves the quality of the graphene. In practice this means that
the nucleation density needs to be decreased.
From literature it is known that copper substrate treatments can influence the nucleation density, as explained in section 2.2.5. In other studies the nucleation density
is reported to be effected by the total system pressure, and the ratios of the precursor
gas flows, as explained in sections 2.2.6 and 2.2.7. This led to the following two research
questions:
- What is the effect of the different gas flows and partial pressures on the quality of
the graphene?
- What is the effect of cleaning the copper substrate before CVD growth on the quality
of the graphene?
As stated in the introduction, the growth of graphene is also known to be strongly
dependent on the specifics of the setup that is used. Therefore, an additional goal
was to characterize the growth of graphene with the setup available at the Plasma &
Materials Processing (PMP) group of the Eindhoven University of Technology (TU/e),
as introduced in chapter 3.

7.1

Conclusions

The growth process of graphene was optimized to minimize the nucleation density. The
optimization reduced the nucleation density by a factor of ∼ 41, from
(46.4 ± 15.4) · 103 mm−2 to (1.1 ± 0.4) · 103 mm−2 . This means that the mean grain size
is increased by a factor of ∼ 6.4, from (4.6 ± 3.1) µm to (29.6 ± 19.2) µm, assuming that
all GFs are single crystals.
The reduction of the nucleation density was accomplished by increasing the background pressure, optimizing the partial pressures of hydrogen and methane and precleaning the copper substrate.
With an increasing background pressure, the nucleation density of GFs was found to
decrease. The higher pressure is believed to reduce the evaporation of the copper, leading
to a smoother surface, with less nucleation sites.
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The hydrogen (H2 ) partial pressure pH2 gas slightly effected the nucleation and growth
of graphene. For a relatively low pH2 , the total growth in terms of surface coverage
was reduced, while the nucleation density increased. At higher partial pressures, the
nucleation density also increased. This was attributed to the dual role of hydrogen.
The hydrogen acts as a catalyst for the growth, and as a reducer of the surface oxygen.
An optimal hydrogen flow of QH2 = 2 sccm was derived. For the methane (CH4 ) an
optimum flow was also derived. A lower methane partial pressure pCH4 generally gives a
lower nucleation density, but also decreases the growth speed. Therefore a methane flow
of QCH4 = 10 sccm was found to be optimal. Thirdly the hydrogen flow during annealing
was found to affect the nucleation density, which is again caused by the reduction of the
surface oxygen. Therefore the hydrogen flow during annealing was reduced from 10 to
2 sccm.
Pre-cleaning the copper foil with different solutions before it is annealed in the setup
was found to decrease the nucleation density. The nucleation density decreases for all
solutions, which can be attributed to the removal of contaminants. The oxidizing behaviour of ammonium persulfate and nitric acid might create an additional decrease in
the nucleation by increasing the amount of surface oxygen, which is known to passivate
the surface, reducing the nucleation density. The best results were obtained by cleaning
the copper foil in 1.0 M nitric acid for 30 s.
FTIR, and Van der Paul measurements were performed on closed films, grown with
both the original and optimized growth process, to compare the mobility µ and resistivity ρ of graphene. FTIR showed a higher optical mobility for the optimized growth
process of 3.2 · 103 cm2 V−1 s−1 compared to 1.4 · 103 cm2 V−1 s−1 for the original growth
process. The Van der Pauw measurements also showed a slightly higher mobility for the
optimized growth process. The Hall measurements also showed that after annealing the
resistivity was a factor of ∼ 1.7 lower for the graphene grown with the optimized growth
process. After annealing the mobility of the optimized growth is slightly higher, even
with a higher sheet carrier density. All these measurements indicate that the quality of
the graphene has improved with the optimized growth process.

7.2

Outlook

As already mentioned, the comparative results of section 6.3 are based on a single sample
for each growth process. The results appear to show an improved quality for the graphene
grown with the optimized growth process. However, in order to more confidently conclude
that the quality of the graphene has improved, a more statistical analysis of samples
grown with both growth processes is needed.
In order to get a better estimation of the mean grain size, other diagnostic techniques
are required. For instance, dark-field transmission electron microscopy (DF-TEM) can
determine the crystal orientation of areas of graphene, and create a false-color image to
visualize the grain structure 30 . A different approach could be to make the GBs optically
visible, by selectively oxidizing the copper substrate trough the GBs. Ryu et al. 9 reported
a method for this, using hydrogen peroxide, which is currently being looked at as well.
The most significant nucleation density reduction was achieved by increasing the
background pressure. The increase in pressure was limited by the flow rates of the flow
controller, but did not show a saturation or optimum. Therefore, a further increase in
pressure is the most promising way to lower the nucleation density even further. To
further increase the pressure, a argon flow controller with higher flows could be used, or
the valve to the pump should be replaced with a valve that has a controllable aperture.
The results of the Van der Pauw measurements after exposure to air, of section 6.3.2,
are not understood. The inexplainable increase in mobility was reproducibly measured
for the same sample. A logical next step is to attempt to reproduce this result for a
different sample.
Eventually the graphene can be used for device fabrication. Ideally the devices are
made from a large single grain GF. In order to obtain large GFs the nucleation density
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should be as low as possible. The shape of the GFs is ideally changed from dendritic lobes
to hexagonal shapes, or even GFs with a positive curvature. In order to better control
the shape of the GFs, the range of the hydrogen flow controller needs to be extended to
more than 10 sccm. Furthermore, the location of the nucleation sites has to be controlled,
for instance by seeded growth as explained in section 2.2.4. When the GFs grow with the
desired shape from predetermined locations the fabrication of devices could be achieved
with for instance direct-write atomic layer deposition, a deposition technique available
at the PMP group.
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Appendix A

Growth Conditions
These tables give the growth conditions for the experiments of chapter 4.

A.1

Role of the Background Pressure

Table A.1: Experimental parameters for the growth of GFs with an increased background
pressure, showing the gas flows of H2 , CH4 , and Ar during growth, with the resulting pressure,
nucleation density and surface coverage, corresponding to figure 4.1.

Sample

H2 flow
(sccm)

CH4 flow
(sccm)

Ar flow
(sccm)

Pressure
(mbar)

Nucleation density
(103 mm−2 )

Surface
coverage

4.1a
4.1b
4.1c
4.1d
4.1e
4.1f
4.1g
4.1h

2
2
2
2
2
2
2
2

35
35
35
35
35
35
35
35

0
50
100
150
200
300
400
500

0.3 ± 0.3
1.2 ± 0.4
1.9 ± 0.3
2.5 ± 0.3
3.1 ± 0.3
4.1 ± 0.3
5.1 ± 0.3
6.1 ± 0.3

46.4 ± 15.4
20.8 ± 9.9
8.5 ± 3.6
10.4 ± 4.2
7.7 ± 3.7
5.5 ± 2.0
5.5 ± 3.6
2.2 ± 0.6

0.19
0.23
0.29
0.30
0.24
0.52
0.25
0.31
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A.2

Role of the Partial Precursor Pressures

Sample

H2 flow
(sccm)

CH4 flow
(sccm)

Ar flow
(sccm)

Ratio
CH4 :H2

Growth
time (s)

Nucleation density
(103 mm−2 )

Surface
coverage

4.4a
4.4b
4.4c
4.4d
4.4e
4.4f

0
1
2
4
7
10

35
35
35
35
35
35

274
273
272
271
268
266

∞
35.0
17.5
8.8
5.0
3.5

7.2
7.2
7.2
7.2
7.2
7.2

9.0 ± 4.5
6.4 ± 2.9
6.3 ± 4.2
6.7 ± 2.1
9.8 ± 6.6
12.0 ± 5.0

0.10
0.29
0.38
0.40
0.40
0.37

H2 variation

4.4g
4.4h
4.4i
4.4j
4.4k
4.4c
4.4l

2
2
2
2
2
2
2

2
5
7
10
20
35
50

298
296
294
292
284
272
260

1.0
2.5
3.5
5.0
10.0
17.5
25.0

63.0
50.4
36.0
25.2
12.6
7.2
4.8

7.1 ± 3.7
4.5 ± 1.8
5.7 ± 4.9
4.7 ± 1.7
6.0 ± 3.6
6.3 ± 4.2
10.3 ± 5.4

0.51
0.48
0.42
0.33
0.38
0.46

CH4 variation

Table A.2: Experimental parameters for the growth of GFs at a constant pressure of 4.0 mbar, showing the
gas flows of H2 , CH4 , and Ar during growth, with the resulting methane to hydrogen flow ratio, nucleation
density and surface coverage, corresponding to figure 4.4.

A.3

Role of Anneal Flow

Table A.3: Experimental parameters or the growth of GFs with a varied hydrogen flow during annealing, showing the gas flows of H2 and
Ar during annealing, and resulting nucleation density, corresponding to
section 4.3.

Sample

H2 anneal flow
(sccm)

Ar anneal flow
(sccm)

Nucleation density
(103 mm−2 )

4.7a
4.7b

2
10

300
294

1.7 ± 0.5
4.5 ± 1.8

Appendix B

Growth Times
These images show the evolution of the flakes grown with the original growth process at
different times.

B.1

(a) ∼ 5 s

Time Evolution Original Growth Process

(b) ∼ 7 s

(c) ∼ 10 s

Figure B.1: Some images of the time evolution of the growth of GFs with the original growth process. All
images are obtained with an SEM and all scalebars are 10 µm.
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Pre-Cleaning
Images accompanying the pre-cleaning results of chapter 5, for different solutions.

C.1

Cleaning With Ammonium Persulfate

(a) APS 2.0 M

(b) APS 1.5 M

(c) APS 1.0 M

(d) APS 0.75 M

(e) APS 0.50 M

(f ) APS 0.125 M

Figure C.1: The effect of cleaning the copper foil for 30 s with ammonium persulfate (APS), with a concentration
ranging from 0.125 M to 2.0 M. All images are obtained with an OM, and are on the same scale with scalebars of
50 µm.
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Cleaning With Hydrochloric Acid

(a) HCl 4.0 M

(b) HCl 3.0 M

(c) HCl 2.0 M

(d) HCl 1.0 M

(e) HCl 0.50 M

(f ) HCl 0.25 M

Figure C.2: The effect of cleaning the copper foil for 30 s with hydrochloric acid (HCl), with a concentration
ranging from 0.25 M to 4.0 M. All images are obtained with an OM, and are on the same scale with scalebars of
50 µm.

C.3 Cleaning With Nitric Acid

C.3
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Cleaning With Nitric Acid

(a) HNO3 4.0 M

(b) HNO3 3.0 M

(c) HNO3 2.0 M

(d) HNO3 1.0 M

(e) HNO3 0.50 M

(f ) HNO3 0.25 M

Figure C.3: The effect of cleaning the copper foil for 30 s with nitric acid (HNO3 ), with a concentration ranging
from 0.25 M to 4.0 M. All images are obtained with an OM, and are on the same scale with scalebars of 50 µm.
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Cleaning With Nitric Acid - Time Series

(a) 10 s

(b) 30 s

(c) 45 s

(d) 60 s

(e) 120 s

(f ) 300 s

Figure C.4: The effect of cleaning the copper foil with 4.0 M nitric acid (HNO3 ), for a time varying between
10 s and 300 s. All images are obtained with an OM, and are on the same scale with scalebars of 50 µm.

Appendix D

Derivations
This appendix shows the derivations for the equations in section 3.5.

D.1

Fourier Transform Infrared Spectroscopy

Weber et al. 70 showed that for graphene, where the thickness t is much smaller than
the wavelength λ in the IR (t/λ  1), a thin film approximation can be used. The
transmittance of the two-layer system (substrate and film) Tsf is normalized with the
transmittance of the substrate Ts , and approximated by
2
Tsf
≈1−
Z0 σ1 t,
Ts
1 + ns

(D.1)

where ns is the refractive index of the substrate, Z0 = 1/(0 c) is the vacuum impedance
(≈ 377 Ω), and σ1 the real part of the optical conductivity. When taking the backside
reflection into account, equation D.1, which is valid for the near- and mid-IR is extended
to


Tsf
1
≈1− ρ+
Z0 σ1 t,
(D.2)
Ts
2
where ρ = 2(n21+1) .
s
In order to obtain the carrier mobility µ from these equations, the Drude respons has
to be fitted. The Drude respons van be written as:
σ(ω) =

iD
,
πt(ω + iΓ)

(D.3)

where the Drude p
weight D = (e2 /~2 )EF , with e the elementary charge, and the Fermi
energy EF = ~vF π|ns |, where vF is the Fermi speed of 106 m s−1 , ns is the sheet carrier
density, and Γ the scattering rate.
These equations can be combined, to express the optical conductivity σ1 as function
of the photon energy ν̃:
ns eµ
σ1 (ν̃) =
,
(D.4)
t(1 + nµ2 πγ 2 ν̃ 2 )
where γ = hc/(evF ). This equation is used to fit the Drude-tail of the spectrum. Two
Lorentz curves are used to fit the rest of the spectrum.

74

D.2

Appendix D. Derivations

Electrical Characterization

For typical resistance measurements, a voltage is applied to two contacts and the current
trough the same contacts is measured (two-point probe). With Ohm’s law
R=

V
,
I

(D.5)

with V the voltage, and I the current, the resistance can easily be obtained. With this
resistance, the resistivity ρ can be calculated for bulk materials using
ρ=R

A
l

(D.6)

where A is the cross-sectional area, and l is the length of the sample. Another common
electronic property for materials where the current flows along the plane of the sheet
is the sheet resistance. Since graphene is a 2D material, this applies very well. Using
Pouillet’s law
l
(D.7)
R=ρ
A
and substituting the cross-sectional area A with the width w times the thickness t we
get
l
l
= Rs ,
(D.8)
R=ρ
wt
w
from which we can get an expression for the sheet resistance Rs
Rs =

ρ
.
t

(D.9)

Unfortunately the resistance obtained with a two-point probe measurement is a combination of the contact resistance, channel resistance and the lead resistance. The lead
resistance can easily be corrected for, but separating the contact and channel resistance
is not straight forward. A more accurate method to measure these resistances separately
is with a four-point probe measurement.

D.2.1

Four-point Probe

The four-point probe has four equally spaced tungsten tips that are applied to the investigated sample. A current is sent through the sample with the two outer contacts
resulting in a voltage drop throughout the sample. Part of this voltage drop is measured
with the inner two contacts as illustrated in figure D.1. The inner leads have a high
resistance, so no current will flow through them, which ensures the high accuracy of this
technique.
For graphene the thickness t is much smaller than the probe spacing s. In these cases
the resistivity is given by
 
πt
V
ρ=
fw ,
(D.10)
ln(2) I
where fw is a finite width correction factor. Substituting this expression in equation D.9,
an expression for the sheet resistance Rs is obtained;
 
π
V
Rs =
fw .
(D.11)
ln(2) I
The resistance measured with the four-point probe R4pp (after correction for the
leads) is the channel channel resistance Rch . With the resistance from a two-point probe
measurement R2pp the contact resistance Rc can be deduced with
R2pp = 2Rc + R4pp .

(D.12)

D.2 Electrical Characterization
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Figure D.1: Schematic illustration of a four-point probe measurement. A current is sent
through the two outer contacts, resulting in a voltage drop over the sample. The inner contacts
measure this voltage drop.

D.2.2

Magneto-transport

The Hall effect occurs when an electrical current I is sent trough a charge conducting
material in a magnetic field B perpendicular to the current. The Lorentz force on the
electrons causes them to deviate from a straight line, in the direction perpendicular to
both the magnetic field and the current. This leads to an asymmetric charge distribution
in the material, creating an additional electric potential, inducing a voltage difference
transverse to the current direction. This so called Hall voltage VH is given by
VH = −

IB
,
net

(D.13)

with n the numbers of electric charge. The Hall voltage can be used to calculate the
mobility of the graphene.
The Van der Pauw method 71 uses the Hall coefficient, given by
RH =

VH t
,
IB

(D.14)

combined with the resistivity to calculate the mobility of the majority carrier. For the
measurements four ohmic contacts need to be placed on the sample, as illustrated in
figure D.2. The contacts are numbered 1 trough 4 in a counter-clockwise order.

C
B

D
A

Figure D.2: Schematic illustration of the contact placement for the Van der Pauw method.
Four probes are placed at the edges of a square of graphene with dimensions of ∼ 1x1 cm.

With this method first the horizontal and vertical resistance are determined. In
general the resistance RAB,CD is obtained by
RAB,CD =

VCD
.
IAB

(D.15)
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The horizontal resistance Rhorizontal is the average of R12,34 and R34,12 , and the vertical
resistance Rvertical is the average of R23,41 and R41,23 . In some cases, the reciprocal
measurements are also taken into account, as an improvement of the accuracy.
The Van der Pauw formula




πRvertical
πRhorizontal
+ exp −
=1
(D.16)
exp −
Rs
Rs
is then used to calculate the sheet resistance Rs . This sheet resistance than can be used
to determine the mobility of the majority carrier µm , with
µm =

1
,
ens Rs

where the sheet carrier density ns = IB/(e|VH |).

(D.17)

Appendix E

Raman
E.1

Initial Fit Parameters

In order to fit a Raman spectrum these initial values were used as fitting parameters.
Table E.1: Initial fit parameters for Raman spectra obtained with the Renishaw Invia
Raman microscope that are analyzed with the accompanied WiRE software. The excitation
laser has a wavelength of 514 nm.

Description

Centre

Width

Height

Percent
gaussian

D
G
D’
D+D”
2D
D+D’

1350
1595
1625
2463
2690
2935

50
20
50
50
42
150

100
1900
80
120
3800
50

amorphous carbon
amorphous carbon

1395
1582

350
42

944
976

25
40

SiO2
SiO2

Limits
position

Limits
width

100
50
50
85
40
50

1300-1400
1581-1605
1605-1650
2450-2500
2650-2750
2800-3000

0-100
5-50
10-100
10-100
0-300

100
300

90
20

1200-1580
1550-1595

0-300

1000
1300

50
50

940-950
970-1000

10-100
10-100
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Raman Maps Original Growth Process

(a) Intensity D peak

(b) Intensity G peak

(c) Intensity 2D peak

Figure E.1: Raman map of the (a) D, (b) G, and (c) 2D bands for GFs, that have been grown with the original
growth process, and were transferred onto a SiO2 covered Si-wafer. The wavelength of the excitation laser is
514 nm. The Raman map pixel size is 0.5 µm. All scalebars are 10 µm.

E.3 Raman Maps Optimized Growth Process

E.3
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Raman Maps Optimized Growth Process

(a) Intensity D peak

(b) Intensity G peak

(c) Intensity 2D peak

Figure E.2: Raman map of the (a) D, (b) G, and (c) 2D bands for GFs, that have been grown with the
optimized growth process, and were transferred onto a SiO2 covered Si-wafer. The wavelength of the excitation
laser is 514 nm. The Raman map pixel size is 0.5 µm. All scalebars are 10 µm.
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Appendix F

XPS of Copper Foils
X-ray photoelectron spectroscopy (XPS) measurement were done on the copper foils from
Alfa Aesar (figure F.1) and Salomon (figure F.2).

Figure F.1: XPS results for the Alfa Aesar foil used in graphene growth experiments.

Figure F.2: XPS results for the Salomon foil used in copper etch experiments.
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