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Abstract

Graphene is a one atom thick layer of graphite, which has a hexagonal lattice formed
by carbon atoms. It is a transparent, flexible and highly conductive material, which is
utilized in many applications such as transparent electrodes, photodetectors, modulators,
etc. Chemical vapor deposition (CVD) has become the method of choice to fabricate large
area graphene films on catalytically active copper (Cu) and germanium (Ge) substrates.
These are employed in literature to fabricate monolayer graphene with high quality close
to the melting temperature of the substrate. While a Cu foil is a promising candidate to
fabricate graphene in roll-to-roll systems, the strained copper foil may melt down easily
at the typical synthesis temperatures of graphene. Direct growth of graphene on Ge at
elevated temperatures is also challenging, since in CMOS technology Ge is often deposited
onto silicon (Si). During graphene synthesis the Si atoms may diffuse towards the surface
and form carbides with the carbon atoms. Furthermore, due to the diffusion within the
Ge film the dopand profile may change altering the final device properties.

The aim of this work was to reduce the graphene growth temperature on Cu foils and
Ge substrates. As a first step, a pre-treatment method of the Cu foil was developed to
flatten the surface. Then, the mechanism of the thermal graphene growth was studied
on Cu foil by varying the process parameters systematically. The quality of the fabri-
cated graphene was examined by Raman spectroscopy and conductivity measurements.
By increasing the chamber pressure, the diffusion of the precursor molecules through the
boundary layer was reduced and hexagonal and defect-free graphene flakes were fabricated
at atmospheric pressure. Hexagonal grains with a grain size up to 17µm were realized,
when the amount of hydrogen flow was increased. As a result of the large flake size and
small amount of defects, the sheet resistance was reduced down to 268 Ω/2 and a Hall mo-
bility up to 1853 cm2 V−1 s−1 was determined. By inducing a plasma in the same chamber,
almost defect-free graphene was fabricated on Cu foils at temperatures as low as 600 ◦C.
In order to ensure two-dimensional graphene growth, a sacrificial foil was employed to
screen the electrical field induced by the plasma. At the early stage of growth a defec-
tive carbon film was observed around highly crystalline graphene flakes. With increasing
growth time, the defective regions were found to recrystallize into graphene and defect-free
graphene films with a sheet resistance down to 468 Ω/2 were obtained at low synthesis
temperatures.

Direct growth of graphene was established on Ge(100) and Ge(110) first at elevated
temperatures. By thermal CVD growth monolayer graphene was fabricated with a sheet
resistance of 2.5 kΩ/2 agreeing with literature values. In presence of a plasma, the growth
temperature was reduced by almost 200 ◦C down to 757 ◦C, which is the lowest graphene
growth temperature reported hitherto. Akin to plasma enhanced growth on Cu, a defective
carbon film was observed on Ge wafers. The samples, which were fabricated by thermal and
plasma enhanced CVD growth, were analyzed by Raman spectroscopy and compressive
and tensile strain were determined, respectively. Based on these strain properties, a growth
model was suggested for the graphene synthesis on Ge by thermal and plasma enhanced
CVD.





Zusammenfassung

Graphen ist eine Atomlage aus Graphit mit einem hexagonalen Gitter aus Kohlen-
stoffatomen. Es ist ein transparentes, flexibles und hochleitfähiges Material, das in zahl-
reichen Anwendungen wie transparenten Elektroden, Photodetektoren, Modulatoren usw.
eingesetzt wird. Die chemische Gasphasenabscheidung (CVD) hat sich als die Methode
etabliert, um großflächige Graphenschichten auf katalytisch aktiven Materialien, wie z.B.
Kupfer (Cu) und Germanium (Ge), herzustellen. Allerdings werden üblicherweise bei der
Herstellung von Graphen Temperaturen nahe dem Substrat-Schmelzpunkt verwendet.
Kupferfolie ermöglicht das Wachstum von Graphen in Rolle-zu-Rolle-Systemen, jedoch
kann die gespannte Kupferfolie bei den hohen Synthesetemperaturen einschmelzen. Das
direkte Wachstum von Graphen auf Ge ist ebenfalls eine Herausforderung, da Ge in der
CMOS Technologie häufig auf Silizium (Si) abgeschieden wird. Die Si Atome können
während des Prozesses bis zur Substratoberfläche diffundieren und mit den Kohlen-
stoffatomen Karbide bilden. Darüber hinaus kann sich durch Diffusion das Dotierprofil
von Ge ändern und somit die Bauelementeigenschaften beeinflussen.

Ziel dieser Arbeit war es daher, die Wachstumstemperatur von Graphen auf Cu-Folien
und Ge-Substraten zu reduzieren. In einem ersten Schritt wurde eine Vorbehandlungsme-
thode der Cu Folie etabliert, um die Oberfläche zu glätten. Anschließend wurde durch
systematische Variation der Wachstumsparameter der Mechanismus des thermischen
Graphenwachstumsprozesses auf Cu Folie untersucht. Die Qualität des hergestellten
Graphens wurde mittels Raman-Spektroskopie und Leitfähigkeitsmessungen analysiert.
Durch Erhöhung des Kammerdrucks verringerte sich die Diffusion der Precursormoleküle
durch die Grenzschicht, so dass bei Atmosphärendruck hexagonale und defektfreie
Graphenflocken hergestellt werden konnten. Hexagonale Körner mit einer Korngröße
von bis zu 17µm sind realisiert worden, wenn die Wasserstoffdurchflussmenge bei kon-
stanter Methanzufuhr erhöht wurde. Schichtwiderstände bis herab zu 268 Ω/2 und
eine Hall-Beweglichkeit von 1853 cm2 V−1 s−1 wurden ermittelt. Durch Induzierung eines
Plasmas konnte die Wachstumstemperatur von Graphen auf Cu Folien bis zu 600 ◦C
reduziert und defektfreie Graphenschichten hergestellt werden. Um ein zweidimensio-
nales Graphenwachstum zu gewährleisten, kam eine Opferfolie zum Einsatz, um das
durch das Plasma induzierte elektrische Feld abzuschirmen. Die Analyse des Wachs-
tumsmechanismus ergab in der Anfangsphase des Wachstums einen defektreichen Kohlen-
stofffilm um hochkristalline Graphenflocken herum. Mit zunehmenden Wachstumszeiten
rekristallisierten die defektreichen Bereiche und es wurden bei niedrigen Synthesetempe-
raturen defektfreie Graphenschichten mit einem Schichtwiderstand von 468 Ω/2 realisiert.

Das direkte Wachstum von Graphen konnte auf Ge(100) und Ge(110) zunächst bei
erhöhten Temperaturen etabliert werden. Durch die thermische CVD wurde Graphen
mit einem Schichtwiderstand von 2.5 kΩ/2 realisiert, in Übereinstimmung mit Literatur-
werten. Die Gegenwart eines Plasmas ermöglichte eine Reduktion der Wachstumstempe-
ratur auf Ge um fast 200 ◦C auf 757 ◦C, was die niedrigste bisher berichtete Graphenwachs-
tumstemperatur ist. Wie beim plasmaunterstützten Wachstum auf Cu, wurde auch auf Ge
ein defektreicher Kohlenstofffilm um die Graphenflocken festgestellt. Nach der Analyse der
thermischen und plasmaunterstützten CVD Proben mittels Raman-Spektroskopie, stellte
sich an den jeweiligen Proben eine Kompression und Zugspannung fest. Basierend auf
diesen Dehnungseigenschaften wurde ein Wachstumsmodell für die Graphensynthese auf
Ge durch thermische und plasmaunterstützte CVD vorgeschlagen.
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Chapter 1

Introduction

Graphene consists of carbon (C) atoms in a hexagonal lattice structure and appears in

nature as one layer of graphite that is held by Van-der-Waals interaction [1]. One graphene

layer only absorbs 2.3% of the light at a wavelength of 550 nm [2] and exhibits superior

electrical properties with a charge carrier mobility up to 200 000 cm2 V−1 s−1 [3], which

is much higher than crystalline silicon with an electron mobility of 1350 cm2 V−1 s−1 [4].

Due to the 97.7% transparency of light and the extremely large charge carrier mobility,

graphene has already been utilized in numerous applications such as transparent heater [5,

6], transparent electrode for LEDs [7, 8] and photovoltaic applications [9], near-infrared

photodetectors [10–13], modulators [14, 15] and passivation layer on Ge [16, 17].

Different methods were reported in literature [13, 18–20] to fabricate graphene in var-

ious size and quality. The first one was the mechanical exfoliation of graphene by a tape

from a graphite crystal [21]. The exfoliated graphene is usually a single-crystalline mate-

rial and exhibits extremely high quality. However, it is not industrially applicable, since it

is not reproducible, and the size of the graphene is limited to a few hundreds of µm [22].

Liquid phase exfoliation was suggested as a high-yield synthesis method [23–25] to fabri-

cate a large amount of material, whereby the graphene flakes are again limited in size to

a few µm [26], and the quality is not always sufficient for electronic applications. Finally,

thin-film deposition from volatile precursors in a bottom-up process was suggested to fab-

ricate large area and high quality graphene films. Among others [27, 28], chemical vapor

deposition (CVD) [29] has become the method of choice to fabricate graphene on both

catalytic [30–34] and non-catalytic substrates [35–42]. Catalytic substrates such as Cu and

Ge have a low carbon solubility [43, 44], hence a self-limiting effect in growth [29]. Since

the growth is terminated, once the substrate surface is covered, predominantly monolayer

graphene can be fabricated. By adjusting the growth parameters high quality and mono-
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layer graphene films were reported on Cu and Ge close to the melting temperatures of

the substrates.

Regarding the industrial applications, Cu foil is a promising candidate for the roll-

to-roll fabrication of graphene [31, 45–48], where the foil is strained between two rollers.

However, the elevated growth temperatures of graphene limit the implementation, since

under strain, the metal foil may melt down easily. A great effort was made in literature

to reduce the synthesis temperature of graphene [49–51]. The first approach was to use

other metals with a higher catalytic potential, e.g., nickel (Ni) [52–55], Cu-Ni alloys [56]

or platinum (Pt) [57, 58]. However, due to the large C diffusion into the substrates [59],

the fabrication of monolayer graphene became challenging. Using precursor materials with

lower dissociation temperatures such as ethylene [60], acetylene [61] or benzene [62], the

temperature was reduced. Nevertheless, methane (CH4) remained the precursor of choice

due to its homogeneous dissociation temperature [63] and high gas purity.

Alternatively, plasma enhanced dissociation was suggested to reduce the growth tem-

perature [64]. By dissociating the precursor molecules already in the gas phase [65], the

required energy, and thus the synthesis temperature can be reduced. Graphene growth by

plasma enhanced chemical vapor deposition (PECVD) was demonstrated on Cu foils [66–

69] at a temperature range between 240 ◦C [70] and 1000 ◦C [69]. It was also implemented

onto other substrates, such as silicon dioxide (SiO2) [35, 36], aluminum oxide (Al2O3) [37–

39], gallium nitride (GaN) [71] etc. At reduced temperatures, the dissociation of hydrocar-

bons occured solely in the plasma [65]. The non-dissociated carbon species were reported

to hinder the growth of nuclei, and thus limit the crystal size of graphene [65]. Following

the small crystals, large amounts of grain boundary defects were introduced into the fabri-

cated film, and the sheet resistance increased as a result [72]. Despite a few groups [66, 67,

73] reported high quality graphene at reduced growth temperatures on metallic substrates,

a systematical analysis of graphene growth and the discussion of the growth mechanism

are still missing in literature.

In order to utilize the fabricated graphene film in devices, it has to be transferred

onto target substrates such as insulators or complementary metal-oxide-semiconductor

(CMOS) compatible substrates. Although different methods [74] were suggested in liter-

ature, e.g., etching of Cu foil [75], delamination of the graphene by electrochemical meth-

ods [76], these were reported to induce significant contamination of etching agent [77],

metallic [78] and polymer residues [79, 80]. It also introduced defects and wrinkles [81],

which deteriorated the electrical properties of the graphene film.

In the last few years direct fabrication of graphene on CMOS compatible substrates,

such as Si [82, 83] and Ge [16, 84, 85], attracted a great attention. Since no carbide is
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formed on catalytically active Ge [34] in contrast to Si, it has become an alternative

substrate for the graphene synthesis. High quality and monolayer graphene was reported

on Ge wafer with (100) [34, 85] and (110) [86, 87] crystal orientations. A sheet resistance

down to 1.5 kΩ/2 [85] and a charge carrier mobility of 7250 cm2 V−1 s−1 [86] (on a single

flake) were determined on graphene by CVD synthesis at elevated temperatures, close to

the melting point of Ge.

In most devices, the Ge film is deposited on Si [11, 12, 88] or Si on insulators [89, 90].

However, at these elevated growth temperatures of graphene Si atoms from the underlying

substrate can diffuse towards the surface and form silicon carbide in presence of carbon.

Additional to this interlayer mixing, the dopant profile of Ge may change after the CVD

step at high temperatures, which may alter the final device properties [91, 92]. Until

now to the best of our knowledge no effort was made to significantly reduce the growth

temperature of graphene on Ge.

During this thesis, the temperature for graphene growth is reduced systematically on

catalytically active Cu foils and Ge wafers. For that purpose, as a first step graphene

growth is established at elevated temperatures on Cu foils in a commercially available

CVD equipment. The effect of the growth parameters is studied at this step, and the

temperature is reduced to define the limit of thermal chemical vapor deposition (TCVD).

In the second step, the growth temperature is reduced further on Cu foils by inducing a

plasma and dissociating the precursor molecules already in the gas phase. This PECVD

process is then adapted to Ge wafer, and a model idea is suggested for the formation of

graphene in thermal and plasma enhanced CVD growth on Ge. These topics are organized

in this thesis as follows:

• In Chapter two, the theoretical background of graphene is discussed starting from

the carbon atom and its hybridization. Regarding the lattice structure of graphene,

the valence and conduction bands are illustrated in the reciprocal space. Akin to

that the phonon dispersion relation is presented with regards to the fingerprint of

graphene in Raman spectroscopy. Since the graphene synthesis is established in this

work based on the CVD method, the fundamental principles of thin film deposition

are discussed in great detail for thermal and plasma enhanced CVD.

• A literature overview of graphene synthesis is given in Chapter three, which is

discussed in two parts regarding the dissociation process of the precursor. In the first

part the literature work is presented on catalytically active Cu and Ge substrates,

on which the precursor materials dissociate at elevated temperatures. In the second

part the literature work of PECVD growth of graphene on Cu is summarized.
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• Chapter four reviews the development of the basic CVD process. The individual

parts of the equipment are introduced, and the CVD process steps are discussed

in detail. Additionally, the pre-treatment method of the Cu foils is presented in

this chapter that is utilized to enhance the final quality of the graphene film. The

different transfer processes of graphene onto target substrates, which are established

during this thesis, are also presented in this chapter.

• Fabrication of graphene on Cu foil is discussed in Chapter five, on which the

precursor molecules are dissociated due to the thermal energy provided at ele-

vated temperatures. The effect of the pre-treatment on the amount of graphene

nuclei is presented. By varying chamber pressure and methane-to-hydrogen ratio

(CH4:H2), graphene growth mechanism is studied based on the flake morphology

and the growth rate. Moreover, fully-closed graphene films are fabricated, and their

electrical properties are examined. By reducing the temperature, a lower limit of

the graphene growth is defined for TCVD.

• Chapter six is dedicated to the reduction of the synthesis temperature in presence

of a plasma, in which the precursor molecules are dissociated already in the gas

phase. First, a method is introduced to screen the large electrical field and ensure

two-dimensional graphene fabrication. The flake morphology and the growth rate

are investigated by reducing the temperature. In order to study the thermally ac-

tivated processes, an activation energy is calculated with and without a plasma.

By studying the quality of the fabricated films at different growth stages, a growth

mechanism is developed. After transferring the synthesized films onto an insulating

target substrate, the electrical properties and the amount of strain and doping are

investigated.

• In Chapter seven, the graphene growth is established on Ge wafers with varied ori-

entations initially at elevated temperatures. As the Ge wafer is the target substrate,

the Ge surface is examined following the deposition process. By plasma ignition the

temperature is then reduced, and the graphene synthesis is studied under various

atmospheres. By examining the quality and the amount of strain and doping in the

graphene, a model is suggested to explain the origin of the strain and the formation

of graphene by TCVD and PECVD on Ge.

• Chapter eight gives a summary of the results.



Chapter 2

Fundamental Principles

In this chapter the properties of graphene are discussed, starting from one carbon (C) atom

emerging to a periodical crystal structure. Resulting from the chemical bonds between the

C atoms, the two dimensional graphene exhibits outstanding material properties, which

are discussed in the first part of this chapter based on the band structure. Following

the energy dispersion of the phonons, the atomic vibrations are presented, which are

fundamental to characterize graphene by Raman spectroscopy. The Raman fingerprint of

graphene is presented with the corresponding scattering processes, which are responsible

for the individual Raman peaks.

In the next part of this chapter the chemical vapor deposition (CVD) will be discussed

in two sections, which differ in the dissociation of the precursor molecules. In the first

part, the thermal chemical vapor deposition (TCVD) process is presented considering

the material transport until the growth of individual nuclei. Different surface-mediated

processes are mentioned in this part regarding the thermodynamic aspects of the synthesis.

Furthermore, the graphene growth regions are defined at varied parameters. In the second

part, the plasma enhanced chemical vapor deposition (PECVD) method is discussed with

respect to the general plasma properties and the chemical aspects of the dissociation

reactions in a plasma.

2.1 Chemical and Electronic Properties of Graphene

A carbon atom has six electrons with the electron configuration of 1s22s22p2. Four of

these (2s22p2) can form sp3-, sp2- and sp-hybridizations with neighboring atoms [93]. In

Figure 2.1 (a) the energy levels of the ground state and the sp3-, sp2-hybridization states
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are shown. The electrons are indicated by the red arrows with upward and downward

spins.

In the ground state 1s and 2s orbitals are filled by two electrons. The two valence

electrons are shown in the 2px and 2py orbitals, exemplarily. Note that these are equivalent

orbitals, and the electron may occupy any of these three p orbitals. Regarding the ground

state, C should be divalent due to its two unpaired valence electrons. However, it forms

four bonds with four hydrogen atoms in case of methane (CH4), which indicates the

hybridization of the s and p orbitals [94].
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Figure 2.1: Hybridization of carbon. (a) The energy diagram is shown for the ground
state, sp3- and sp2-hybridizations. The image is adapted from Schultrich and Warner et
al. [95, 96] (b) The covalent bonds of a carbon atom with other atoms or molecules are
shown for all carbon hybridizations. The image is adapted from Dewick [94].

In Figure 2.1 (b) the chemical bonds of these hybridization states are presented. In

sp3-hybridization four covalent (σ-) bonds emerge from the intermixing of one s and three

p orbitals with equivalent energy, which arrange into a tetrahedral structure (109.5 ◦

between the individual bonds). Note that the energy of the sp3 orbitals is between the

energy levels of s and p orbitals. The CH4 molecule and diamond are examples of sp3-

hybridized materials.

The sp2-hybridization involves one s and two p orbitals and induces a planar structure

with an angle of 120 ◦ between the σ-bonds. These are illustrated schematically in Fig-

ure 2.2 (a) in violet. The 2pz orbitals each filled with one electron (indicated in blue) are

perpendicular to the sp2 plane and form the π-bond [94]. The ethylene (C2H4) molecule

and graphene are examples of sp2-hybridization of C.

In case of sp-hybridization, one s and one p orbital hybridize in a linear arrangement

with an angle of 180 ◦ between the two σ-bonds. The other two p orbitals induce two

π-bonds with the neighboring atom or molecule. The acetylene (C2H2) molecule is an

example for the sp-hybridization.
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In Figure 2.2 (b) a benzene ring is shown, which can be considered as the building block

of graphene. For reasons of simplicity, the atoms are omitted in the sketch. At each carbon

atom three σ-bonds and one π-bond between the pz orbitals are indicated. The curved

arrows represent the alternating π-bonds, which induce resonant structures of benzene.

These are energetically equal and represent the benzene ring accurately. The real benzene

structure is one in-between, therefore, sometimes a ring structure is used instead of the

double bonds, representing the delocalization of the π-electrons over the ring [94].
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structures

Figure 2.2: sp2-hybridization. (a) The hybrid orbitals presented in violet in three direc-
tions with an angle of 120 ◦ between two bonds. The pz orbitals are shown in blue that
are perpendicular to the the hybrid plane. The image is adapted from Mathur et al. [97].
(b) The resonant structures of a benzene ring. The curly arrows indicate the delocalization
of the π-bond over the ring structure. The image is adapted from Dewick [94].

Similar to the benzene structure, graphene consists of six C atoms in hexagonal ar-

rangement, which is repeated periodically as shown in Figure 2.3 (a). The unit cell is

indicated by the dashed black lines. In the unit cell of graphene, two non-equivalent car-

bon atoms are represented, which are defined as A (in gray) and B (in blue). The difference

is the surroundings of these two atoms. Regarding the atom B, there is one bond to the

C atom on the left side (to the A atom) and two bonds to the neighboring two C atoms

on the right side. The A atom is the mirrored image of the B atom, which is known as

chirality. As a result, two triangular and interpenetrating sub-lattices emerge that induces

the unit cell of graphene [98].

The nearest neighbor interatomic distance (a0) is shown in the figure and has a value

of 1.42 Å. After the relation of
√

3a0, the lattice constant (a) is about 2.46 Å [96]. The

graphene unit vectors (~a1, ~a2) are indicated at the unit cell that are defined in Equation 2.1.

The reciprocal lattice is presented in Figure 2.3 (b) with the graphene reciprocal lattice

vectors (~b1, ~b2). The first Brillouin zone is marked by the dashed lines with the high

symmetry points of Γ, M, K and K’. The reciprocal lattice is a geometrical construct

that is applied for the diffraction of crystal structures. The points indicate the lattice

planes of the graphene in real space with a lattice constant of 4π/
√

3a. The vectors
~b1, ~b2 can be extracted from the graphene diffraction pattern and are defined as given in
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Equation 2.2 [96].
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Figure 2.3: Crystal structure of graphene in (a) real and (b) reciprocal space. In gray and
blue colors the non-equivalent carbon atoms (A and B) are represented, which are shown

in light gray in reciprocal lattice. ~a1, ~a2, ~b1, ~b2 are the lattice vectors in real and reciprocal
space, respectively. The image is adapted from Warner et al. [96].

~a1 =

( √
3a/2

a/2

)
, ~a2 =

( √
3a/2

−a/2

)
(2.1)

~b1 =

(
2π/
√

3a

2π/a

)
, ~b2 =

(
2π/
√

3a

−2π/a

)
(2.2)

The σ-bonds resulting from the sp2-hybridization define the mechanical properties of

graphene, whereas the electrical properties (band structure of graphene) result from the

delocalized pz electrons [98]. In the unit cell of graphene two carbon atoms are present

with a single π electron for each, due to which two branches arise with π (occupied,

valence) and π* (unoccupied, conduction) bands [99].

With the tight binding approximation, Wallace [100] calculated the energy dispersion of

graphite for the first time by considering the pz electron interactions of the nearest (three)

and next-nearest (six) neighbors of carbon atoms. Akin to that the energy dispersion

relation (Ek) relation of graphene is given in Equation 2.3 [98]. The nearest neighbor

overlap integral (γ0) has a value between 2.5 eV and 3 eV and the next-nearest neighbor

overlap integral (γ0’) a value of 0.02 γ0 . γ0’ . 0.2 γ0 [101].

Ek = ±γ0
√

3 + f(k)− γ0′f(k) (2.3)
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Here, f(k) is defined as following:

f(k) = 2 · cos
(√

3kya
)

+ 4 · cos
(√3

2
kya
)
· cos

(3

2
kxa
)

(2.4)

The plus sign indicates the anti-binding (π*) and the minus sign the binding (π)

bonds. By calculating the energy values at different k points after Equations 2.3 and 2.4,

the dispersion relation is plotted, and the high symmetry points of the first Brillouin zone

are indicated in Figure 2.4 [102, 103].

Figure 2.4: The band structure of graphene. The bonding (π) and the anti-bonding (π*)
bands are indicated as a function of energy in reciprocal space, which are in contact at
the Dirac (K and K’) points. Open content licensed under CC BY-NC-SA by Wolfram
Demonstrations Project [104].

At the Dirac (K and K’) points the Fermi energy is located, where the valence

(fully-occupied π-band) and conduction (empty π*-band) bands come in contact. Hence,

graphene is defined as a zero band-gap semiconductor. Close to these six Dirac points

(within ± 1 eV), the dispersion relation becomes linear. The charge carriers are trans-

ported with a velocity that is only 300 times smaller than the speed of light with an

effective mass of zero [98, 100, 105]. This results in the large charge carrier mobility up to

230 000 cm2 V−1 s−1 that is measured on suspended graphene at a temperature of 5 K [3].
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2.2 Lattice Vibrations in Graphene

Two atoms in the unit cell of graphene moving in three dimensions generate six phonon

branches, three of them are acoustic (A) and three of them are optical (O). The acoustic

phonons are in-phase and the optical phonons are out-of-phase displacements. This in-

dicates that the two atoms in the unit cell vibrate in the same and opposite directions,

respectively. Atomic in-plane (i) displacements can be either transversal (T) or longitu-

dinal (L), whereas out-of-plane (o) phonons are transversal [99].

The phonon dispersion relation of graphene is calculated by a force constant model,

which is described by few force springs attached to an atom and considers the bond

stretching and angle bending [106]. To calculate the phonon dispersion in graphene up

to four nearest neighbors are used to be able to describe the twisted motion [102]. The

phonon dispersion relation of graphene is shown in Figure 2.5. On the iLO and iTO

phonon branches the G−, D−, D’− and 2D−peaks of graphene are indicated by the red

point and red lines, respectively. These are the important positions regarding the Raman

spectrum of graphene and will be discussed in more detail later in this chapter.
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Figure 2.5: Calculated phonon dispersion relation of graphene. The frequency values of
oTA, iTA, iLA, oTO, iTO and iLO phonons in the reciprocal lattice are presented versus
the wavevector. The main peaks (G−, D−, D’− and 2D−peaks) of the Raman spectrum
of graphene are indicated by the red colored points and lines. Open access content licensed
under a CC BY and reprinted from Jorio [107]. Copyright c©2012, ISRN Nanotechnology.

The acoustic modes correspond to an out-of-plane (oTA) mode and two in-plane bond
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bending modes (iTA and iLA). The other three are one out-of-plane optical mode (oTO)

and two in-plane optical modes (iTO and iLO). The out-of-plane phonons appear at

lower frequencies [99] and are expected to be much weaker than the in-plane phonons in

monolayer graphene. Thus, they are not considered much in literature [107]. The iTO and

iLO in-plane modes give rise to the graphene fingerprint that is commonly employed in

literature to characterize graphene.

The eigenvectors are shown in Figure 2.6 at the Γ and K points. These are indicated

by the red arrows at the carbon atoms in the lattice. Furthermore, the iLA phonons are

shown. The iTA and out-of-plane phonons at Γ and K points are not mentioned for the

reasons of simplicity of the image.

iLA at Γ iLA at K

iLO at Γ

iTO at Γ

iLO at K

iTO at K

Figure 2.6: The eigenvectors of the in-plane optical longitudinal (top row) and transversal
(middle row) and acoustic longitudinal (bottom row) phonons at the Γ (left column) and
K (right column) points. The image is adapted from Avouris et al. [99].

As already indicated in Figure 2.5, the main Raman peaks of graphene are induced by

the scattering of the iTO and iLO phonons. The phonon scattering processes are shown in
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Figure 2.7 for the G−peak, 2D−peak, D−peak and D’−peak. The peaks are also indicated

in an exemplary Raman spectrum in Figure 2.8 from the lower to higher wavenumbers

as follows: D−peak, G−peak, D’−peak, G*−peak, 2D−peak and D+D’−peak. The spec-

trum is measured on a graphene film that is fabricated by CVD.

iLO

iTO

defect

G - PeakD - Peak

iLO

defect

D‘ - Peak

iTO

iTO

2D - Peak

Figure 2.7: Scattering processes corresponding to G−peak, D−peak, D’−peak and
2D−peak of graphene. The image is adapted from Malard et al. [108].

The D−peak indicates the disorder in graphene and originates from the distortion of

the hexagonal breathing mode (see Figure 2.6) by a defect in the film. It is related to an

intervalley process from near K to K’ Dirac cones. With an incident laser, an electron-

hole pair is induced, and the electron is scattered from K to K’ by an iTO phonon and

scattered back elastically to the K cone in presence of a defect. It appears approximately

at 1350 cm−1 in the Raman spectrum of graphene. The intensity of the D−peak increases

as a function of the amount of defects in the film. It is dispersive, which means that the

wavenumber in Raman spectra (w) is dependent on the incident laser energy (Elaser) with

a relation of ∆w/∆Elaser ∝ 50 cm−1/eV. The sharpest peak is observed with a full width

at half maximum (FWHM) of 7 cm−1 in single walled carbon nanotubes, and it increases

up to hundred cm−1 for highly defective carbon films [102, 107].

Similar to the D−peak, the D’−peak is also defect related with the former being an

intervalley and the latter an intravalley scattering process (see Figure 2.7). The intensity
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ratio is applied to extract the nature of defects in the graphene film [99]. Eckmann et

al. [109] showed a direct relation between the intensity ratio of ID/ID’ and the type of

defects from sp3, vacancy-like and boundary defects, as the ratio decreases from ∼13, ∼7

and ∼3.5, respectively. Venezuela et al. [110] found out that the defects, which are related

to deformations in the carbon-carbon bond length, i.e., point defects, appeared in the

Raman spectrum as D− and D’−peaks. The Coulomb defects induced by charged atoms

or adsorbed molecules over graphene, on the other hand, were almost undetectable in the

calculations with a very small D’−peak in absence of D−peak [110]. Despite these few

attempts to relate the type of defects to the D− and D’−peaks, the origin of these peaks

is not fully established yet.
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Figure 2.8: The Raman fingerprint of graphene measured experimentally on CVD
grown defective graphene film. The D−peak, G−peak, D’−peak, G*−peak, D−peak and
D’−peak+D−peak are indicated following this order.

The G−peak from ”graphite” is induced by the C=C stretching mode in sp2 hybridized

chains and rings of carbon allotropes [111]. With an incident laser energy, an electron hole

pair is induced at the Γ point. The iTO and iLO branches are degenerate at Γ. Thus, the

G−peak may originate from both phonons, and it appears approximately at 1585 cm−1

in the Raman spectrum. Although it is not dispersive, the position may vary due to the

doping and strain in the graphene film [107]. Ferrari et al. [111] reported that, although the

G−peak in sp2 carbons is not dispersive, in very disordered films it shifts up to 1690 cm−1

as a function of the amount of disorder. The FWHM of the G−peak relates to the defect

density, and defect-free graphene is expected to show a very sharp peak down to 2 cm−1

in width [102].

The 2D−peak is a second-order process, which is observed in all sp2 carbons. Similar to

the D−peak, it is induced by the hexagonal breathing mode of the carbon rings and is also

present in the absence of defects. The process starts with an electron-hole pair generated
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near the K point, where the electron is scattered by two iTO phonons to the K’ cone

and back with the opposite impulse value. It appears at a frequency of approximately

2700 cm−1 and is also dispersive like the D−peak with ∆w/∆Elaser ∝ 90 cm−1/eV for

monolayer graphene [107].

The Raman peak positions and the scattering processes are summarized in Table 2.1

that are determined at an incident laser energy of 2.41 eV. Note that the values can differ

dependent on the substrate [112], the level of doping [113, 114] and strain [115, 116].

Although the G*−peak is attributed to a combination of the iTO phonon with a phonon

in the LA branch, the interpretation is not fully established. However, a defect is reported

to be necessary for this peak to appear in Raman spectroscopy [117].

Table 2.1: Raman peak positions and the related phonons after Jorio [107]. The values
are determined on monolayer graphene at an incident laser energy of 2.41 eV.

Peak Phonon
Position
[cm-1]

D iTO 1350

G iTO or iLO 1585

D’ iLO 1620

G* LA + iTO 2450

2D 2 iTO 2700

D + D’ - 2970

With the ratio between the D−peak and the G−peak, the defect density of graphene

can be determined. Koenig and Tuinstra [118] reported that the crystal size (La) between

two line defects can be extracted after the relation given in Equation 2.5. The La is

defined as a function of D−peak intensity (ID), G−peak intensity (IG) and incident laser

wavelength (λ) [118–120]. Notice that, when λ is given in [nm], La has a unit in [nm].

ID
IG

=
2.4× 10−10 · λ4

La

(2.5)

Another important ratio is the 2D−peak to G−peak intensity ratio (I2D/IG), which

is used to determine the number of layers with the FWHM of the 2D-peak [121, 122].

However, both the intensity and the width of the 2D peak depend on many factors, such

as the chosen substrate [112], level of doping [113, 114], strain [115, 116], amount of

defects [123] and incident laser energy [124]. Nowadays, most researchers use the amount

of Lorentz peaks that are necessary to fit the 2D−peak, in order to identify the number of

layers [108]. For bilayer (trilayer) of graphene the number of atoms in the unit cell changes

to four (six). This induces a splitting of the 2D−peak into four (six) Lorentzian peaks.
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Therefore, by increasing the number of graphene layers the FWHM of the 2D−peak varies

from 27.5±3.8 cm−1 to 51.7±1.7 cm−1 up to 66.1±1.4 cm−1 from single to bilayer up to

five-layer graphene [125]. However, this is only applicable, if the layers are stacked in AB

ordering, which refers to the B atom of the second layer being on top of the A atom of the

first layer. This works perfectly for exfoliated samples, but not for CVD grown graphene.

In the literature of CVD graphene, the I2D/IG ratio is defined as 1.5 for monolayer

and 0.3 - 1.3 for bilayer graphene with a FWHM of the 2D−peak of 35 cm−1 - 56 cm−1

and 58 cm−1, respectively [126–128].

2.3 Chemical Vapor Deposition

In this chapter thin film fabrication from volatile compounds is discussed. Material trans-

port and the chemical reactions play a central role in the CVD process. This process

is discussed in two parts that are divided upon the precursor dissociation. In the first

part, the dissociation reactions take place due to the thermal energy that is supplied by

the substrate temperature. In the second part, important plasma properties and chemical

reactions are discussed.

2.3.1 Thermal Chemical Vapor Deposition

The CVD is a sequential method with different temperature dependent process steps,

which are shown schematically in Figure 2.9. The main gas flow direction is indicated by

the top arrow, which flows from the side of the substrate. In some vertical reactors the

gas flow is fed from above, which is discussed in Chapter 4.2. Notice that the molecules

after the individual steps are indicated by different colors, as reactions occur during certain

steps. In light gray the fabricated film is shown after the heterogeneous reactions catalyzed

by the surface [129].

The sequential steps of the CVD process are listed from the left to the right side as

follows:

1. Convection and diffusive transport of the gaseous molecules to the reaction zone

2. Chemical reactions in the gas phase

3. Transport of the reactants to the surface of the substrate

4. Adsorption and migration of the transported species

5. Nucleation and island growth after the reactions that are catalyzed by the substrate

surface leading to the film formation

6. Desorption of the volatile products following the reactions
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7. Transport of the by-products out of the reaction zone to the main gas flow

Figure 2.9: Schematic illustration of the chemical vapor deposition process. The circles
with different colors represent the compounds at different possible reaction steps in the gas
or solid phase. The image is adapted from Ohring et al. [129].

Gas transport in CVD chambers is separated into bulk and diffusion transport based on

their different driving forces. In bulk transport, the gas molecules move due to convection

forces. Close to the substrate the movement of the fluids is retarded, and the velocity of

the gas flow decreases. Hence, the diffusion process becomes relevant, which is driven by

the concentration gradient. In Figure 2.10 the variation in the gas velocity (~v0) profile

is shown as a function of substrate length (L) in x−direction for a laminar flow. The

variation in the gas velocity is indicated by different sizes of the arrows [129].

0

Figure 2.10: Velocity profile of laminar gas flow and resulting boundary layer shown on
a substrate surface as a function of substrate length in x-direction. The image is adapted
from Ohring et al.[129].

The Reynolds number (Re) defines whether a system flow is laminar or turbulent,
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which is expressed by Equation 2.6 as a function of gas density (ρ) and gas viscosity (η).

When Re is less than about 1000 [130], the system flow is laminar. It indicates that the

molecules are following smooth paths on each other and slow down towards the substrate

due to its friction forces on the flow. The velocity gradient builds a boundary layer (BL),

which depends on L and Re. The boundary layer thickness (δ) is given in Equation 2.7

for a laminar flow [129].

Re =
~v0 · ρ · L

η
(2.6)

δ =
10 · L

3 ·
√
Re

(2.7)

Since the velocity is reduced towards the substrate, the concentration of the gas

molecules decreases. Due to the resulting concentration gradient, the volatile species dif-

fuse towards the substrate. The diffusion flux towards the boundary layer (J) is given in

Equation 2.8 as a function of the diffusion coefficient (D), gas constant (R), temperature

(T ) and the difference between vapor pressure in the bulk gas (pg) and vapor pressure at

the substrate surface (ps) [129].

J = −D (pg − ps)
δRT

(2.8)

The material flux is directed towards the substrate, which is indicated by the minus

in the equation. The amount of precursor flux is anti-proportional to δ and proportional

to D. The amount of reactants is crucial for the number of nucleation events and the

growth velocity. The rate is determined either by the surface reaction kinetics or by

mass transport of the precursor. From the relation of the surface reaction rate (Ṙsur) to

diffusion transport, which is calculated by the input gas concentration (C in) multiplied

by the diffusion coefficient, the growth mechanism can be defined. For that purpose the

Damkohler number (Da) is used in literature, which is given in Equation 2.9 [129].

Da =
Ṙsur · L
C in ·D

(2.9)

When the Da >> 1 the transport of the precursor limits the growth process, whereas

at Da << 1 the growth is limited by the surface reaction [129]. The surface reaction rate

varies exponentially with the temperature by the ratio of the activation energy (Ea) of

the reaction to the Boltzmann constant (kB) multiplied with the temperature as follows:

Ṙsur ∝ exp(- Ea
kBT

) (see also Equation 2.17), whereas D is proportional to T 3/2 and inversely
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proportional to pressure (p) [129]. At low temperature both Ṙsur and D are small, however

Ṙsur dominates due to the exponential dependence. Hence, Da is small, and the growth is

limited by the surface reaction of the precursor gas. At high temperature Ṙsur, and thus

Da is large resulting in the diffusion limited growth process.

At constant temperature chamber pressure also induces a similar behavior. The amount

of precursor gas reaching the surface depends on D/δ. The numerator is anti-proportional

to p after the relation of D ∝ T 3/2/p. In low pressure chemical vapor deposition (LPCVD),

D is almost 1000 times larger than in atmospheric pressure chemical vapor deposition

(APCVD) [129]. The thickness of the BL (δ) depends on the pressure over the gas velocity

(~v0) and Re with Equations 2.6 and 2.7. In LPCVD the gas velocity is 10 - 100 times larger,

the gas density is 1000 times smaller and the viscosity remains unchanged compared to

APCVD [129]. After Equation 2.6, Re is 10 - 100 times smaller, and thus δ is 3 - 10

times larger in LPCVD. Since the large D dominates over δ, at low pressure the amount

of molecules reaching the surface in an unit time increases significantly, resulting in an

accumulation of the precursor material on the substrate surface. Hence, the reaction

becomes the limiting step in CVD. At atmospheric pressure conditions, on the other

hand, D and δ are small [131]. Again D dominates over δ, and the amount of precursor

reaching the surface is reduced. As a result, the diffusion becomes the limiting step. The

small amount of material reacts fast and the monomers can migrate a longer period of time

before reaching other growth species. Therefore, the growth rate is slow, the grains are

larger and higher crystal quality is achieved due to the lower amount of grain boundaries

in diffusion-limited growth [129, 130].

After the transport of precursor gas to the substrate due to convection followed by

diffusion, temperature dependent surface-mediated processes occur. The precursor gas

molecules can either be adsorbed or re-evaporate immediately. To determine if a molecule

sticks to the surface, the binding energy (activation energy of desorption (Edes)) and

the energy available for desorption (kBT ) compete with each other. This phenomenon

is expressed by the lifetime of a single atom on the substrate surface (τ a) in Equa-

tion 2.10 with the vibrational frequency (ν) −which is typically 1× 1013 s−1− of the

atom or molecule [129, 132].

τ a =
1

ν
exp(Edes/kBT ) (2.10)

The adsorption may occur physically by Van-der-Waals interaction or chemically by

strong chemical bonds to the surface. Note that the former (0.03 eV/atom between

graphite layers [133]) is much weaker than the latter (ca. 3.6 eV for C−C covalent

bond [134]). The desorption energy corresponds to the binding energy of the molecule.
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When the available thermal energy (kBT ) is much larger than Edes, the molecule would

most probably re-evaporate [130].

During their stay (t < τ a) the adsorbed molecules migrate from one lattice point to

another. The migration length (λm) depends on Edes, the activation energy of migration

(Em) and the lattice constant (a) of the substrate [130].

λm =
√

2a exp[(Edes − Em)/2kBT ] (2.11)

When the binding energy to the surface is large, both τ a and λm increase (see Equa-

tions 2.10 and 2.11) [130]. The migration is also preferred along dislocations or grain

boundaries due to the lower activation energy [135]. During their stay, the migrating

species can nucleate homogeneously and heterogeneously. In the former the nucleation

takes place due to supersaturation, in the latter impurities and surface inhomogeneities

are responsible for the nucleation, and the supersaturation is not necessary. Along the

inhomogenieties of the surface, the rate of migration is large, and thus the possibility of

nucleation on these substrate sites is increased.

During nucleation the surface area increases, and thus the system energy is raised,

which is thermodynamically unfavorable. In case of a spherical particle, the Gibbs free

energy change (∆G) is expressed by the sum of the surface energy and the chemical free

energy change per unit volume (∆GV) as given in Equation 2.12. The former depends

on the surface tension of a droplet (γ) and correlates with the square of the nuclei mean

radius (r), whereas the latter is in cubic relation with r.

∆G = 4πr2γ +
4

3
πr3∆GV (2.12)

The first term of Equation 2.12 is related to the surface energy and increases as the

particle grows. The second term is proportional to the volume and is dependent on thermal

energy (kBT ), atomic volume (V) and degree of supersaturation (S), which drives the

condensation reaction (see Equation 2.13). The S in CVD is defined as the ratio between

the partial pressure of the growth species in the gas phase and equilibrium vapor pressure

of the solid phase (p >> peq) after the relation of S =p/peq [136].

∆GV = −kBT
V

logS (2.13)

Note that this theory was established on a spherical particle, like a droplet. In a two

dimensional system the equation might be modified as shown in Equation 2.14, since one



20 2.3 Chemical Vapor Deposition

dimension is one atom-thick and assumed as constant. Hence, ∆GV, V and γ terms are

replaced by chemical free energy change per unit area (∆GA), area of an atom (A) and

surface tension for a two-dimensional system (γ ′), respectively. Based on the work of Li

et al. [137] the net free energy change is rewritten for two-dimensional systems as given

in Equation 2.14.

∆G = 2πrγ ′ + πr2∆GA (2.14)

From this equation the surface (in black) and area (in green) energy terms are plotted

as a function of r (see Figure 2.11). The net energy is indicated in red that is calculated

by the sum of both functions. The critical nuclei radius (r*) and the critical Gibbs free

energy change (∆G*) are indicated by the blue color.
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Figure 2.11: Net free energy change as a function of nuclei mean radius for a two-
dimensional system. The surface and the area energy terms are shown in black and green,
respectively. The resulting net free energy change is shown in red. The critical size of the
nuclei and its net free energy change are indicated as r* and ∆G*, respectively.

As the nuclei grows, the surface and the area energies increase. Note that ∆GA has a

minus-sign, therefore, as the area increases, ∆GA is reduced. At the early stage of growth

the surface energy increases faster than the area energy, and thus the net energy change

is positive. As the growth continues and the nuclei enlarge, the area energy dominates

over the surface energy, and the net energy begins to decrease. At the maximum value of

the net energy, the critical size is determined as expressed by Equation 2.15, after which
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the nuclei stabilizes and continues to grow [130].

r* = − γ ′

∆GA

=
γ ′A

kBT logS
(2.15)

The critical size is defined by the competition between the surface tension and the

supersaturation at constant temperature. As mentioned earlier, the increase in the surface

energy is thermodynamically undesired, and thus the small nuclei (r < r*) either re-

evaporate or coalescence to larger ones. As a result, the larger nuclei grow in expense

of the smaller ones, which reduces the net energy of the system. This phenomenon is

called as Ostwald ripening [129]. The kinetic considerations of the nucleation process are

discussed in Appendix A in more detail.

The heterogeneous reaction on the surface is a temperature dependent process with a

potential barrier (Ea) separating two energy minima of the educts and the products of a

reaction. For an assumed reaction of X + Y → Z the reaction rate (rA) is defined by the

concentrations of the reactants as expressed in Equation 2.16, with the rate constant (k)

and the concentration (C) of both reactants [135].

rA = −k CX CY (2.16)

The k is determined by an Arrhenius law and depends on the activation energy (Ea)

and the available thermal energy (kBT ) with the pre-exponential factor (A), which defines

the frequency of a collision with the right orientation to start the reaction.

k = Aexp(− Ea

kBT
) (2.17)

In Figure 2.12 the energy profile along the reaction coordinate is shown. It indicates an

exothermic reaction, where the energy is released (described as a change in the enthalpy,

∆H), since the products possess less energy than the educts. The activation energy for the

reaction is shown in gray, which is the required energy to initiate the reaction. In presence

of a catalyst, which does not participate in the reaction, the activation energy is reduced

as presented in red colored profile. Transition metals are defined as good catalysts for

the dehydrogenation reactions due to their partially filled d-orbitals and the variety of

oxidation states. These lend electrons to the reactants during the reaction [138]. Hence,

the reaction occurs at a lower temperature.
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Figure 2.12: Energy profile along the reaction coordinate shown without (in black) and
with (in red) a catalyst. X and Y define the reactants and Z the product with the reaction
enthalpy of ∆H. The image is adapted from Ralls et al. [135].

2.3.2 Plasma Enhanced Chemical Vapor Deposition

The temperature is reduced in presence of a catalyst. Another method to reduce the tem-

perature is to dissociate the reactants already in the gas phase due to an induced plasma

(plasma enhanced chemical vapor deposition (PECVD)). As the dissociation energy is

provided by the plasma, the total required energy to deposit thin films is reduced, and

thus the temperature of the substrate can be lowered. In this chapter the properties of

the plasma and the dissociation reactions are presented.

Definition and Properties of a Plasma

Plasma is defined as a quasi-neutral gas with a collective behavior in presence of an elec-

trical field. It consists of electrons, ions, atoms, radicals and molecules [139]. Short-range

Coulomb interactions occur between the positively and the negatively charged particles

in a plasma within a distance that is defined as the Debye length (λD) [140]. In a larger

scale (x >> λD), however, all particles interact with each other collectively. Illustratively

any charge or electrical field that is introduced into the plasma, will be screened by the

redistribution of the electrons to restore the quasi-neutrality. This phenomenon is called

as Debye shielding and is valid in a scale that is larger than λD, which is given in Equa-

tion 2.18 as a function of kBT , permittivity of free space (ε0), density of charge carriers
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(n) and electric charge (q) [129, 141].

λD ≡

√
ε0kBT

nq2
(2.18)

The value of λD decreases, when the amount of charge carriers in the Debye sphere

(with radius of λD) increases. The amount of particles in a box with a scale of λD (Debye

cube) is defined as plasma parameter (Λ), which is given in Equation 2.19 [142].

Λ ≡ λD
3n (2.19)

A gas is defined as plasma, when the physical system dimensions are much larger than

λD and Λ >> 1. This indicates that the collective interactions between the charged parti-

cles dominate over the binary interactions ensuring the quasi-neutrality of a plasma [143].

It represents a difference between the amount of positive and negative charges, which is

negligibly small. So the density of ions (ni) (regarding the valency of an ion (Z i)) induced

in the system is almost equivalent to the density of electrons (ne) (ne ≈ Z i·ni) [140, 144].

Another important property of a plasma is the stability of the charge neutrality, which

is defined by the collective behavior of the plasma particles against disruptions in the

equilibrium [140]. Figuratively speaking, when an electrical field is turned on, the electrons

would be redispersed to keep the macroscopic charge neutrality. When the field is turned

off, the electrons return to their original position. However, due to inertia, they would

overshoot the position resulting in an harmonic oscillation with a plasma frequency (wp)

given in Equation 2.20. Since the mass of an electron (me) is much lower than that of an

ion, the electrons are more mobile than the ions. As the angular frequency of an electron

(we) >> angular frequency of an ion (wi) in a plasma, the frequency of a plasma is

defined as wp ≈ we [140, 142]. Exemplarily, in a gas discharge plasma with a density of

1× 1016 m−3 the Debye length would be λD = 7× 10−5 m with a wp of 6× 10−9 s−1 [144].

wp
2 ≡ we

2 + wi
2 (2.20)

wp ≈ we =

√
e2n

ε0me

(2.21)

The Debye shielding ensures the quasi-neutrality within the plasma, as the system

dimension is commonly much larger than the Debye length. However, close to the walls of

the chamber or substrate surface the boundary effects become dominant, and the quasi-
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neutrality is disturbed. This region is called plasma sheath and is illustrated schematically

in Figure 2.13 for a direct current (DC) glow discharge plasma, which is induced by an

external electrical field at low pressure. Cathode and anode are shown on both sides, and

the potential (φ) is plotted as a function of distance [129].
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Figure 2.13: Plasma potential φ plotted as a function of the distance (x) between the
cathode and the anode. The plasma sheaths are shown on both electrode sides in violet and
blue. Between these the plasma bulk is indicated with a positive potential. The image is
adapted from Ohring [129].

In the plasma bulk region (between both sheath regions) a constant positive potential is

apparent, which is indicated by φp > 0. As mentioned earlier, the electrons are more mobile

than the ions and can reach the walls of the chamber and induce a negative potential,

which leads to an overall positive plasma bulk potential. Close to the walls, an electrical

field is built up leading to the potential difference both on the cathode and anode side.

Between the sheath and bulk-plasma, a pre-sheath region is induced, where the ions or

electrons are accelerated in the cathode and anode sheath regions, respectively [145].

The most commonly used plasma generation frequencies are microwave (MW) fre-

quency (usually 2.45 GHz) and radio frequency (RF) (usually 13.56 MHz) for thin film

deposition. The power source with MW frequency generates a high-frequency electro-

magnetic radiation. Two types of plasma systems are widely employed in literature. In

the first one the gas is excited over a quartz window (surface wave plasma) without an

external magnetic field. The second one is called electron cyclotron resonance, where an

external magnetic field enhances the dissociation of the gases [146]. The RF generators

are coupled inductively or capacitively, inducing a high and low density plasma, respec-

tively [147]. In an inductively-coupled plasma (ICP) an alternating current (AC) induces
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a magnetic field in a coil, which ionizes the gas and induces a high energy plasma. The

capacitively-coupled plasma (CCP) is made of two parallel plates, between which an al-

ternating electrical field leads to the gas ionization. In a DC plasma, in comparison, a

DC voltage is applied between the two plates to dissociate the precursor molecules. The

DC voltage can also be pulsed in order to discharge the surface of the target, which is

crucial for insulating samples. The pulsed DC plasma will be discussed in more detail in

Chapter 4.2.

Dissociation Reactions in a Plasma

In the following, the fundamental processes in a heterogeneous plasma are discussed,

which are shown in Table 2.2 after Ohring [129]. In the first part of the table the collisions

of atoms and molecules with an electron are listed, and in the second part the interactions

are given between the atoms, ions and molecules. The atoms are denoted as A, B, ions as

A+, A−, B+, B−, AB− and molecules as A2, AB. The asterisk represents excited states.

Table 2.2: Fundamental reactions in a plasma after Ohring [129].

Electron collisions Reaction

Attachment
e− + A→ A−

e− + AB → AB−

Ionization
e− + A→ A+ + 2e−

e− + A2 → A2
+ + 2e−

Recombination e− + A+ → A

Excitation
e− + A2 → A2

* + e−

e− + AB → (AB)* + e−

Dissociation e− + AB → A* +B* + e−

Relaxation A* → A+ hν

Atom/ion/molecule collisions Reaction

Symmetrical charge transfer A+ A+ → A+ + A

Asymmetrical charge transfer A+B+ → A+ +B

Metastable - neutral A∗ +B → B+ + A+ e−

Metastable - metastable A∗ +B∗ → B + A+ + e−

The ionization process may occur due to different mechanisms. The most simple one
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is negative ionization of a neutral atom or molecule by capturing an electron (attach-

ment) upon collision. Furthermore, the ionization may occur when an atom or molecule

collides with an electron, but this time it loses an electron and is charged positively. This

mechanism is indicated as ionization. The ionization may also occur on the surface (e.g.,

substrate, plasma chamber) or due to photons with an energy matching the ionization

energy [148]. Ionized compounds can recombine with a free electron and are then neutral-

ized. Moreover, the collisions with the electron may transfer energy without ionization.

In this case, the molecules may get excited after the collision (excitation). This may even

lead to dissociation of the molecules. The former occurs at low electron energy, and the

latter must exceed the bond energy. This process is very crucial for the film deposition.

The excited species -with a short lifetime of below 100 ns [130]- can emit photons (hν,

relaxation) and induce the typical plasma glow as a result. These photons are dependent

on the bond dissociation energy and specific for individual bonds. With an optical emis-

sion spectroscopy (OES) system, the plasma species can be detected by the emitted light

upon the relaxation processes. The OES method is discussed in Appendix B.1.2.

The collisions can also occur between atoms, ions and molecules. During these charge

can be transferred between same (symmetrical) or different (asymmetrical) species after

collisions. The metastable compounds -with a relatively large lifetime of above 1 ms-

participate in the collision process with themselves and neutral atoms [130]. After these

collisions, ionization occurs, which is a cumulative process that is observed in presence of

an inert gas [148].

Similar reactions are also observed in a CH4 discharge plasma, which are given in

Table 2.3. Note that there are also other plasma reactions, however here only the domi-

nating plasma reactions are presented in three categories. The first one refers to electron

collisions, which are reported to dominate the reactions to induce the neutral species and

ions [149]. The first electron collision reaction indicates an ionization by releasing a free

electron. The other two reactions imply the dissociation of hydrocarbon with x hydrogen

atoms (CHx) upon a collision with a free electron. Zhao et al. [149] found out that upon

electron collisions, CH2 and hydrocarbon with one hydrogen atom (CH) and CH3
+ are pro-

duced dominantly. Collisions of atoms/ions/molecules with CH4 result in neutral species,

which may be dissociated (CHx) and even react to larger molecules (C2H2, C2H4, etc.).

Furthermore, hydrogen species evolve after these reactions (hydrogen molecule (H2), hy-

drogen atom (H)). Finally, the charge transfer is shown, which is found to generate mainly

ions due to the transfer of the charge from one ion to the other and produce ions such as

CH4
+, C2H2

+ and C2H4
+.

Upon collisions in plasma the precursor molecules, i.e., CH4 are dissociated already in

the gas phase and growth species such as carbon dimer (C2), C and CHx are formed as
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Table 2.3: Some fundamental reactions in a CH4 plasma after Zhao et al. [149].

Mechanism Reaction pathway

Electron collisions
e− + CHx → CHx

+ + 2e−

e− + CHx → CHx-1
+ +H + 2e−

e− + CHx → CHx-1 +H + e−

Collisions of atoms/ions/molecules
H + CHx → CHx-1 +H2

H2
+ + CHx → CHx-1

+ +H2 +H
C+ + CHx → C2Hx-2

+ +H2

Charge transfer
H+ + CHx → CHx

+ +H
H+ + CHx → CHx-1

+ +H2

a result. After the dissociation, the steps of CVD take place, and the growth species can

migrate, desorb, nucleate or attach to existing nuclei as discussed above.
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Chapter 3

Fabrication of Graphene on

Germanium and Copper: State of

the Art

Since the first demonstration of graphene as a stable material in 2004 [21], a large amount

of literature work is published with the aim to fabricate large area and high quality

graphene films. For that purpose, catalytically active substrates are utilized to reduce the

dissociation temperature of a precursor gas (i.e., CH4). By using a catalytic substrate the

number of layers can also be controlled due to the self-limiting effect. It states that once

the catalytic surface is covered with monolayer graphene, growth stops and no further

layers are fabricated [29]. In the first part of this chapter literature work is presented

with a focus on the effect of growth parameters on the graphene synthesis on catalytically

active Cu foils [49, 150–152] and Ge substrates [86, 91, 153].

In the second part of this chapter the literature work is summarized for the graphene

growth, during which the hydrocarbon precursor is dissociated in the gas phase due to a

plasma. Since the catalytic effect of the substrate is not necessary to dissociate the precur-

sor, graphene growth is reported on many substrates such as SiO2 [35, 36], Al2O3 [37–39],

GaN [71] etc. However, here the discussion of the PECVD literature is restricted to Cu

foil. It is noteworthy that no literature work is reported regarding the plasma enhanced

growth of graphene on Ge.
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3.1 Graphene Fabrication by Thermal Chemical Va-

por Deposition

In this section the literature work on the graphene growth by TCVD on Cu and Ge

substrates is presented. The dissociation of the precursor molecules takes place on the

substrate surface due to the thermal energy in presence of a catalytic effect. The discussion

in this chapter is mostly focused on the nucleation and growth of graphene flakes as a

function of process parameters such as chamber pressure, CH4:H2 ratio and synthesis

temperature. In order to compare the fabricated samples with each other the growth rate,

the quantity and the morphology of the flakes as well as the intensity ratios of the Raman

spectra were employed in literature.

3.1.1 Overview and Elementary Processes

For many years graphene has been assumed to be thermodynamically unstable, as it is a

two dimensional material, which would collapse together immediately, if separated from

the stack. Novoselov et al. [21] were able to characterize graphene experimentally for the

first time, which brought the Nobel prize in physics in 2010. Graphene was fabricated

with a scotch-tape method from a graphite crystal, which is a stack of many graphene

layers that are held together by Van-der-Waals interaction. Hence, the first production

method of graphene, so called ”mechanical exfoliation”, was introduced to society. This

method is very useful to study the properties of perfectly crystalline graphene, but the

size and reproducibility are limited.

In 2009 Ruoff’s group [29] established a CVD method to fabricate graphene on metal

foils with scalable substrate size. Graphene was synthesized on Cu foil in cm-scale and

characterized electrically after transferring it onto a SiO2/Si substrate. In addition to

Cu [29–31, 154–156], graphene was synthesized on other transition metals, e.g., ruthenium

(Ru) [157, 158], platinum (Pt) [57, 58], Ni [52–55] and also on non-metal substrates such

as silicon dioxide (SiO2) [37, 38, 71, 159], aluminum oxide (Al2O3) [37, 38], gallium nitride

(GaN) [160, 161] and Ge [16, 84, 85, 153, 162].

On catalytically active substrates the precursor dissociation occurs on the surface.

Graphene fabrication was shown from hydrocarbons with different C and H compositions.

Besides C2H4 [34, 60] and C2H2 [61] molecules, CH4 [51, 85, 163] remained as the most

commonly used carbon source, since it is available in high purity of 99.999 (5N) % and

was reported to induce a more homogeneous temperature profile [63] during dissociation

resulting from the single type of hydrocarbon (C-H) bond.
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The successive dehydrogenation reactions of CH4 are shown in Equations 3.1, 3.2,

3.3 and 3.4 down to a single C atom with the given reaction activation energies (Ea),

respectively [164]. As indicated by the positive reaction formation enthalpy (∆H f
◦), all

reactions are endothermic. Note that (g) stands for the gas phase and (s) for surface

referring to adsorbed molecules.

CH4(g)→ CH3(s) +H(s) ∆H f
◦
1 = 0.75 eV, Ea1 = 1.57 eV (3.1)

CH3(s)→ CH2(s) +H(s) ∆H f
◦
2 = 0.83 eV, Ea2 = 1.36 eV (3.2)

CH2(s)→ CH(s) +H(s) ∆H f
◦
3 = 0.41 eV, Ea3 = 0.94 eV (3.3)

CH(s)→ C(s) +H(s) ∆H f
◦
4 = 1.22 eV, Ea4 = 1.84 eV (3.4)

Since the dissociation is an endothermic reaction, it depends on the temperature. There

are also other temperature dependent terms such as nucleation and desorption, which play

a crucial role in the synthesis of graphene. These are discussed in Chapter 2.3 in a general

manner. In Figure 3.1, these surface-mediated processes are illustrated schematically for

the graphene synthesis on catalytic substrates (in blue) from CH4 as the precursor gas.

Gray and red dots represent the carbon and hydrogen atoms, respectively. Different steps

are indicated by the arrows, which are numbered.

The first step is the adsorption of the CH4 molecule onto the substrate surface

(step 1) by bulk transport and diffusion (see Chapter 2.3.1). These adsorbed molecules

are dissociated on the surface (step 2) following the dehydrogenation reactions (Equa-

tion 3.1 − Equation 3.4). The emerging H2 gas molecules are transported away by the

main gas flow. In step 3 the migration of the dissociated C atom on the surface is indicated.

These monomers either nucleate at the surface inhomogenieties or attach to the already

existing nuclei (i.e., to an hexagonal carbon lattice). This C attachment to an existing

nuclei is indicated by step 4. During these reactions, the monomers and hydrocarbons

can desorb away by catching H atoms as indicated in step 5, exemplarily. All of these

processes are dependent on the temperature with a specific activation energy, which has

to be supplied to initiate the individual steps. The activation energy values are discussed

later in Chapter 3.1.2 as a function of process temperature.

Regarding the activation energies of CH4 dehydrogenation reactions, the largest value

was determined for the formation of atomic carbon (Equation 3.4) referring to a thermo-
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Figure 3.1: Temperature dependent surface mediated processes for graphene deposition on
a catalytically active surface. The gray (red) dots represent the carbon (hydrogen) atoms.
In step 1 the adsorption of CH4 molecule onto the substrate and in step 2 its dissociation
are shown with two H2 molecules leaving the surface. Step 3 represents the migration of
C atoms. The C atoms either nucleate or attach to the already existing nuclei (indicated
as hexagonal graphene lattice), which is illustrated as the C attachment in step 4. The
C species can desorb away that is illustrated exemplarily by the CH4 molecule leaving the
surface in step 5.

dynamically unfavorable reaction. Hence, Gajewski et al. [164] suggested a new pathway

for the graphene nucleation, which took place over the carbon dimer (C2) formation with

a total ∆H f
◦ of 1.71 eV. It was calculated by the ∆H f

◦ of Equations 3.1, 3.2, 3.3, 3.4 with

C(s)→ 1/2C2 (s), ∆H f
◦ = −1.5 eV (see also Equation 3.5). Hence, the formation energy

of graphene nuclei over C2 was reported to be 1.5 eV lower than the reaction path over

the atomic carbon [164].

2C(s)→ C2(s) ∆H f
◦ = −3 eV (3.5)

The formation of C2 is the only exothermic reaction in CH4 dissociation with an en-

thalpy of −3 eV. Gajewski et al. [164] assumed that as C2 formation is the thermody-

namically favorable process due to the system energy reduction, the dimerization would

decrease the total energy of the system. Therefore, the C2 was reported to be the critical

nucleus.

3.1.2 Fabrication of Graphene on Copper Foils

The Cu foil is established as the substrate of choice to fabricate graphene in a large scale.

Due to low C solubility in Cu bulk (0.04 at% in Cu at 1000 ◦C [165]) the growth is self-
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limiting, and mostly monolayer graphene is fabricated. In this section the effect of growth

parameters is discussed starting with the preparation of the Cu surface. Furthermore, the

literature work on graphene fabrication is presented dependent on the chamber pressure,

gas composition and process temperature.

The Effect of Copper Foil Pre-treatment on Graphene Synthesis

Commercially available Cu foils show rolling striations, which are formed during cold-

rolling step in production [166]. These striations serve as nucleation sites leading to a large

amount of nuclei and smaller grain size [167]. Kidambi et al. [151] observed multilayer

graphene nucleation aligned along these structures. In Figure 3.2 these grooves are shown

schematically. In blue the substrate surface with irregularities is presented exemplarily.

The gray and red dots refer to the C and H atoms, respectively.

Figure 3.2: Schematic image of the Cu surface with rolling striations. The gray (red)
dots are C (H) atoms. The accumulation of CHx molecules is indicated within the grooves
on the Cu surface. The image is adapted from Luo et al. [168].

In this schematic image, Luo et al. [168] implied the accumulation of CHx in the grooves

of the Cu foil, which results in multilayer graphene formation, which was also confirmed

by Kidambi et al. [151, 169]. As a result of the C accumulation, Luo et al. [168] observed

sp3-hybridization in these grooves due to the suffering mobility of the carbon species in

these valleys followed by the formation of defects.

Different methods (e.g., copper etching, mechanical polishing, etc.) were examined

in literature hitherto, however, electrochemical polishing was found out to be the most

effective method to reduce the rolling striations without much contamination [167]. Luo

et al. [168] polished the Cu foil in a home-built electrochemical cell (Figure 3.3 (a)) with

a solution of orthophosphoric acid (H3(PO4)2) and poly(ethylene glycol) (PEG). The

H3(PO4)2 was employed as the etchant of the Cu (see Equation 4.1 in Chapter 4.1) and

the PEG was used to increase the viscosity of the solution [167]. A DC voltage of 2 V was

applied to the Cu foil against a counter electrode of the Cu plate for 30 minutes (min).



34 3.1 Graphene Fabrication by Thermal Chemical Vapor Deposition

Note that two representative points (A and B) are indicated on the working electrode.

The point A represents the hills and B the valleys, which will be discussed later.

The as-purchased and polished foils were then examined by atomic force microscopy

(AFM) scanning an area of a few tens of µm2. The height profiles of as-received (before

in black) and pre-treated (after in red) Cu foils are shown in Figure 3.3 (b). The as-

received Cu foil exhibits surface irregularities up to almost 1µm, which is flattened after

the treatment significantly. The surface roughness is reduced by a factor of 10 to 30 after

electrochemical polishing, which is apparent in the height profiles. Regarding the hills

and valleys on the Cu foil, it is clear that the point A has more contact with the solution

compared to point B. Hence, the etching rates of these points vary, as both the electrical

potential and the contact area with the solution are different. As a result, the point A is

etched away faster than B, smoothing the surface correspondingly.
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Figure 3.3: Electrochemical polishing. (a) Schematic image of the electrochemical polish-
ing cell is shown, where a DC voltage is applied between two electrodes, one of which is
the treated Cu foil. (b) The height profiles of the Cu substrate are plotted as a function of
the distance in x direction before (in black) and after (in red) electrochemical polishing.
Reprinted with permission from Luo et al. [168]. Copyright c©2011, American Chemical
Society.

After studying the Cu surface before and after polishing, graphene was synthesized in

APCVD under a mixture of CH4, H2 and argon (Ar) for a growth time of 90 min to ensure

incomplete substrate coverage. In Figure 3.4 secondary electron microscopy (SEM) images

of the samples after graphene synthesis on as-received and electrochemically polished (EP)

Cu foils are shown [170]. The etching procedure was similar to the one reported by Luo

et al. [168]. The surface roughness of the as-received (not treated) Cu foil was measured

as 615 nm, which was reduced down to 148 nm after the polishing (electropolished).

Graphene formation appears as the dark gray areas on the substrate surface. The non-
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Figure 3.4: SEM images of graphene flakes on as-received (not treated) and electrochem-
ically polished (electropolished) Cu foils with the same scale. Reprinted with permission
from Vlassiouk et al. [167]. Copyright c©2013, Elsevier Ltd. All rights reserved.

treated foil shows a larger amount of graphene nuclei with darker regions between the

individual flakes. The flakes after the EP process are homogeneously hexagonal with no

further C film in-between (Figure 3.4, right). The grains are above (below) 3 µm for EP

(non-treated) samples, and the nucleation density (ND) is reduced prominently on the

EP foils. Electrochemical polishing of Cu was shown to flatten the surface significantly,

resulting in larger graphene grains at lower amount of nuclei. Hence, EP is established as

the method of choice in literature.

The Effect of Chamber Pressure on Graphene Synthesis

Here, the literature work on graphene synthesis is summarized for varied chamber pressure

values. Jacobberger et al. [163] studied the growth of graphene on Cu wafers with (100)

orientation at low (Figure 3.5 top row) and atmospheric (Figure 3.5 bottom row) pressure

conditions by varying the chamber pressure between 1 mTorr and 760 Torr at a growth

temperature of 1025 ◦C. The graphene flakes were fabricated with methane-to-hydrogen

partial pressure ratios (pCH4/pH2) of 0.25, 0.06 and 0.01 for the top and 0.51, 0.02 and

0.005 for the bottom row, respectively.

The flake morphology changed from dendrite to rectangular by lowering pCH4/pH2 in

LPCVD. When the chamber pressure was increased up to atmospheric pressure, the shapes

became more compact. By lowering pCH4/pH2 , the grain morphology was changed from

round to hexagonal shape [163]. The dependence on the CH4:H2 ratio is discussed later

in Chapter 3.1.2 in more detail.

Jacobberger et al. [163] also studied the dendrite formation separately on Cu(100) in

LPCVD at various growth times at a constant CH4:H2 ratio of 1:1. They discovered that

the dendrite formation was dependent on the grain size. Until a critical size of 1µm, the

graphene flakes were in a circular form, above which morphological instability occured,
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Figure 3.5: SEM images of the graphene flakes fabricated at varied CH4:H2 partial pres-
sure ratio (pCH4/pH2) at low (top) and atmospheric (bottom) chamber pressure values.
The pCH4/pH2 values from left to right are 0.25, 0.06 and 0.01 for the top and 0.51, 0.02
and 0.005 for the bottom row. Reprinted with permission from Jacobberger et al. [163].
Copyright c©2013, American Chemical Society.

and corners were formed with increasing growth time [171]. Under an isotropic supply of

the C atoms, the concentration increased more rapidly at the corners rather than at the

face centers. This led to a supersaturation and the branches were formed at these corners

resulting into dendrite morphology [172].

The variation of the graphene grain shape was also confirmed by Jung et al. [173] as a

function of chamber pressure. They observed a transition from a four or six-lobed star-like

to a hexagonal graphene grain. They found out that in LPCVD the lobes of graphene

were formed due to the anisotropy of the surface migration of the precursor dependent

on the crystal structure of the Cu. However, this interaction was suppressed in APCVD

due to the C supersaturation on Cu, which resulted in hexagonal grains resulting from

the intrinsic six-fold geometry of graphene.

Miseikis et al. [174] studied both the ND and crystal size (grain size (GS)) as a

function of chamber pressure. Graphene was fabricated on electrochemically polished and

oxidized Cu foils in a home-made quartz enclosure at a growth temperature of 1060 ◦C

with CH4, H2 and Ar flows of 1 standard cubic centimeters per minute (sccm), 20 sccm

and 900 sccm for a growth time of 10 min. The crystal size is shown in red and the ND

in blue in Figure 3.6.

An increase in both crystal size and ND is apparent, when the pressure is increased.

Miseikis et al. [174] found the optimum pressure to be 25 mbar, where the grain size

is relatively large at a lower ND. Vlassiouk et al. [170] explained the lower amount of

nucleation in LPCVD by increased Cu desorption additional to the desorption of carbon
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Figure 3.6: Crystal size (in red) and nucleation density (in blue) shown as a function of
chamber pressure in mbar. Reprinted with permission from Miseikis et al. [174]. Copyright
c©2015, IOP Publishing Ltd.

species, which is shown schematically in Figure 3.7, where hexagons refer to the graphene

nuclei with the orange atoms describing the desorbing Cu atoms/molecules.

Figure 3.7: Schematic images of desorption at low and atmospheric pressure CVD. The
Cu and carbon desorption are illustrated by the orange atoms and blue hexagons respec-
tively. Reprinted with permission from Vlassiouk et al. [170]. Copyright c©2013, American
Chemical Society.

As the partial pressure of Cu is proportional to the chamber pressure, Cu atoms evap-

orate at low pressure increasing the surface roughness. During the Cu desorption, the

graphene nuclei also evaporate with the Cu atoms reducing the final ND. At atmospheric

pressure values, on the other hand, the Cu partial pressure is large, which hinders the

desorption of Cu, leading to a larger amount of graphene nucleation. Notice that the

desorption of active species is still relevant as indicated by the desorbing hexagons.
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Huet et al. [175] studied the ND as a function of annealing pressure. The Cu foils

were annealed for a duration of 5 min at varied chamber pressure values between 2 mbar

and 750 mbar. Afterwards graphene flakes were fabricated at a growth temperature of

1050 ◦C under CH4, Ar and H2 gas mixture for a growth time of 30 min. Nearly three

orders of magnitude drop in the ND was observed by increasing the chamber pressure up

to 750 mbar. This behavior seems to disagree with the results of Figure 3.6 by Miseikis

et al. [174]. Huet et al. [175] suggested that the chamber pressure during growth does

not have an important effect, since the nucleation points were already formed during the

annealing step.
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Figure 3.8: Nucleation density as a function of chamber pressure after a pure Ar anneal-
ing step. From c to f the pressure values are 20 mbar, 50 mbar, 200 mbar and 500 mbar.
Reprinted with permission from Huet et al. [175]. Copyright c©2017, American Chemical
Society.

In order to find the underlying mechanism of the variation in the ND at different

annealing pressures, the annealed Cu foils (without graphene growth) were examined by

energy dispersive X-ray (EDX) spectroscopy. Huet et al. [175] identified an increasing

amount of oxygen on Cu, when the global pressure during annealing was increased. Since

they used pure Ar during annealing, they concluded that the oxygen originates from the

residual hydrogen dioxide (H2O) and oxygen (O2) gas species in the chamber. When the

chamber pressure was large, more oxygen species were present due to a larger amount of

total gas. When the amount of oxygen covered Cu surface increased, the amount of nuclei

decreased as a result.

Regarding the ND some discrepancies are apparent, i.e., whether the growth pressure

affects the nucleation or if it is solely defined during the annealing step. Despite the
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different conclusions regarding the ND, literature agrees on the variation of graphene

morphology.

The Effect of Methane-to-Hydrogen Ratio on Graphene Synthesis

Graphene is synthesized from a carbon precursor in gas phase (i.e., CH4), which is diluted

by a reducing agent (H2) and an inert gas (Ar or nitrogen (N2)). In the presence of H2, the

dissociation reaction is reported to be enhanced, since it binds with the atomic hydrogen,

which is a product of the CH4 dissociation. On the other hand, it is found to etch away the

dissociated carbon species with the reverse reaction and suppress the growth of graphene.

Therefore, the CH4:H2 ratio plays a crucial role in the fabrication of graphene.

As discussed earlier, graphene morphology was shown to be dependent on the chamber

pressure and pCH4/pH2 . Vlassiouk et al. [176] reported a morphology variation at the early

stage of growth by adjusting only the H2 partial pressure (pH2). For that purpose, the

total flow was kept constant at 500 sccm, and the ratio of the mixture of CH4, H2 and

Ar gases was varied correspondingly. In Figure 3.9 SEM images of the graphene flakes

are shown at H2 partial pressures of 4 Torr, 6 Torr, 11 Torr and 19 Torr at a growth

temperature of 1000 ◦C on Cu foils.

Figure 3.9: SEM images of graphene flakes at various H2 partial pressure values as
indicated in the figure. The dark spots are defined as the bilayer graphene around the
nucleation points. Scale bars are 10 µm for 6 Torr and 11 Torr and 3 µm for 4 Torr
and 19 Torr. Reprinted with permission from Vlassiouk et al. [176]. Copyright c©2011,
American Chemical Society.

Below 2 Torr no graphene growth was observed, which was attributed to the lack of the
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aforementioned co-catalyst properties of hydrogen. At low pH2 , six-lobed graphene grains

are formed. These become randomly shaped and finally hexagonal with increasing pH2 .

The grains show darker regions in the center, which are defined as two or three layers of

graphene that are formed around the nucleation site.

Similarly, Luo et al. [177] observed a variation in the graphene morphology due to the

competition between growth and etching. In Figure 3.10 (a) this competition is presented

qualitatively as a function of the pH2 . The flakes were fabricated at a process temperature

of 1020 ◦C and a CH4 flow of 0.5 sccm. The H2 flow was varied between 25 sccm and

50 sccm. The morphology of the flakes was examined, and a critical point was defined at

the turning point in the growth line, which is indicated by the dashed red line. At lower

values of pH2 , the amount of active C species increases due to the co-catalytic role of H2.

After the critical point the etching effect dominates, and dendrite grains are formed.

The etching and growth dominated process and the resulting morphology are presented

in Figure 3.10 (b) with the red arrows indicating the direction of growth and etching.

Note that the direction of etching is indicated backwards. By increasing the amount of

hydrogen during growth, the graphene flake morphology is changed from dendrites to

star-like shaped grains. Agreeing with Sekerka [172], the growth direction is given at the

corners due to the supersaturation induced by the concentration gradient of active C,

whereas the etching is indicated at the face centers resulting in dendrite structures.

(b)(a)
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Etching-controlled 

growth

Figure 3.10: Graphene flake formation as a function of dominating mechanism. (a) The
variation of growth and etching process dependent on the H2 partial pressure. (b) The
effect of growth and etching on the graphene flake morphology. Reprinted with permission
from Luo et al. [177]. Copyright c©2017, American Chemical Society.

Although the variation of graphene shape was observed in all literature that is dis-

cussed hitherto, a general statement is still missing regardless of the process parameters.

Therefore, different literature works are connected here in order to gain insight into the
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formation of different shapes of graphene. Gan et al. [178] found out that three angles

define the edge orientation of graphene, which were the armchair (0 ◦), zigzag (30 ◦) edge

and a more general one (19.1 ◦) in-between. This edge formation defines the graphene

morphology. Solely armchair or zigzag edges result in hexagonal structures, whereas a

combination of both forms round flakes. The armchair edges are easier to build as only

two atoms are needed, whereas the zigzag edge formation proceeds by addition of three

C atoms [179]. Combining all the information mentioned hitherto about the graphene

morphology evolution, it is possible to say that initially the flakes are round [171] and

consist of both armchair and zigzag edges [178]. After a while, the lobes emerge due to

anisotropy in growth velocity of armchair and zigzag edges. When the growth is limited

by the attachment of C atoms regardless the parameters, both armchair and zigzag edges

can grow, resulting in a more compact (i.e., hexagonal) shape. When the growth is lim-

ited by the migration, on the other hand, the amount of C atoms is limited, and the

armchair edge can grow faster, since it needs one less C atom to complete the hexagon at

the edge [179]. As a result the growth is preferred in the direction of the armchair edge,

resulting in formation of lobes.

Huet et al. [175] showed a trend in the nucleation density as a function of CH4:H2

ratio at 100 mbar (in blue) and 750 mbar (in red) on a Cu film at a growth temperature

of 1050 ◦C (see Figure 3.11).

Figure 3.11: Nucleation density as a function of CH4:H2 ratio at a global pressure
of 100 mbar (in blue) and 750 mbar (in red). Reprinted with permission from Huet et
al. [175]. Copyright c©2017, American Chemical Society.

By increasing the amount of hydrogen, the nucleation density decreases, which is at-

tributed to the etching character of hydrogen agreeing with Luo et al. [177]. At a chamber
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pressure of 750 mbar the nucleation density was similar to 100 mbar, except for the CH4:H2

ratio of 900. Huet et al. [175] suggested that at higher global pressure values, the H2 partial

pressure was large, which hindered the nucleation of graphene.

Additional to the variation in the shape of graphene grains and the ND, Liu et al. [126]

found out that the number of layers also depends on the partial pressure of hydrogen. The

samples were fabricated in LPCVD with a CH4 flow of 40 sccm at a synthesis temperature

of 1010 ◦C, and the growth time was 30 min. In Figure 3.12 (a) the I2D/IG ratio is plotted

(see Chapter 2.2) as a function of pH2 . Different colored areas represent the different num-

ber of layers. In the pink area monolayer graphene is presented (I2D/IG > 1.5) with the

transition to bilayer graphene (in violet) at 0.1 Torr H2 partial pressure (I2D/IG < 1.5).

The gray area defines few layer graphene on Cu foil. A model idea was suggested to

explain the mechanism of the emerging multilayers, which is shown schematically in Fig-

ure 3.12 (b) on Cu surface. The C (H) atoms are blue (orange) dots with one to three

layers of graphene from top to the bottom.
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Figure 3.12: Effect of the H2 partial pressure on the number of graphene layers. (a) The
I2D/IG ratio shown as a function of partial pressure of H2. Different colors represent the
variation in the number of layers. (b) Schematic image of the mechanism of multilayer for-
mation in presence of hydrogen termination at the edges of the graphene flakes. Reprinted
with permission from Liu et al. [126]. Copyright c©2015, Elsevier Ltd. All rights reserved.

As mentioned earlier, the Cu substrate has a self-limiting effect due to low C solubility

in bulk Cu. When the H2 partial pressure was below 0.1 Torr, a fully covered film of

monolayer graphene was fabricated in a growth time of 30 min. The nucleation of a further

layer was negligible, since the catalytic surface was covered. When the pH2 was increased

by a factor of three, a continuous bilayer graphene film was formed in 30 min of growth

time. Liu et al. [126] suggested that the graphene fabrication started with the bilayer

nuclei, and the separate layers grew simultaneously to a bilayer film. Zhang et al. [180]

observed similar results at increasing pH2 , where the dangling bonds at the edges of the
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graphene flakes were saturated by H atoms (hydrogen termination). They suggested that

the dissociated C atoms migrated below the first layer and built a second layer beneath.

At lower pH2 , on the other hand, the dangling bonds of graphene bound to the Cu atoms

on the surface (metal passivation), and no further C could diffuse beneath the first layer.

As a result monolayer graphene was fabricated.

Although the literature does not agree on the formation of the multilayers, it is clear

that hydrogen plays an important role in the fabrication of graphene both for the CH4 dis-

sociation and for the etching of the already existing grains. In the following, the film quality

of graphene is discussed by varying pressure and CH4:H2 ratio. In Figure 3.13 (a) the Ra-

man spectra of graphene are shown for films fabricated at low pressure (0.1 Torr−1 Torr)

with CH4 and H2 flows of 15 sccm and 7 sccm, respectively. Almost no defects are observed

in the fabricated film, which is concluded from the very small intensity of the D−peak.

Regarding the very sharp 2D−peak, the film is defined as monolayer graphene. Under

atmospheric conditions with a similar CH4 flow of 18 sccm (see Figure 3.13 (b)), on the

other hand, defects are present indicated by the Raman peak at 1350 cm−1. Furthermore,

the FWHM of the 2D−peak is determined as 60 cm−1, which indicates predominantly

multilayer formations. The large defect density is attributed to the increased number of

layers. However, by reducing the amount of CH4 to 0.9 sccm in a H2 and Ar gas mixture

with the flows of 50 sccm and ca. 450 sccm, respectively, a defect-free monolayer graphene

film is synthesized with a FWHM of the 2D−peak of 35 cm−1 and a I2D/IG ratio between

2 to 5. Apparently, both in LPCVD and APCVD almost defect-free monolayer graphene

can be fabricated.
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Figure 3.13: Quality of graphene in LPCVD and APCVD at varied flow rates of CH4

and H2. In (a) the Raman spectra of graphene fabricated at low pressure with a CH4:H2

ratio of 15:7. In (b) a CH4 flow of 18 sccm and a H2 flow of 200 sccm were used to
fabricate graphene, whereas a CH4 flow of 0.9 sccm was chosen with a H2 flow of 50 sccm
and an Ar flow of ca. 450 sccm for the sample with the spectra given in (c). Reprinted with
permission from Bhaviripudi et al. [181]. Copyright c©2010, American Chemical Society.

With increasing chamber pressure and decreasing CH4:H2 ratio hexagonal grains were

formed, which were attributed to the supersaturation of C and an etching dominant
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growth process, respectively. Both parameters were reported to control the ND, although

the discussion is controversial regarding the chamber pressure. Furthermore, the dual role

of H2 was shown, which was also crucial in determining the number of graphene layers.

Defect-free and monolayer graphene was fabricated on Cu foils regardless the chamber

pressure by adjusting the amount of CH4 and H2.

Effect of the Process Temperature on Graphene Synthesis

Graphene is fabricated by a combination of different surface-mediated processes. These are

controlled kinetically by the process temperature. Therefore, by studying the nucleation

and the growth of graphene as a function of temperature, the interplay between these proc-

esses becomes accessible. Hence, in this sub-chapter the literature work on the nucleation

and growth rate of graphene is presented dependent on the synthesis temperature.

Nucleation Behaviour of Graphene in Thermal CVD

The temperature dependent processes of CVD require an activation energy (see Fig-

ure 2.12) to initiate the individual steps such as dissociative adsorption, migration, at-

tachment and desorption. The specific Ea values are given in Table 3.1 with the respective

references. The data were determined by simulations on single-crystalline substrates, and

thus they are more like an estimation for the graphene growth on polycrystalline foils.

Table 3.1: Activation energy values of surface-mediated processes in graphene synthesis
from literature.

Process Ea [in eV] Details Reference

Dissociative adsorption (Ead) 1.7 CH4 on (111) Cu [164]

Migration (Em) 0.06 - 0.44 on (111) Cu [182]

Attachment (Eatt) 1.9 - 2.1 on (0001) Ru [157]

Desorption (Edes) 6.0 on (100) Cu [183]

Due to the very high activation energy of 6 eV, the desorption process is thermody-

namically unfavorable. After that, the attachment has the largest Ea of around 2 eV. The

migration has the lowest activation energy of maximal 0.44 eV and possibly takes place

at any growth temperature. Hence, regarding the activation energies Edes > activation

energy of attachment (Eatt) > activation energy of dissociative adsorption (Ead) > Em.

Kim et al. [51] studied the ND as a function of the inverse temperature. The samples

were fabricated in LPCVD at a chamber pressure of 4.1 mbar. The nucleation was studied

after a flash exposure of CH4 for 1 second (s). Cu foils with a thickness of 25 µm were used
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after electrochemical polishing with a similar process as discussed in Chapter 3.1.2. The

data are presented in a semi-logarithmic diagram in Figure 3.14, which is called Arrhenius

plot. By extracting the slope, the activation energy (Ea) is calculated, and two temper-

ature regions are determined. These are defined as the high temperature (HT) and the

low temperature (LT) regions. A schematic image is given in the inset describing different

surface mediated processes, such as nucleation, desorption and capture of migrating C

atoms (also called attachment), which are crucial for the nucleation process.
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Figure 3.14: Density of nuclei as a function of inverse temperature in a semi-logarithmic
Arrhenius plot. The activation energy values are shown for HT and LT regions, which are
calculated by the slope of the linear fit functions presented in red. A schematic image of
the temperature dependent surface processes on Cu foil is also illustrated. Reprinted with
permission from Kim et al. [51]. Copyright c©2012, American Chemical Society.

By increasing the temperature, the ND is reduced with a significant change in the slope

at around 870 ◦C leading to the HT and LT regions with activation energy values of 3 eV

and 1 eV, respectively. Kim et al. [51] explained these two regions after the Robinson and

Robins model, which was established by the gold (Au) nucleation on ultra high vacuum

(UHV) cleaved alkali halide crystal surfaces of sodium chloride (NaCl) and potassium

bromide (KBr) [132, 184]. As already discussed in Chapter 3.1, the CVD process is a se-

quential method of surface-mediated processes, which control the ad-atom density on the

surface. In the HT region the monomer density is defined by the amount of desorption,

whereas in the LT range desorption is reduced due to lower temperature, and attach-

ment becomes the crucial factor on defining the amount of monomer density. Regarding

the dominating process the activation energy equations are calculated by Robinson and

Robin [184] and Lewis and Anderson [132] under the assumption of the stable nuclei to

be immobile (see Appendix A). Hence, growth is only due to the coagulation caused by

the monomers. The derivations of the Equations 3.6 and 3.7 are presented in Appendix A
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in more detail.

EHT =
Edes + Eatt − Em − Ead

2
= 2.88 eV − 3.17 eV (3.6)

ELT =
2Eatt − Em − Ead

3
= 0.83 eV − 1.22 eV (3.7)

The defined range is calculated with the data from Table 3.1 for graphene growth based

on the calculations of Lewis and Anderson [132]. The values of 1 eV for the LT and 3 eV

for the HT region are in good agreement with the calculated range. Similar to Lewis and

Anderson [132], nucleation of graphene is controlled by the desorption in the HT and by

the attachment in the LT region.

Vlassiouk et al. [170] studied the ND of graphene in the HT region between 1080 ◦C

and 950 ◦C by LPCVD (see Figure 3.15 (a)). A 125 µm thick Cu foil was used as the

substrate after electrochemical polishing. The samples were fabricated at chamber pres-

sures of 0.3 mbar and 6.7 mbar with growth times of 75 min and 30 min, respectively. The

CH4:H2 ratio was adjusted to 1/1800 (in black) and 1/50 (in blue). The partial pressures

of CH4 and H2 were controlled by the mixing ratios with Ar. The red solid lines are linear

fits of the measured data, from the slope of which Ea values were calculated.
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Figure 3.15: Graphene nucleation density as a function of inverse temperature at low (a)
and atmospheric (b) pressure CVD. The LPCVD samples are fabricated at varied H2 to
CH4 partial pressure ratios of 1800 (in black) and 50 (in blue). The red solid lines represent
the linear fit functions of the data in a semi-logarithmic plot. Reprinted with permission
from Vlassiouk et al. [170]. Copyright c©2013, American Chemical Society.

Similar to Kim et al. [51] an increase in the ND was observed, when the temperature
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was reduced. The density of the graphene nuclei is similar in both works. An activation

energy of 4 eV±1 eV was calculated from the data. The slight deviation from Kim et

al. [51] was attributed to the different chamber pressure values. For different CH4:H2

partial pressure ratios, the activation energy was constant. Thus, Vlassiouk et al. [170]

concluded that the Ea of graphene nucleation cannot originate from the dehydrogenation

process of methane (Ead). Also in the Equations A.22 and A.23 in Appendix A, the partial

pressure of CH4 (pCH4) is not inside the exponential term. Therefore, it affects the amount

of stable nuclei but not the activation energy.

Vlassiouk et al. [170] increased the chamber pressure to atmospheric values and ex-

amined the nucleation analogously, which is presented in Figure 3.15 (b). Apparently,

the number of graphene nuclei increases, as the total pressure is raised. Moreover, the

Ea is much higher than in LPCVD with a value of 9 eV. Vlassiouk et al. [170] suggested

that with varied pressure, the desorption mechanism would change as discussed above in

Figure 3.7. At the same temperatures, the partial pressure of any species in the chamber

is low, when the total pressure is low. Therefore, in LPCVD the partial pressure of Cu

is small resulting in Cu desorption. The desorbed Cu was reported to remove the stable

graphene nuclei. At high chamber pressure the Cu desorption was suppressed, and only

the active carbon species desorbed instead. The activation energy of the desorption of

active carbon species was estimated as 4.1 eV−7.5 eV, which was claimed to limit the

nucleation of carbon at atmospheric pressure, resulting in a larger activation energy.

Graphene Growth Behavior in Thermal CVD

The determination of the growth rate (GR) varies between different literature

works [51, 170, 185]. Based on some time dependent experiments, Kim et al. [51] as-

sumed that at the very early stage of growth, where the individual nuclei were separated

from each other, the grain size increased linearly with growth time. Hence, the GR was as-

sumed as constant at the early stage of growth. They calculated the GR by the ratio of the

mean nucleus area and growth time with a unit of µm2 min−1. Based on this assumption,

Vlassiouk et al. [170] studied the graphene growth by the average grain size of graphene

at constant growth time with a unit of µm. Note that at different growth temperatures

and at constant growth times, the graphene coverage varies significantly from sample to

sample. Regarding this phenomenon, Xing et al. [185] studied the graphene growth as

a function of the growth temperature and graphene coverage on the Cu surface. In this

chapter graphene growth is discussed based on these three literature works [51, 170, 185].

In Figure 3.16 [51] the GR of graphene is shown in an Arrhenius plot on various Cu

crystal orientations of (103) in black, (100) in red and (111) in blue. The solid lines are
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the linear fittings with the corresponding colors. The growth parameters were the same

as in Figure 3.14 with a growth time of 3 s to 30 min.
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Figure 3.16: Graphene growth rate as a function of inverse temperature on different
Cu crystal orientations of (103) in black, (100) in red and (111) in blue. Reprinted with
permission from Kim et al. [51]. Copyright c©2012, American Chemical Society.

The GR decreases by lowering the temperature. An activation energy of 2.6±0.5 eV

was calculated independent of the Cu orientation. Kim et al. [51] described the growth

of nuclei as the successive steps of dissociative adsorption, migration and attachment

of carbon species. As these occur sequentially, the activation energy was defined by the

limiting step. Regarding the values given in Table 3.1, the attachment is the closest value

to the calculated Ea. Hence, the carbon attachment with an Ea of 1.9 − 2.1 was suggested

to determine the growth rate of graphene.

Vlassiouk et al. [170] also studied the GR as a function of inverse temperature in

LPCVD by determining the average grain size at constant growth time of 30 min. The

remaining parameters were mentioned earlier in Figure 3.15. The results are shown in Fig-

ure 3.17 (a) for two different CH4:H2 partial pressure ratios. From the slope (determined

by the red solid line) an activation energy of 2.0±0.5 eV was calculated for LPCVD. At

varied partial pressure values of CH4 and H2, the grain size changed as a function of

growth and etching rates, however, the activation energy was constant in the range of

error.

In Figure 3.17 (b) the results are shown for graphene growth at a pH2/pCH4 ratio of

1800 by APCVD. At atmospheric pressure the grain size decreases almost two orders of
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magnitude in the given temperature range and the slope is steeper than in LPCVD. An

activation energy of 5 eV was calculated for APCVD. The increased activation energy

was again attributed to the desorption of the active carbon species akin to the ND (see

Figure 3.15).
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Figure 3.17: Graphene grain size as a function of inverse temperature at (a) low and
(b) atmospheric pressure CVD. Different pH2/pCH4 values of 50 and 1800 are indicated by
blue and black color of the symbols. Reprinted with permission from Vlassiouk et al. [170].
Copyright c©2013, American Chemical Society.

Kim et al. [51] studied the GR at the early stage of growth, whereas Vlassiouk et

al. [170] studied the grain size by varying the growth temperature at constant growth

time. Note that both works were based on the assumption that the GR was independent

of the growth time, hence the graphene coverage of the Cu surface. In contrast to that,

Xing et al. [185] studied the GR as a function of growth time (t). Graphene was fabricated

at atmospheric pressure on 25 µm thick Cu foils in a tube furnace with a CH4 concentra-

tion of 20 parts per million (ppm) in an Ar and H2 atmosphere. Hexagonal grains were

observed with bilayer formations in the middle of the grains. The GR was established as

the variation of the coverage (in %) with the growth time. The coverage (Z) was described

empirically and expressed as in Equation 3.8 as a function of a growth temperature de-

pendent constant (α). The α defines the variation of the GR with growth time, which is

dependent on the bare Cu surface area (1−coverage). It is extracted from the exponential

fittings of the graphene coverage as a function of growth time and is proportional to Ea

as indicated in Equation 3.9.

Z = − exp(−αt) + 1 (3.8)
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α ∝ exp(−Ea/kBT ) (3.9)

The coverage is shown in Figure 3.18 (a) as a function of the growth time at varied

growth temperature values, which are indicated by different colors. The solid lines rep-

resent the exponential fittings of the experimental data. The coverage increases in the

first 10 min, and the change in coverage slows down with increasing growth time until it

saturates at 100 % graphene coverage. At the early stage of growth, the whole Cu sur-

face is available for the dissociation reaction. With increasing growth time, the amount

of free surface, and thus the catalytically active area is reduced. As a result, the growth

slows down. Obviously, with increasing temperature the time to 100 % coverage decreases.

Below 1000 ◦C, fully grown graphene films could not be fabricated in a growth time of

60 min. From a semi-logarithmic plot of the α vs. inverse temperature, an activation en-

ergy of 2.74 eV was calculated independent of the surface coverage of Cu. Note that Xing

et al. [185] did not discuss the interplay of the surface-mediated processes in detail.

Time (min)Time (min)

Figure 3.18: Graphene coverage as a function of growth time at varied growth tem-
peratures. The solid lines represent the exponential fitting, from which α is extracted.
Reprinted with permission from Xing et al. [185]. Copyright c©2013, Elsevier B.V. All
rights reserved.

In Table 3.2 the activation energy values are summarized for ND and GR with corre-

sponding CVD process, which are determined from different literature works. The activa-

tion energy values of nucleation in LPCVD agree well in the literature. Since the GR was

determined at different growth stages and is dependent on the surface coverage, a direct

comparison of the literature values is not meaningful, since it may affect the calculations

of the activation energy.

In order to study the quality of the graphene films, Celebi et al. [186] measured Raman
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Table 3.2: Overview of the activation energy values from literature for nucleation and
growth process of graphene based on experimental data.

Reference Ea for ND [in eV] Ea for GR [in eV] Process

Kim et al. [51] 1 (LT) & 3 (HT) 2.6±0.5 LPCVD

Vlassiouk et al. [170]
9 (HT)

4±1 (HT)
5

2±0.5
APCVD
LPCVD

Xing et al. [185] – 2.74 APCVD

spectra at various temperatures. The spectra are given in Figure 3.19 [186], which were

measured with two different excitation wavelengths. The spectra in blue color represent

the laser wavelength of 457 nm and green color the 532 nm. Graphene was fabricated

at a C2H4 flow of 7 sccm under H2 and Ar flows of 20 sccm and 1500 sccm at growth

temperatures between 950 ◦C and 800 ◦C. The spectra were taken after transferring the

graphene film onto SiO2/Si substrates.
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Figure 3.19: Raman spectra of graphene fabricated at various growth temperatures. The
blue and green spectra represent the Raman measurements with an incident laser wave-
length of 457 nm and 532 nm, respectively. The D−peak, G−peak and 2D−peak positions
are indicated with the red arrows. Reprinted with permission from Celebi et al. [186].
Copyright c©2011, Electrochemical Society, Inc.

As already mentioned in Chapter 2.2, the D−peak and 2D−peak are dispersive, and

thus with varied laser wavelength the peak positions shift, whereas the G−peak position

remains constant. Due to the large intensity of the 2D−peak, these films were defined

as monolayer graphene. By reducing the temperature, the D−peak emerged indicating

the defective nature of the fabricated film, which was attributed to the grain boundary

defects due to the reduced size of the graphene flakes at lower temperatures [186].

The nucleation, the flake morphology and the growth of graphene were discussed based
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on surface treatment, chamber pressure, CH4:H2 ratio and finally synthesis temperature.

Obviously, the substrate treatment was a crucial step to produce a clean and flat Cu

surface and reduce the amount of nucleation. At different chamber pressure values den-

drites and hexagonal graphene flakes were fabricated with a certain discrepancy in the

relation of nucleation density and chamber pressure. Furthermore, the dual role of H2 in

the synthesis reaction was discussed. The variation of the graphene shape was attributed

to the etching and growth controlled regimes as a function of the H2 partial pressure.

A significant decrease in the nucleation density was observed at a larger amount of H2.

The nucleation process was established very well dependent on the synthesis tempera-

ture, which was found to be a complex mechanism that was limited by the desorption or

attachment of the C monomers. Literature treated growth rate as constant at early stage

of growth and found out that it was limited by the attachment of C atoms. On the other

hand, the growth rate was shown to be dependent on the growth time, hence the avail-

able Cu surface area. The presentation of graphene growth is not consistent throughout

literature. Hence, in Chapter 5.4 both methods will be discussed in more detail with the

aid of one data set.

3.1.3 Fabrication of Graphene on Germanium Substrates

Graphene growth on Cu is a well studied process. However, the graphene film on conduct-

ing Cu has to be transferred onto a target substrate. The transfer process was reported

to have detrimental effects on the properties of graphene due to the transfer residues [77–

81]. At this point, the complementary metal-oxide-semiconductor (CMOS) compatible Ge

wafer emerged as an alternative substrate in fabrication of monolayer graphene due the

low C solubility of < 108 atoms/cm3 at the melting temperature of Ge [86]. Furthermore,

graphene on Ge was employed already in many applications such as photodetectors [10–13]

and modulators [14, 15]. Hence, in this chapter the literature work is summarized regard-

ing the direct fabrication of graphene on Ge wafer with crystal orientations of (100) and

(110). In contrast to the Cu foil, the flake size was reported to be mostly in the sub-µm

range [86, 153, 187] resulting from the low migration length of C on Ge [41]. Nonetheless,

defect-free graphene has been demonstrated both on Ge(100) [34, 85] and Ge(110) [86,

87] wafer.

This chapter is separated into two parts dependent on the substrate orientation of Ge.

In each part the nucleation and flake morphology are discussed regarding the experimental

and theoretical work in literature. Note that since the Ge wafer is the target substrate, its

post-growth properties are of great importance considering the final device performance.
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Graphene Growth on Ge(100) Wafer

The nucleation process of graphene on Ge(100) is not discussed widely in literature,

yet Dabrowski et al. [34] proposed a nucleation process by theoretical calculations and

suggested a model idea based on C2H4 as precursor. This model was built on an earlier

work of Lippert et al. [188], which showed surface roughening at high temperatures. It

was suggested that the Ge dimers on the surface broke up at elevated temperatures, and

one Ge atom was replaced by one C atom. In the next step, another C atom kicked-out

the other Ge atom, and a dimer vacancy (DV) was formed [188]. Note that between the

C and Ge atoms covalent bonds were formed.

Resulting from the DV and energy considerations, Dabrowski et al. [34] assumed that

the dehyrogenation reaction C2H4 (g) → (C2H3 + H) (s) was the dominating process, as

it was an exothermic one and had a lower energy barrier compared to the dissociation

reaction of C2H4 (g)→ (CH2 + CH2) (s). Note that (g) and (s) stand for gas and surface,

respectively. Two adsorbed C2H3 molecules and the two C atoms in the DV polymerized to

an hexagon, which stood vertically. When the molecule became large enough, apparently it

lay down onto the substrate. Therefore, the missing Ge dimer determined the orientation of

the nuclei [34]. In Figure 3.20 (a) the nucleation process of graphene is shown schematically

with the DV indicated by the filled rectangular in red. This rectangular shape refers to

the C atoms, which substitute the Ge atoms with a formation energy of 0.6 eV. After the

C2 dimer was formed, polymerization began over the formation of an hexagon, which then

expanded to graphene nuclei that is presented by the dashed red lines.

(a) (b)

Figure 3.20: Nucleation mechanism of graphene on Ge(100). In (a) the missing dimer
nucleation on the lower terrace is illustrated. The missing Ge dimer is indicated by the red
rectangular. In presence of an upper terrace, which is indicated by the blue color in (b),
two flakes merge at the position of the dashed red line. Open access content licensed under
a CC BY and reprinted from Dabrowski et al. [34]. Copyright c©2016, Nature publishing
group.
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In presence of an upper terrace (see Figure 3.20 (b)), this process occured similarly,

however, the flake orientation was rotated following the missing dimer position in blue.

As a result of the different monatomic steps of Ge, the two graphene nuclei were rotated

by 30◦ to each other, and this induced grain boundaries as the flakes merged together. It

is noteworthy that the width of a terrace on a flat (100) surface was reported to be below

100 nm [91], which was claimed to limit the graphene grain size. Although the nucleation

process was not widely discussed in literature, two graphene domains with a rotation of

30◦ were mentioned frequently in the literature on Ge(100) [85, 187, 189] supporting the

model idea of Dabrowski et al. [34].

At the early stage of growth the graphene flake morphology was studied, and two

different shapes were observed on Ge(100). In Figure 3.21 (a) graphene nanoribbons are

shown, which appear bright on the Ge wafer. The nanoribbons were fabricated with a GR

down to 5 nm h−1 in the direction of the width, which was achieved at a CH4 mole fraction

below 1.6× 10−2. Among others, the alignment of these nanoribbons was attributed to

the attachment of the hydrocarbons preferentially on the short (zigzag) edges. It was also

mentioned that it might have been induced by the attachment limited growth.

400 nm

Figure 3.21: SEM images of the graphene flakes on Ge(100). In (a) graphene nanoribbons
are shown, which appear bright on the Ge(100) wafer. In (b) round flakes are presented
on Ge(100), which appear dark on the substrate. In (c) multilayer flake formation is
shown on monolayer (1-LG) and Ge wafer. Bi- (2-LG) and tri-layer (3-LG) graphene are
also indicated with the white dashed arrows. The image in (a) is an open access content
licensed under a CC BY and reprinted from Jacobberger et al. [190]. Copyright c©2015,
Nature publishing group, in (b) from Mendoza et al. [162]. Copyright c©2018, Elsevier B.V.
All rights reserved. And in (c) from Scaparro et al. [153]. Copyright c©2016, American
Chemical Society.

In Figure 3.21 (b) circular graphene flakes are shown, which appear dark on the Ge

wafer. These were fabricated by Mendoza et al. [162] with a CH4:H2 ratio of 0.03. A

surface coverage of 42% and a ND of 1.52× 104 mm−2 were extracted on this sample.

Although most literature work observed flakes in the sub-µm range [153, 187, 191], the

flakes here are few µm in size. However, these were found to be polycrystalline grains with
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an D−peak to G−peak intensity ratio (ID/IG) of 0.3.

Scaparro et al. [153] synthesized graphene nanoribbons at a CH4 flow of 1 sccm, which

appeared dark on the substrate. By increasing only the CH4 flux to 2 sccm, fully grown

graphene film was fabricated. At a CH4 flow of 5 sccm multilayer formations appeared,

which is presented in Figure 3.21 (c). The number of layers and the substrate are indicated

with the white dashed arrows. 1 nm height variation was extracted between the substrate

(Ge), mono-, bi- and tri-layer graphene (LG) from an AFM measurement on this sample.

The I2D/IG ratio was determined as 3.1 and 2 on monolayer graphene and multilayer

regions, respectively.

In most literature work [84, 85, 187, 192] a re-organization of the substrate surface was

observed upon graphene synthesis. An SEM image of the sample after CVD process is

shown in Figure 3.22 (a). A periodical rectangular form is apparent in the image, which

becomes clearer at a higher magnification that is presented in the inset. A height map

is given in Figure 3.22 (b), which is measured by AFM after graphene synthesis. The

substrate surface is covered by hills and valleys up to 15 nm upon CVD process.

(a) (b)

Figure 3.22: Faceting of Ge(100) after CVD growth of graphene illustrated by (a) SEM
and (b) AFM measurements. The image in (a) is reprinted with permission from Lukosius
et al. [85]. Copyright c©2016, American Chemical Society and in (b) from McElhinny et
al. [192]. Copyright c©2016, Elsevier B.V. All rights reserved.

The faceting was found to be an indicator of the presence of graphene [187, 192, 193],

since the areas without graphene were reported to show flat Ge(100) surfaces [193]. Based

on the angle measurements on different samples, Di Gaspare et al. [194] defined the facets

to be between {1,0,7} and {1,0,10}. The formation of {1,0,7} facets was attributed to

a kinetic process [85], which was controlled by the cooling procedure [87]. McElhinny et

al. [192] found out that at lower cooling rates of 0.5 ◦C min−1, no faceting was observed.

Dabrowski et al. [195] reported that the conductivity varied in the valleys and hills, which

became more homogeneous after post-annealing, and the surface faceting was reduced.

However, the conductivity of the film decreased significantly, when the faceting vanished,
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which was attributed to strong interaction of graphene and Ge.

Regarding the literature of graphene fabrication on Ge, the variation of the growth

parameters was limited to the amount of CH4 [44, 153, 162, 187] and the temperature [84].

Both were found to be crucial in determining the number of defects [84, 153, 162, 187].

In Figure 3.23 (a) Raman spectra of the fabricated samples are shown dependent on the

amount of CH4. From a CH4 flow of 1 sccm to 10 sccm, the D−peak decreases first, which

is followed by an increase. The 2D−peak, on the other hand, increases at 2 sccm and

decreases in the direction of larger precursor flow. At a CH4 flow of 1 sccm, partially

covered nanoribbons were synthesized. When the flux was increased to 2 sccm, monolayer

graphene was fabricated with a smaller amount of defects (D−peak to G−peak intensity

ratio (ID/IG) ∝ 0.3). The sample, which was fabricated at 5 sccm, refers to the SEM

image that is shown earlier in Figure 3.21 (c), where multilayer formations are apparent.

By increasing the amount of CH4 flow up to 10 sccm the amount of multilayers increased,

resulting in a ID/IG ratio of 1.6.

(a) (b)

Figure 3.23: Quality of graphene fabricated under different growth conditions. In (a)
Raman spectra are shown for graphene samples that are fabricated under a CH4 flow
between 1 sccm and 10 sccm. In (b) the position of the 2D−peak is plotted as a function
of the position of the G−peak. The pristine graphene is indicated by the green dot. A
compressive strain value of -1.1% is indicated in the figure. The image in (a) is reprinted
with permission from Scaparro et al. [153]. Copyright c©2016, American Chemical Society
and in (b) from Kiraly et al. [87]. Copyright c©2015, American Chemical Society.

In a recent study, Persichetti et al. [84] showed that the synthesis temperature is the

key to reduce the defects. Up to a temperature of 920 ◦C defects with an ID/IG ratio of 2

were present in the fabricated film without any faceting. As the temperature was increased

slightly to 930 ◦C, facets emerged, and the defect density was reduced down to ID/IG <

0.3. Kiraly et al. [87] fabricated high quality graphene films on Ge(100). The 2D−peak

position is shown as a function of the G−peak position before (in blue) and after (in red)
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a post-growth vacuum annealing step at 700 ◦C (see Figure 3.23 (b)). The gray solid lines

represent the strain and doping lines that are calculated by Lee et al. [196]. These are

discussed in more detail in Figure B.1 in Appendix B.1.4. The compressive strain of -1.1%

and the point of pristine graphene (green dot) are labeled on the strain line. Agreeing with

two other groups [153, 189], a significant amount of compressive strain was extracted from

the measurements. Upon annealing the strain remained constant, while becoming more

homogeneous. However, the origin of strain and doping was not discussed in this work.

Dabrowski et al. [34] attributed the compressive strain in molecular beam epitaxy (MBE)

to the difference in the thermal expansion coefficients of graphene (−6× 10−6 K−1 [197])

and Ge (+5.75× 10−6 K−1 [198]). In CVD, on the other hand, they observed tensile strain

and proposed the small grain size to be the origin.

Despite the scarce discussion on the origin of faceting and compressive strain, both

were observed in most literature work on Ge(100). By tailoring the amount of CH4, the

morphology of graphene flakes was changed from circular to ribbon structures, and the

defect density was reduced in case of low precursor supply at elevated temperatures. In

the next part of this chapter these topics are presented based on the literature work on

Ge(110), in order to discuss the effect of the substrate orientation on the synthesis of

graphene.

Graphene Growth on Ge(110) Wafer

Graphene flakes are shown in Figure 3.24 (a) that are fabricated on Ge(110). The graphene

flakes appear dark and are elongated in one direction, which is related to the anisotropic

growth rates of the armchair and zigzag edges [86]. The unidirectional alignment of the

graphene flakes was reported by Lee et al. [86] on hydrogenated Ge(110) substrates in

LPCVD with 1% to 2% of CH4 diluted in H2. Since all flakes were aligned, they merged

almost perfectly together resulting in reduced grain boundary defects and almost defect-

free (ID/IG < 0.03) graphene film. The ND was reported to be around 10µm−2 on Ge

wafer, which is much larger than the value of 0.1 µm−2 extracted on Cu.

Akin to that Dai et al. [199] studied elongated graphene flakes by AFM (see Fig-

ure 3.24 (b)), where atomic steps were observed. These were attributed to the manu-

facturing process of the Ge(110) wafer. The white arrow with FG-D indicates the fast

growth-direction. In Figure 3.24 (c) a schematic illustration of the C attachment at the

atomic steps of Ge(110) is shown. The pink and red circles represent the Ge atoms of dif-

ferent crystal planes with white H atoms on the surface. The graphene flake is indicated

by the black dots. The armchair edge was reported to be oriented in the [-110] crystal

direction [199]. It is noteworthy that a covalent interaction between the graphene and Ge
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was found to be necessary for the nucleation of graphene on Ge(110).

(a) (b) (c)

1 µm

Figure 3.24: Graphene flake morphology. In (a) an SEM image of the flakes is shown.
The flakes appear dark on the brighter surface. In (b) an AFM topography map is
shown. The fast growth-direction (FG-D) is indicated by the dashed white arrow. In (c)
a schematic image of the graphene nucleation at the step edge of a Ge(110) substrate is
presented, which is proposed by Dai et al. [199]. The image in (a) is reprinted with permis-
sion from Lee et al. [86]. Copyright c©2014, American Association for the Advancement
of Science and in (b) and (c) from Dai et al. [199]. Copyright c©2016, American Chemical
Society.

As mentioned earlier Lee et al. [86] fabricated almost defect-free graphene on Ge(110).

In this process, the native oxygen was removed by dipping the cleaned Ge wafer into

10% hydrofluoric acid (HF). The wafer was then loaded into the chamber, and a fresh

Ge layer was deposited prior to the graphene growth. In order to synthesize graphene, a

CH4 and H2 mixture was introduced into the chamber for a growth time up to two hours.

A thin Au film was then evaporated. By a thermal release tape the Au/graphene stack

was separated from the Ge wafer, which was re-used for the next growth process. This

procedure was repeated five times, and the Raman spectra of the fabricated samples are

shown in Figure 3.25 (a). The Raman spectra of the graphene films exhibit high quality

monolayer graphene, even if the flake size is limited.

Furthermore, similar to the graphene on Ge(100), Kiraly et al. [87] studied the dop-

ing and strain properties of the graphene film that was fabricated on Ge(110). In Fig-

ure 3.25 (b) the 2D−peak position is shown as a function of the G−peak position before

(in blue) and after (in red) post-growth annealing. The compressive strain on the graphene

before the annealing step is lower on Ge(110) than on Ge(100). Upon annealing, however,

the strain is increased significantly to the larger values. Also here the origin of the strain

was not discussed properly.

High quality graphene films were fabricated on both Ge(100) and Ge(110). It is note-

worthy that the amount of literature work is much more on Ge(100) substrate, since it

is the technologically relevant orientation. However, the high quality at lower amount of

compressive strain makes the Ge(110) substrate also relevant for synthesis of monolayer
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(a) (b)

Figure 3.25: Quality of graphene fabricated on Ge(110). (a) Raman spectra on graphene
that is fabricated by re-using the same wafer for 5 times after delamination of the graphene
film. In (b) the position of the 2D−peak is plotted vs. the position of the G−peak. The
pristine graphene is indicated by the green dot. A compressive strain value of -1.1% is
indicated in the figure. The strain and doping lines are presented in inset. The image
in (a) is reprinted with permission from Lee et al. [86]. Copyright c©2014, American
Association for the Advancement of Science and in (b) from Kiraly et al. [87]. Copyright
c©2015, American Chemical Society.

graphene films, which then can be transferred easily without wet-etching process, and

the substrate can be re-used without any concern about the final film quality. Despite

the few literature works on graphene growth on Ge, a direct comparison of the crystal

orientations of (100) and (110) is still missing. Also the discussion of the results is quite

poor regarding the origin of faceting and strain in the graphene film. Note that all the

literature work, which is discussed in this chapter, is based on the TCVD with the lowest

synthesis temperature of 870 ◦C. Furthermore, up to now no plasma enhanced method is

reported to fabricate graphene on Ge wafer.

3.2 Graphene Fabrication by Plasma Enhanced

Chemical Vapor Deposition on Copper

Until now the literature work on the fabrication of graphene on Cu and Ge was discussed

based on the precursor dissociation due to the thermal energy and the catalytic effect

of the substrates. In order to fabricate high quality graphene, the synthesis temperature

was chosen close to the melting temperatures of Cu and Ge. In this chapter the literature

work is presented, which utilizes a plasma to dissociate the precursor materials in the gas

phase (see Chapter 2.3.2), hence reduce the growth temperature on Cu foils. Notice that
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no literature work is reported on graphene growth on Ge wafer by PECVD, so here the

discussion is focused on graphene growth on Cu.

Few works in literature [200–202] reported vertically aligned graphene fabrication,

which was produced commonly at frequencies of 13.56 MHz (RF) [200] or 2.45 GHz

(MW) [202]. Due to the electrical field induced between the plasma sheath and the sub-

strate, the edges of graphene flakes were reported to curl upwards resulting in carbon

nanowalls (CNWs) [200, 201]. To fabricate two-dimensional graphene, it is crucial to sup-

press this sheath field between the substrate and the bulk plasma.

Ghosh et al. [202] reported that by moving the MW plasma source away from the

substrate, the GR and the length of the CNWs decreased. Therefore, in order to ensure

two-dimensional graphene growth, the plasma and the growth chamber were separated in

literature as much as possible to reduce the effect of the sheath field [67]. Akin to that a

surface wave plasma (SWP) was used, where the MWs induced a plasma through a quartz

window far from the surface. Boyd et al. [66] found out that at low MW plasma power

(< 40 W) a defective multilayer graphene film was deposited onto the top side of the Cu

foils. However, at the bottom side monolayer graphene was synthesized. Similarly, Qi et

al. [35] used a Cu foam as a Faraday cage to protect the substrate from the accelerating

ions and switch the growth from vertical to horizontal graphene on glass substrates.

With the above mentioned adjustments -dependent on the system- graphene growth

was shown both on catalytic [72, 203–206] and non-catalytic [35, 40, 71] substrates at a

wide temperature range. In the following sections the literature work is presented as a

function of temperature, CH4:H2 ratio and plasma power on Cu foils.

Effect of Growth Temperature on the Graphene Synthesis in

PECVD

In TCVD the dissociation of CH4 occurs on the substrate surface. In PECVD this energy

is introduced by the induced plasma, and thus the substrate temperature can be reduced.

In literature a wide range of growth temperature was used, which is presented in Table 3.3

for graphene on Cu. The literature work can be separated into SWP, ICP or pulsed DC

plasma. The defect density is extracted either by the given values of the literature or from

the spectra of the fabricated graphene. Some of the work in this table is discussed in more

detail throughout this chapter.

Kato et al. [203] fabricated graphene by an ICP at a temperature between 950 ◦C and

750 ◦C. The temperature of the Cu foil was adjusted by Joule heating, and the SEM images

of the fabricated flakes are shown in Figure 3.26. By decreasing the substrate temperature
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Table 3.3: Literature overview regarding PECVD graphene synthesis as a function of
growth temperature. Cu is used as a substrate, and the plasma generation is indicated for
each work separately. Defect density is either extracted from the Raman spectra or given
in the reference.

T [◦C]
Plasma

Generation
Properties Reference

950 − 750 ICP
defect-free

@900 ◦C
[203]

700 Pulsed DC defective [207]

650 ICP defect-free [73]

600 Pulsed DC defect-free [67]

425 SWP defect-free [66]

380 SWP defective [208]

290 − 320 SWP defective [209]

a change in the shape, size and density of the graphene flakes becomes apparent. At

950 ◦C the structures are slightly elongated in one direction, which was attributed to the

enhancement of growth dependent of the Cu orientation. At 850 ◦C hexagonal and at

750 ◦C circular grains are visible. At lower temperatures, the grain size is smaller, and

both the number of grains and the coverage are larger.

Figure 3.26: SEM images of graphene flakes as a function of temperature. The samples
are fabricated at growth temperatures of 950 ◦C, 850 ◦C and 750 ◦C by an ICP for a growth
time of 150 s on Cu foils. Reprinted with permission from Kato et al. [203]. Copyright
c©2016, Elsevier Ltd. All rights reserved.

From the ND and GR at different temperatures, the activation energy values were

calculated for the nucleation and the growth of graphene by the use of a semi-logarithmic

Arrhenius plot. For the nucleation process in the HT (LT) region the activation energy

was determined as 4.3 eV (2.1 eV). These values are larger than the ones calculated for

TCVD (see Figure 3.14). The deviation was attributed to the difference in pressure and
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temperature conditions. Similar to the nucleation of graphene in PECVD, Kato et al. [203]

also studied the GR of graphene. As a result of the precursor dissociation in the gas phase,

the calculated GR values were 100 and 1000 times larger than in TCVD at LT and HT

region, respectively. At 850 ◦C a growth rate of ≈ 2× 10−3 µm2 s−1 was determined. For

the growth of graphene the Ea was derived to be 2.8 eV (0.4 eV) for the HT (LT) region.

Kato et al. [203] attributed the change around 850 ◦C to the changed growth mechanism

from attachment to migration limited growth in PECVD.

Terasawa et al. [65] fabricated graphene on Cu foil by an RF plasma and observed that

the ID/IG ratio increased from 0.73 to 1.4, when the temperature was reduced from 900 ◦C

to 500 ◦C. Furthermore, the number of layers increased as indicated by the decreasing

I2D/IG ratio from 3 to 0.58. Based on these results, Terasawa et al. [65] developed a

growth model of graphene by PECVD, which is shown in Figure 3.27. The mechanism

is illustrated for different substrate temperatures (T s) of (a) 900 ◦C to (b) 500 ◦C. The C

atoms are indicated by the black and the H atoms by cyan dots.

(a) (b)

Figure 3.27: Schematic images of the graphene growth in presence of a plasma on Cu
foil at substrate temperatures of (a) 900 ◦C to (b) 500 ◦C. The black (cyan) dots represent
the carbon (hydrogen) atoms with the black lines referring to the graphene flakes with
different crystal sizes of 40 nm and 20 nm. Different process steps are indicated in the
sketch. Reprinted with permission from Terasawa et al. [65]. Copyright c©2011, Elsevier
Ltd. All rights reserved.

At 900 ◦C the dissociation reaction takes place on the Cu surface indicated by adsorp-

tion, dissociation and evaporation in Figure 3.27 (a). The growth reaction is presented as

CH4 → C + 2H2. A crystal size (La) of 40 nm was determined from the Raman measure-

ments after Equation 2.5. At 500 ◦C, on the other hand, the catalytic effect of Cu was

assumed to vanish completely, so only plasma species served as precursor for the graphene

synthesis. The plasma species of CH, C2, H and H2 were detected in the induced plasma

by optical emission spectroscopy (OES) measurements (see also Appendix B.1.2). For the

graphene synthesis the C2 radicals were found to be crucial, since the CH molecules cannot

be dissociated at low temperatures. Therefore, these species were reported to terminate

the growth resulting in an La of 20 nm and an increased amount of defects at a growth
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temperature of 500 ◦C.

Effect of Methane-to-Hydrogen Ratio on the Graphene Synthesis

in PECVD

The effect of methane-to-hydrogen ratio on the graphene fabrication was discussed in

Chapter 3.1.2 for TCVD, and the dual role of H2 was outlined in great detail. Here, the

effect of the CH4:H2 ratio on the defect density of the graphene films is presented, which

are fabricated by plasma enhanced deposition. Chan et al. [67] studied the effect of H2

flow in a pulsed DC plasma with a power of 200 W and a pulsing frequency of 20 kHz.

The growth temperature was 600 ◦C at a CH4 flux of 1 sccm. The H2 flow was varied

between 5 sccm and 20 sccm, and the resulting Raman spectra are shown in Figure 3.28.

It is noteworthy that the locations of the plasma ignition and the graphene growth were

separated in the tube furnace, in order to avoid the three-dimensional growth, i.e., CNWs.

Figure 3.28: Raman spectra of graphene films fabricated in a DC plasma at a substrate
temperature of 600 ◦C for varied amounts of H2 flow between 20 sccm and 5 sccm. Open
access content licensed under a CC BY and reprinted from Chan et al. [67]. Copyright
c©2013, Springer Open.

By increasing the amount of H2 at constant CH4 flow, the intensity of the defect peak is

reduced, which is indicated by the ID/IG ratio decreasing from 0.33 to 0.13. In addition to

that, the I2D/IG ratio increases from 0.98 to 2.29 with a marginal decrease in the FWHM

from 39 cm−1 to 35 cm−1, which was attributed to the increasing crystallinity of the film.

With OES spectra, an increase in the intensity of Hα and a decrease in the amount of CH

were observed, when the amount of H2 was increased. This was explained by the enhanced

dissociation of CH4 in the presence of H2, resulting in the reduced defect density.
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Yamada et al. [208] studied the effect of CH4/CH4+H2 ratio in a roll-to-roll MW plasma

chamber with a plasma power of 120 kW at a growth temperature below 380 ◦C on Cu

foils. To avoid ion bombardment, no Ar was used. The ID/IG ratio was extracted from

the Raman measurements, from which La was calculated (see Equation 2.5). The values

were then plotted as a function of CH4/CH4+H2 ratio and presented in Figure 3.29.
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Figure 3.29: D−peak to G−peak intensity ratio (ID/IG in blue) and crystal size of
graphene (La in red) as a function of the CH4/CH4+H2 flow ratio. The samples were
fabricated at 380 ◦C with a CH4/H2/Ar plasma on the Cu foil in a roll-to-roll equipment.
The plasma was induced by MWs. Reprinted with permission from Yamada et al. [208].
Copyright c©2013, Elsevier B.V. All rights reserved.

Graphitic films were observed, when the ratio was adjusted to 70%. As the ratio was

reduced, D−, D’− and 2D−peaks emerged indicating defective graphene layers with a

ID/IG ratio of above one, which was attributed to the small crystal size of graphene. A

sheet resistance up to 3 MΩ/2 was measured on polyethylene terephthalate (PET) foils,

and the layer number was extracted as two to three from the Raman spectra.

Effect of Plasma Power on the Graphene Synthesis in PECVD

The partially dissociated plasma species were reported to hinder the graphene growth

and induce defects in the film [65]. An important parameter for the dissociation in the

PECVD is the plasma power (P ), which is the product of the external voltage applied

to the electrodes and the current, which originates from the electrons and ions at the

electrodes. A large range of plasma power was given in literature from few tens up to few

thousands of W. In this chapter the literature work for the effect of plasma power on the

growth of graphene is discussed.
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Kim et al. [205] studied the effect of plasma power under Ar and H2 atmospheres with

CH4 as the precursor in an ICP system at a process temperature of 830 ◦C. The SEM

images of the fabricated flakes are shown in Figure 3.30 from (a) to (d) with the indicated

power values under different atmospheres. Dark flakes are apparent on the Cu foil. From

the SEM images, the GS (dark circles) and ND (squares) were extracted for an Ar and H2

plasma with a flow of 40 sccm (see Figures 3.30 (e) and (f)). The CH4 flux was adjusted

to 1 sccm, and the plasma power was varied.

Figure 3.30: Effect of plasma power and atmosphere in the graphene formation. From (a)
to (c) SEM images are shown for graphene fabricated at plasma power values of 10 W,
50 W and 170 W under CH4 and Ar atmospheres. The sample in (d) was synthesized
under a CH4 and H2 plasma. In (e) the grain size and nucleation density are shown vs. the
plasma power values for the CH4/Ar plasma. In (f) the grain size and nucleation density
are presented for the CH4/H2 plasma. The filled dots and the empty squares represent the
GS and the ND, respectively. Scale bars are 1 µm. Reprinted with permission from Kim
et al. [205]. Copyright c©2013, RSC Publication.

Under Ar flow an increase in the grain size from 0.4 µm to 3 µm is apparent in the low

plasma power region up to 50 W. By increasing the power further, the GS decreases at

a larger amount of nucleation. By changing the atmosphere from Ar to H2, this trend is

vanished, and no variation in grain size (0.9 µm) or in grain density (1.7 µm−2) is observed.

In order to study the effect of different atmospheres, the variation in the neutral species

was examined by a residual gas analyzer at various plasma power values. The amount

of CH4, H2 and H is shown as a function of the ICP power between 10 W and 300 W
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in Figure 3.31. As the plasma power is raised, the amount of H2 and H increases and

saturates above 100 W, whereas the amount of CH4 decreases continuously up to 300 W.

Figure 3.31: Density of plasma species of H2, H and CH4 as a function of plasma power
up to 300 W. The density of neutral species are extracted by a neutral gas analyzer.
Reprinted with permission from Kim et al. [205]. Copyright c©2013, RSC Publication.

At low plasma power in an Ar plasma (Figure 3.30 (e)), the increase in the grain size

was attributed to the increasing amount of H−species and its co-catalytic effect, which

enhances the CH4 dissociation reactions. As the plasma power was increased further, the

etching role of H became dominant, and the grain size decreased as a result. At a plasma

power above 100 W, saturation occurred, and the GS and ND remained constant. Kim

et al. [205] suggested that under a H2/CH4 plasma, CH4 induced enough H−species to

saturate the plasma. Therefore, any further addition of H2 had no effect on the growth

process, and thus no plasma power dependence was observed.

In this chapter the literature work on graphene synthesis on Cu foils and Ge substrates

was discussed. In the first part of this chapter the dissociation was induced on these

catalytic substrates by the thermal energy. A large amount of literature work was reported

on Cu, where the effect of the growth parameters was studied systematically to reduce

the amount of defects and fabricate large area graphene films. Although each growth

parameter was discussed in great detail, some discrepancies were apparent such as the

effect of chamber pressure on nucleation or the time dependence of graphene growth rate.

High quality graphene films were also presented on Ge wafer. At elevated temperatures

faceting was observed on Ge(100), changing the roughness and properties of the substrate

surface. Regardless the orientation a large compressive strain was monitored on graphene,

however, the origin was not discussed properly. Note that the lowest synthesis temperature



3 Fabrication of Graphene on Germanium and Copper: State of the Art 67

was 870 ◦C, where diffusion of underlying Si may hinder the growth process, and variation

in dopant profile may alter the properties of Ge. As it is the target substrate, it is crucial

to reduce the graphene growth temperature. However, the temperature range to fabricate

graphene on Ge thermally is very narrow, and thus no effort is reported to reduce the

temperature on Ge.

Plasma is shown to be an appropriate method to reduce the growth temperature on Cu.

In literature SWP and ICP plasmas were more commonly used than a DC plasma due to

the larger dissociation potential, hence higher plasma density. Independent of the plasma

generators, graphene synthesis was verified much below thermal CVD temperatures. How-

ever, due to the small crystal size of graphene at reduced temperatures, the films became

more defective deteriorating the electrical properties of graphene. Furthermore, the con-

trol on the number of layers became challenging even on Cu, as the self-limiting effect is

only valid in presence of the catalytic effect. Although a very few literature works have

investigated the graphene growth mechanism, it is not yet fully understood.

Hence, as a first step of this work graphene growth is established on Cu foil at elevated

temperatures. By reducing the temperature the limit of the TCVD process is defined, and

thermally activated CVD processes are studied. Next, a plasma is induced to reduce the

growth temperature on Cu and investigate the growth mechanism of PECVD graphene.

In the last chapter, upon establishing a TCVD process on Ge wafer, this PECVD method

is adapted to Ge to reduce the synthesis temperature.
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Chapter 4

Process Development

In this work graphene is fabricated on catalytically active Cu foil and Ge wafer. The

as-received Cu foils show rolling striations, which are induced during their production.

In this chapter a pre-treatment method is introduced, which is established to reduce

the surface roughness of the Cu foils. The Ge wafer is epitaxially grown and polished,

and thus no pre-treatment method is necessary. The substrates are then installed into

the CVD chamber, and graphene is synthesized. Different steps of the CVD process are

presented with an exemplary process flow. Since Cu foils and Ge wafers are conducting,

the synthesized graphene films are transferred onto insulating SiO2/Si substrates, and

the electrical properties of graphene are examined. The transfer methods are separated

into two parts as wet-etching and electrical delamination process. The latter method is

established during this work for graphene fabricated on Ge wafer.

4.1 Establishing a Pre-treatment Method for Copper

Foils

25µm thick Cu foils with a purity of 99.999% (on metal basis) are used during this work,

which are bought from Alfa Aesar. The as-received Cu foils show rolling strains, which

serve as nucleation points for emerging graphene grains [210, 211]. In case of a large ND

the individual grains merge into a film before growing large. However, when the ND is low,

the grains can increase in size before meeting another grain. Note that the best quality

is expected, when the whole film originates from one single graphene grain. In order to

realize this, the ND must ideally be reduced to one single nuclei, which is very challenging

in practice. However, any reduction of the ND improves the properties of the synthesized
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film by reducing the amount of grain boundaries. Therefore, in this chapter the best pre-

treatment method on the Cu foil is discussed to pursuit a reduction in the amount of

nuclei. This is achieved by etching the Cu and reducing the surface roughness [210]. The

recipe shown in this chapter is adapted from the literature work [30, 174, 212] with the

chemicals given in Table 4.1. Further treatment methods are presented in Appendix C.1.

Table 4.1: Compounds of the mixture for electrochemical polishing of Cu foils.

Compounds of the mixture Amount

deionized (DI) water 150 mL

ethyl alcohol 75 mL

isopropyl alcohol 15 mL

orthophosphoric acid 75 mL

urea 1.5 g

In Figure 4.1 (a) the experimental setup is shown with the anode in red and the cathode

in black. In order to ensure similar geometry, Cu foils are used both as anode and cathode

electrodes. The distance between the two foils is kept constant by the rills of the coplin

cuvette to enhance the reproducibility of this process. The anode Cu foil is used as the

substrate for the graphene synthesis, which is indicated as electrochemically polished (EP)

throughout this work. It is held by the red clamp in the image.

V

Anode Cathode
H2

Cu
2+

(PO4)
3-

(H3O)
+

(a) (b)

Figure 4.1: Experimental setup for electrochemical polishing. In (a) the actual and in (b)
the schematic image of the electrochemical cell are shown. The voltage is applied between
two Cu foils that are indicated as anode and cathode. On the former Cu is etched away
and on the latter H2 gas molecules (blue dots) evolve.

The polishing process is shown schematically in Figure 4.1 (b). The anode is shown

in red, from which the cupric cation (Cu2+) is resolved by the applied voltage. Close
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to this Cu foil, the Cu2+ cations react with the phosphate ions ((PO4)
3-). The chemical

reaction is given in Equation 4.1. As a result copper (II) phosphate (Cu3(PO4)2) emerges,

which is indicated by the blue color of the solution close to the Cu foil on the anode

side (see Figure 4.1 (a) on the Cu foil attached to the red clamp). On the cathode side

(black clamp) the aqueous cation ((H3O)+) reacts with two electrons to H2 and leaves

the solution in gas phase, which is indicated by the blue arrow and blue dots on the Cu

surface (see Figure 4.1 (b)).

2(PO4)
3- + 3Cu2+ → Cu3(PO4)2 + 2e− (4.1)

In order to study the effect of the pre-treatment method, the duration is varied in

order to find an optimum treatment time. The as-received Cu foils are treated following

the recipe given in Table 4.1 for varied treatment times. The surface roughness is measured

by the confocal microscopy (see in Appendix B.1.1). In Figure 4.2 the confocal microscope

images of the unpolished reference sample (raw) and EP Cu foils with polishing times of

20 s and 90 s are shown from (a) to (c).
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Figure 4.2: Effect of electrochemical polishing duration on the surface roughness. The
topography images are taken by confocal microscopy. In (a) a height map of the raw Cu foil
is shown without any surface treatment. Two samples are presented with electrochemical
polishing durations of (b) 20 s and (c) 90 s. The colors represent the height information
in nm from the minimum defined on the surface. The scale bar is valid for all samples.
The image is adapted from Bekdüz et al. [213].

Regarding the confocal microscope images, hills up to 1.5 µm are present on raw Cu

foil. These are reduced significantly after the electrochemical polishing. In order to find

the optimum treatment time, the average arithmetic surface roughness (Sa) values (see

Equation B.1 in Appendix B.1.1) are plotted in Figure 4.3 as a function of the duration

of the polishing. For that purpose, the treatment time is varied between 30 s and 180 s.

On raw Cu foil an Sa value of 109 nm is extracted, which is reduced down to 38 nm

in a polishing time of 90 s indicating a reduction by ca. 65%. This behavior is in good
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Figure 4.3: Surface roughness Sa plotted against the duration of the electrochemical
polishing of the Cu foil. The solid line serves as a guide to the eye.

agreement with Vlassiouk et al. [170] with surface roughness reduction of ca. 75% down to

148 nm. Apparently, at 120 s the optimal surface roughness is reached. Longer treatments

would solely reduce the thickness of the foil at constant Sa values. Hence, 90 s of electro-

chemical polishing is chosen to be the optimum duration for this pre-treatment method.

The effect of the surface roughness on the graphene growth is discussed in more detail in

Chapter 5.1.

Other pre-treatment methods are presented in Appendix C.1, which are solely used in

Chapter 5.3 to study the effect of the CH4:H2 ratio on the graphene growth. For the rest

of this thesis, the electrochemical polishing is utilized as a standard procedure on Cu foils.

4.2 Development of a Basic Chemical Vapor Deposi-

tion Process

For the growth of graphene a 4 inch Black Magic from AIXTRON SE is used both for

thermal and plasma enhanced CVD. It is a cold-wall reactor, where the heat is generated

inside the chamber rather than from outside, which reduces the heating up time and

induces less contaminations [214].

The reactor parts are shown in Figure 4.4 starting with the (a) shower-head with

holes, through which the gas mixture flows laminarly towards the substrate ensuring the

gas homogeneity. There are three different types of gases that flow into the chamber,

inert gas (Ar or N2), precursor gas (CH4 or C2H2) and reduction gas (H2). In addition to
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the flow through the shower-head, an inert gas flow can be introduced into the chamber

through the bottom heater to ensure temperature homogeneity. The amount of the gases

is controlled by four independent mass flow controlers (MFC).

(a) (b)

(c) (d)

IR

Figure 4.4: Images of the important reactor parts. In (a) the quartz shower-head is
shown. In this element the gases are mixed prior to the laminar flow through the holes in
the quartz. In (b) the graphite top heater is presented that is hold by four twisted quartz
legs. The tube for the infrared radiation (IR) camera is indicated in red in the figure.
The images of the graphite bottom heater and the graphite plate are given in (c) and (d),
respectively. During CVD process the substrate is located on the graphite plate.

A graphite top heater (see in Figure 4.4 (b)) is placed right beneath the shower-head

to control the gas temperature before reaching the substrate. The substrate is heated up

by the graphite bottom heater (see in Figure 4.4 (c)). Above the heater a quartz dome

is located separating the heater from the graphite plate, which is held by a quartz ring.

The substrate is placed onto this graphite plate, which is presented in Figure 4.4 (d). The

graphite plate is also in contact with the plasma fuse and serves as the bottom electrode

during the PECVD process.

The temperature is measured by two thermocouples (TC) on the bottom and top

heater. Both heaters can reach 1200 ◦C. Since the sample is located on the graphite plate,

which is separated from the bottom heater, the temperature on the substrate surface

may vary from the adjusted TC temperatures. An IR sensor reads the temperature in

the middle of the graphite plate, which is indicated in Figure 4.4 (b) by the red arrow.
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However, the IR sensor is calibrated to Si, and the values are easily manipulated by the

power of the top heater and the deposition inside this rod.

The chamber is pumped by a rotor pump, and the pressure can be set between

1× 10−3 mbar and 800 mbar by controlling the valve position (pressure control valve)

in process mode. The gas transport from the shower-head is shown schematically in Fig-

ure 4.5. The flow on the substrate surface is already discussed in Chapter 2.3.1 for a tube

furnace (see Figure 2.10), where the gas flows laterally from one side of the substrate.

Akin to that the velocity profile close to the surface is indicated by the black lines. Note

that the system is designed to ensure a laminar flow from the shower-head. Close to the

substrate surface, the gas velocity is reduced down to zero due to the force of the fric-

tion. As a result a concentration gradient builds up, and the material is transported by

molecular diffusion through the BL towards the substrate. The direction of the diffusion

transport is indicated by the red arrows.

Substrate

Showerhead

Boundary layer

SubstrateSubstrate

Substrate

Showerhead

Boundary layer

Substrate

Substrate

Showerhead

Boundary layer

Substrate

Figure 4.5: Path of the gas molecules from the shower-head towards the substrate surface.
The red arrows indicate the direction of the precursor diffusion. The velocity profile through
the boundary layer is shown on the right side of the image. The size of the boundary layer
is highly exaggerated for an enhanced illustration.

A schematic CVD process is shown in Figure 4.6, where the temperature is plotted as

a function of time. The individual steps are indicated by different colors. The annealing

temperature (T ann) and the growth temperature (T g) are indicated on the y-axis with

the dashed gray lines. Prior to the annealing step, the temperatures of both bottom and

top heaters are increased until T ann is reached. At this step the chamber pressure is also

adjusted by regulating the amount of gas, which is pumped out of the chamber. An

annealing process is established on Cu foil for a duration of 5 min at a temperature of

1020 ◦C under H2 and Ar atmosphere. During this step the Cu grains grow larger [215],

and in presence of H2 the native oxygen is removed [216]. On the Ge wafer, on the other

hand, no annealing is used, since the wafer is single-crystalline with a very smooth surface.



4 Process Development 75

Te
mp

era
tur

e [
°C

]

T i m e  [ s ]

Co
olin

g

Gr
ow

th

An
ne

alin
gT g

T a n n

Figure 4.6: Temperature as a function of the processing time. The process is separated
into three steps with different colors: annealing, growth and cooling. The annealing (T ann)
and growth (T g) temperatures are indicated by the dashed lines. The image is adapted from
Bekdüz et al. [217].

After annealing, the TC temperatures of both heaters are adjusted to the T g, and

the growth process starts by introducing CH4 into the chamber. Following the growth

process, the temperatures are reduced below 250 ◦C under pure Ar flow, and the samples

are unloaded. During the growth period graphene is synthesized either thermally or in

a plasma enhanced method. The plasma is ignited after turning on the CH4 flow and is

turned off before cooling down.

For the samples fabricated in PECVD, a pulsed DC plasma is induced in the chamber

by a TruPlasma DC4001 plasma generator. The voltage is pulsed, and its sign has changed

to reduce the substrate charging, especially on insulating substrates [218]. As mentioned

earlier, the top heater and the graphite plate serve as the electrodes. To induce a plasma,

−800 V are applied between the electrodes, which ignite the plasma inside the chamber.

This voltage is then regulated down automatically dependent on the measured current

(I) flowing to the electrodes. The voltage (V ) is regulated to the set voltage (V set) as a

function of the chosen plasma power value (P = I · V ) between 2 W and 1 kW.

The DC voltage can be pulsed with a variable frequency (f) between 1 kHz and

100 kHz, which gives a pulse period of 1000µs to 10 µs, respectively. In this period

a reverse time (trev) and an auxiliary time (taux) are defined after the relation of

trev = taux =
(
pulse period

2
− 2 µs

)
. The trev can be chosen between 1 µs and 10µs with

an increment of 1 µs. For a given trev the substrate is discharged by a positive reverse
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voltage (V rev). During taux, V set is increased by 15% reaching the peak voltage (V peak)

value for the same duration of reverse time.

V rev = −0.15 · V set (4.2)

V peak = 1.15 · V set (4.3)

In Figure 4.7 an exemplary voltage profile is shown as a function of time. Important

plasma parameters are indicated as V rev (see Equation 4.2), V peak (see Equation 4.3) and

taux.
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Figure 4.7: Voltage profile of a pulsed DC plasma as a function of time. The set, peak
and reverse voltages are indicated in the voltage-axis with the corresponding time periods
of reverse and auxiliary times in the time-axis.

During processing plasma power, pulsing frequency and reverse time can be adjusted.

All PECVD graphene samples during this work are fabricated at a plasma frequency of

10 kHz with a reverse time of 1 µs. The plasma power is varied and indicated separately in

each chapter. The chamber pressure is selected as 4 mbar, since at lower pressure values

the plasma position shifts upwards and may contact the top heater TC. On the other hand,

at higher pressure values, the plasma shifts towards the graphite plate and dissociates it.

During the plasma process, the graphite plate and some other chamber parts are covered

by a large amount of carbon, which is cleaned by a clean room tissue and isopropyl alcohol

prior to each growth process.
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4.3 Establishing a Transfer Process of Graphene onto

Insulating Substrates

Cu foil and Ge wafer are both conducting substrates, on which graphene is fabricated

throughout this work. Thus, the electrical characterization of graphene on these substrates

is not possible. In order to characterize the graphene films electrically, a transfer process

onto an insulating substrate is mandatory.

In literature different methods were established such as wet-etching of the growth

substrate [31, 219, 220], separating the film by dry transfer [221–223], electrochemical

delamination [76, 224] and others [74, 225]. In the first method, the substrate is removed

completely. In the latter processes, on the other hand, the substrate can be re-used, after

proper cleaning steps. The graphene on Cu is transferred by the wet-etching technique.

Graphene film is separated from Ge wafer by the electrical delamination method. As

graphene is an only one atom thick layer, a polymer film -poly(methyl methacrylate)

(PMMA)- is essential as a support layer, which is brought onto graphene via spin-coating

prior to the transfer regardless the applied method.

4.3.1 Transfer of Graphene via Metal Etching

The standard wet transfer process is based on etching the Cu foil and fishing the floating

graphene layer with the supporting polymer out of water by the target substrate. The

individual steps of this process are shown in Figure 4.8. The black dots represent the

carbon atoms, hence the graphene film. The green layer corresponds to the spin coated

PMMA. The individual steps are numbered successively.

The process starts with the spin-coating of 4% of PMMA with a molecular weight

of 950 000 for 5 s at a rotation speed of 500 revolutions per minute (rpm) and 50 s at

2000 rpm. This induces a PMMA thickness of 400 nm to protect the graphene film on the

top of the Cu foil as indicated in step 1. To remove any residual solvents in the polymer

film, it is baked for 5 min at a temperature of 160 ◦C. During this step, it is crucial to

avoid any polymer on the bottom side of the foil, which hinders the etching process in

later steps. During graphene synthesis the foil is located on the graphite plate in the CVD

chamber. The precursor gas is in contact with the whole foil area due to the precursor

gas diffusion. As a result, the graphene is fabricated above and also beneath the Cu foil

simultaneously. Graphene on the back side of the foil mostly consists of flakes with lower

quality, compared to the EP side. These flakes are shown to re-deposit on the transferred

graphene layer, therefore, the removal of these is essential prior to the etching [75]. For



78 4.3 Establishing a Transfer Process of Graphene onto Insulating Substrates

Copper

PMMA
1

2

3

4

5

8

Copper

PMMA

H2O2, HCl 

Copper

PMMA

FeCl3

6

7

PMMA

H2O

PMMA

Si/SiO2

PMMA

H2O

Si/SiO2

PMMA

H2O

PMMA

HClCopper

PMMA
1

2

3

4

5

8

Copper

PMMA

H2O2, HCl 

Copper

PMMA

FeCl3

6

7

PMMA

H2O

PMMA

Si/SiO2

PMMA

H2O

Si/SiO2

PMMA

H2O

PMMA

HCl

Figure 4.8: The wet-etching transfer method with the steps indicated as 1 to 8. The
PMMA, graphene, Cu and SiO2/Si wafer are indicated by green, black, orange and blue
colors, respectively. This process is applied for thin metal foils, which are etched away
from the bottom of the foil. This process is established based on works in references [226,
227].

that reason, the copper foil is placed carefully onto a H2O, hydrogen peroxide (H2O2) and

hydrogen chloride (HCl) solution (volume ratio of 10:1:1) for 50 s (step 2). Due to the

surface tension of the solution, the whole stack is floating over the surface. During this

step, the first few layers of Cu are etched away, and the backside graphene is removed

with the etched Cu.

The Cu foil is then placed onto the copper etching agent ferric chloride (FeCl3) · 6H2O

solution (15 g in 100 mL) (step 3). The duration of this process is varied dependent on the

velocity of the Cu etching. When the Cu foil removal is complete (visually), the graphene

film is left for another hour on the etchant solution to ensure the full etching. After this

step, the stack is cleaned for one hour in water to remove any residues introduced by

the FeCl3 treatment (step 4). Then, the graphene/PMMA film is floated on 10 % of HCl

to remove the ferric ions with oxidation number of 3+ (Fe3+) and chloride anions (Cl-)

(step 5) followed by another water cleaning step, which is shown in step 6.

SiO2/Si substrates are cut dependent of the size of the graphene films. The substrates

are then cleaned in boiling acetone for 2 min followed by a 2 min sonication bath. After

this step, the substrates are placed in a boiling ethyl alcohol bath for another 2 mins. The

samples are then rinsed with isopropyl alcohol and blown dry under flowing N2 stream.

To increase the hydrophilic behavior of the SiO2 layer and ensure the expansion of the



4 Process Development 79

graphene layer with water beneath it, the substrates are treated in a O2 plasma with

a power of 50 W for a duration of 10 min (13.56 MHz Diener Zepto equipment). The

graphene/PMMA stack is fished out of the water as shown in step 7. The sample is let to

dry overnight under ambient conditions in a clean room environment.

After that, the PMMA/graphene/SiO2/Si film is baked at a temperature of 150 ◦C for

20 min. During this step the residual H2O between the graphene and SiO2 is removed,

which was reported to enhance the contact in-between [228]. The sample is cooled down

for a few minutes. Then, the PMMA is removed by leaving the sample in acetone for one

hour and dried under flowing N2.

The wet transfer is a complex process with a large amount of steps, which require care-

ful handling. During each step cracks, wrinkles and process residues are introduced into

the graphene film. It is shown that residual Cu, FeCl3 [78], H2O [229] and PMMA [230]

deteriorate the properties of fabricated graphene by introducing defects and/or induce

unintentional doping in the film. It is possible to reduce the doping by using sodium per-

sulfate (Na2S2O8) instead of FeCl3 as an etching agent, however, the films are still highly

p-doped. In the literature electrochemical delamination was suggested as an alternative

method to reduce the unintended doping issues [76].

4.3.2 Electrochemical Delamination of Graphene

Electrochemical delamination (also called bubble transfer) is based on the separation of

the graphene film from the substrate by an applied voltage between two electrodes in a

sodium hydroxide (NaOH) bath with a concentration of 0.5 mol L−1. A voltage between

3 V and 4 V is applied between the anode (Pt wire) and the cathode (the sample con-

tacted via a metal tweezer). The process details are shown in Figure 4.9 successively for

a graphene/Ge/PMMA stack. Note that this process can be applied to any conducting

sample.

In the first step the edges of graphene/substrate are covered with a tape (Nitto SWT

20+R) prior to spin-coating. This step is crucial to prevent the PMMA to cover the edges

during spin-coating. The spin-coating parameters of PMMA are the same as for the wet

etching transfer. With the removal of the tape from step 1 to step 2, the PMMA at

the edges is removed with the Nitto tape. The sample is then dipped into the NaOH

bath slowly (step 3), and H2 gas (blue dots) evolves between the substrate and the

graphene/PMMA stack after the reaction given in Equation 4.4 [224]. Due to this H2

gas formation, the graphene/PMMA stack detaches slowly from the Ge/Si substrate. The

graphene film floats on the surface of the NaOH bath (step 4). On the Pt electrode O2
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Figure 4.9: Bubble transfer of graphene separated into 7 steps shown exemplary on
graphene fabricated on Ge/Si wafer. For this transfer process a voltage is applied between
a Pt filament and the substrate, which is hold by a tweezer. Therefore, it is important that
the substrate is conductive.

gas (red dots) evolves from the hydroxide (OH-), which is the product of Equation 4.4.

2H2O(l) + 2e− → H2(g) + 2OH -(aq) (4.4)

Afterwards the film is transferred onto a H2O bath to remove any earlier process

residues, which is shown in step 5. From then on, the process is the same as the wet-

etching method. The graphene is fished out with a cleaned SiO2/Si substrate (step 6 and

step 7), and the PMMA is removed afterwards in an acetone bath for 1 h. This method

reduces the detrimental effects of the residues from the wet etching process, however, H2

gas evolution beneath the graphene layer introduces mechanical damage in the film. Hence,

the chosen potential range is crucial during this transfer method [76]. Furthermore, due to

the handling and water beneath the graphene layer, defects and wrinkles are introduced

analog to the wet-etching method.



Chapter 5

Growth of Graphene on Copper Foil

by Thermal Chemical Vapor

Deposition

In this chapter graphene is fabricated on catalytically active Cu foils due to thermal pre-

cursor dissociation. The growth is analyzed from the formation of the graphene nuclei

to the fabrication of a fully-grown graphene film. Both the nucleation and the growth

of graphene depend on many parameters, which are investigated throughout this chap-

ter. In the first part, the effect of substrate pre-treatment on the graphene nucleation

is presented. Afterwards, graphene is fabricated by varying the growth parameters such

as chamber pressure, methane-to-hydrogen ratio and growth temperature. During these

experiments graphene growth is interrupted, before the grains merged into a film to study

the formation of graphene nuclei at an early stage of growth. The growth time is then

increased until complete graphene coverage on the Cu surface is achieved. This graphene

film is transferred onto SiO2/Si substrates, and the electrical properties are examined.

Parts of this chapter is published in reference [213].

5.1 Fabrication of Graphene on Pre-treated Copper

Foils

Graphene growth starts with the nucleation of carbon species from the gas phase. The

nucleation can occur homogeneously due to the supersaturation of the precursor material
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or heterogeneously due to impurities or surface inhomogeneities. As a first step, graphene

is fabricated on as-received (raw) Cu foils with a CH4 flow (ḞCH4) of 5 sccm and a H2

flow (ḞH2) of 120 sccm for a growth time of 20 s at a growth temperature of 1020 ◦C. In

Figure 5.1 an SEM image of the fabricated sample is shown. The dark regions represent

the graphene nuclei on the Cu surface. The white lines indicate the direction of the

accumulated graphene nucleation.

2 µm2 µm

Figure 5.1: SEM image of graphene fabricated on raw Cu foil. The white dashed arrows
indicate the increased nucleation, which follows the rolling striations. The sample is fab-
ricated at a chamber pressure of 70 mbar and a CH4:H2 ratio of 5 sccm to 120 sccm at a
synthesis temperature of 1020 ◦C for a growth time of 20 s.

As already discussed in Chapter 3.1.2, the Cu foils are produced in a roll-to-roll process

that induces rolling striations [166]. The C atoms migrate at high temperatures to these

structures. To move outside of these grooves they have to overcome an activation energy,

which is defined by the attractive forces to the surface. When the available thermal energy

is lower than this binding energy, the C atoms are trapped within these structures, and

the nucleation probability increases locally due to increased C accumulation. Therefore, in

Chapter 4.1 electrochemical polishing is established. Here, the effect of the surface rough-

ness of the Cu foils on the graphene nucleation is examined with the growth parameters

given in Table 5.1.

Table 5.1: Process parameters used to study the effect of electrochemical polishing time
on graphene growth by TCVD.

Substrate Pre-treatment Growth parameters

Cu foil

Duration

[seconds]

T

[◦C]

ḞCH4

[in sccm]

ḞH2

[in sccm]

p

[mbar]

t

[seconds]

varied 1020 5 60 25 10

In Figure 5.2 two SEM images are shown for the samples fabricated on raw and elec-

trochemically polished (EP) Cu foil with a treatment time of 90 s. On raw Cu foil, a large
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amount of nuclei is apparent with an average grain size of 680±180 nm. On the EP Cu

foil, on the other hand, few flakes are visible with an average grain size of 3770±930 nm.

The grain sizes are determined over 262 and 385 flakes, respectively.

raw EP

Figure 5.2: SEM images of the graphene flakes fabricated on raw and EP Cu foils. Note
that the samples are synthesized under same conditions for a growth time of 10 s. The
scale bars are 1 µm. The image is adapted from Bekdüz et al. [213].

The ND and GR of graphene are studied as a function of Cu surface roughness un-

der the same growth conditions. The average arithmetic surface roughness (Sa) values

are determined by varying the electrochemical polishing times as already discussed in

Chapter 4.1. The calculations of the ND and GR are shown in Equations B.2 and B.4

in Appendix B.1.3. The ND values are given as a function of the surface roughness in

Figure 5.3 (a). The dashed lines represent the linear fittings of the calculated values.
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Figure 5.3: (a) Nucleation density and (b) growth rate plotted as a function of the surface
roughness of Cu foils. The Sa values are estimated by confocal microscopy on EP Cu foils
(see Appendix B.1.1). The dashed lines represent linear fittings of the extracted data. The
image is adapted from Bekdüz et al. [213].

One order of magnitude decrease is observed in the ND from 0.77µm−2 down to a
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value of 0.07 µm−2 after electrochemical polishing. In Figure 5.3 (b) the GR is plotted

as a function of the Sa. Upon electrochemical polishing for a duration of 90 s the GR

increases significantly from 68 nm s−1 up to a value of 377 nm s−1. The large grain size

and GR can be explained by the enhanced migration of the C species over the surface.

Illustratively, a migrating carbon atom is captured by the grooves of the foil, which has to

overcome the activation energy, before it migrates further. With increasing time, a higher

concentration of C atoms evolves in these structures, which leads to an increased amount

of nucleation. By reducing the surface roughness, the amount and/or height of these

grooves are reduced, and thus the C atoms can migrate long distances. This enhanced

migration results in larger nuclei at lower ND.

The pre-treatment method is shown to have a huge impact on the nucleation of

graphene, and thus in the following chapters the Cu foils are always treated electro-

chemically prior to the graphene synthesis.

5.2 Effect of Chamber Pressure on Graphene Growth

By regulating the valve position the amount of material that is pumped out is controlled,

and thus the chamber pressure can be adjusted between 4 mbar and 800 mbar. In this

section the effect of the chamber pressure on the synthesis of graphene is studied by

keeping the other parameters constant, which are given in Table 5.2. Note that the growth

time is varied dependent on the chamber pressure, in order to achieve different graphene

coverage. A CH4:H2 ratio of 5 sccm to 120 sccm is selected based on the work that is

discussed later in this chapter.

Table 5.2: Process parameters used to study the effect of chamber pressure on graphene
growth by TCVD.

Substrate Pre-treatment Growth parameters

Cu foil EP

T

[◦C]

ḞCH4

[in sccm]

ḞH2

[in sccm]

p

[mbar]

t

[hours]

1020 5 120 varied varied

Graphene samples are fabricated at chamber pressures of 10 mbar, 50 mbar, 100 mbar

and 780 mbar by interrupting the growth process to examine the effect of pressure at the

early stage of growth. The corresponding SEM images are given in Figure 5.4. The flakes

appear dark on Cu foil (see Appendix B.1.3). Regarding the shape of the grains, a clear

change becomes apparent with increasing chamber pressure. At 10 mbar the flakes are

circular, and cracks are formed in few grains. At 50 mbar sharp edges are visible with
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dark areas in the middle of the individual flakes. These are multilayer formations around

the nucleation points agreeing with the observations in the literature [176, 186] (see also

Figure 3.9). At a chamber pressure of 100 mbar the flakes show repetitive 120 ◦ angles

at the edges. Agreeing with the literature [163], close to atmospheric pressure hexagonal

grains are fabricated due to the intrinsic six-fold symmetry of graphene. However, no

dendrite morphology is observed in LPCVD, which may originate from the polycrystalline

nature of the Cu foil, a different chamber pressure and/or variation in the pCH4/pH2 ratio

as compared to the literature [163].

10 mbar 50 mbar

100 mbar 780 mbar

10 mbar 50 mbar

100 mbar 780 mbar

Figure 5.4: SEM images of the graphene flakes at the early stage of growth. The flakes are
fabricated at varied chamber pressure values of 10 mbar, 50 mbar, 100 mbar and 780 mbar
for growth times of 10 s, 25 s, 40 s and 600 s, respectively. The scale bars are 2 µm. The
image is adapted from Bekdüz et al. [213].

As mentioned earlier, the growth time depends on the chamber pressure, and at higher

values it is increased accordingly in order to fabricate graphene flakes. The GR is studied

as a function of p, which is given in Figure 5.5 (a). An interesting trend is visible in

the average values, which starts at 85 nm s−1 and increases up to a maximum value of

171 nm s−1 at a chamber pressure of 50 mbar, followed by a decrease down to a value of

3 nm s−1 at 780 mbar. The increase in growth rate is also observed by Miseikis et al. [174]

from a chamber pressure from 15 mbar to 50 mbar (see Figure 3.6). Since they kept growth

time constant, the grain size corresponds to the GR. However, no data are shown above

50 mbar. In the inset of the Figure 5.5 (a) the same data are plotted dependent on the

inverse pressure values. The GR increases up to 0.02 mbar−1 and decreases afterwards

with the separation of the two regions becoming more distinct.
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After the relation of D ∝ T 3/2/p, D is inversely proportional to the chamber pressure

at constant temperature [129]. As already discussed in Chapter 2.3.1, at low pressure

values D is large, and thus an increased amount of CH4 reaches the substrate surface at a

given time (see Equation 2.8). Hence, the amount of precursors on the surface increases.

Compared to the diffusion, the reaction becomes slower due to the accumulation of pre-

cursor molecules, and the growth is limited by the dissociation of CH4. At high pressure

values, D is small, and thus the amount of precursors on the surface is reduced. The few

precursor molecules on the surface react very fast. Since the diffusion through the BL is

slower compared to the reaction, graphene growth is limited by the diffusion. Regarding

this, the variation in the GR is attributed to the change in the growth mechanism from

reaction-limited (below 50 mbar) to diffusion-limited (above 50 mbar) growth.
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Figure 5.5: Growth rate and nucleation density of graphene as a function of chamber
pressure between 10 mbar and 780 mbar. In (a) the GR is plotted as a function of chamber
pressure. In the inset, the same data are shown dependent on the inverse pressure. (b) The
average values of ND are plotted against pressure with a calculated standard deviation.
The image in (a) is adapted from Bekdüz et al. [213].

In Figure 5.5 (b) the ND is plotted as a function of chamber pressure. The ND

decreases one order of magnitude from 0.6 µm−2 to 0.06µm−2 up to a chamber pressure of

50 mbar and remains constant afterwards. In the literature [170, 174] ND is reported to

increase at larger pressure values (see Figure 3.6), whereas Huet et al. [175] claimed that

the chamber pressure during growth step had no effect on the ND (see Figure 3.8). They

suggested that the nucleation was defined during annealing, where no CH4 was available.

By EDX measurements on the annealed Cu foils, they found out that the amount of

oxygen on Cu changed as a function of annealing pressure, and it defined the amount of

nucleation. In our case the chamber pressure is constant at annealing and growth steps.

Hence, agreeing with Huet et al. [175] the ND is reduced at larger chamber pressure
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values. Since the change is exactly at 50 mbar, it is attributed to the variation in growth

mechanism from the diffusion to reaction limited growth.

In reaction-limited growth a large amount of precursor is available on the surface,

which hinders the monomers to migrate. They reach the critical diameter (dcrit) quite

fast, and as a result the amount of nucleation increases. In diffusion-limited growth, on

the other hand, the amount of C monomers is reduced. These can migrate for a longer

time period, and either reach the larger nuclei or desorb by catching H atoms on the

way. The phenomenon, where the small nuclei (diameter (d) << dcrit) vanish in cost of

larger grains, is well-known in literature as Ostwald ripening [129]. The probability of

desorption becomes higher, when the distance to stable nuclei is much larger than the

migration length. Furthermore, since the growth rate is reduced, the monomers have time

to attach the most stable position, which is the hexagonal shape for graphene. As a result,

at higher pressure values hexagonal graphene grains are fabricated (see Figure 5.4).

In thin-film deposition the diffusion-limited growth is applied to fabricate high quality

films with large grain size [129, 130]. Hence, in the next step the quality of the hexagonal

grains is studied. The Raman spectra are given in Figure 5.6 (a) that are measured inside

(in black) and outside (in red) the flake area. On the substrate no Raman peaks are

observed. Regarding the spectra within the flake area a minor D−peak is visible with a

ID/IG ratio of 0.1. The I2D/IG ratio is determined as 1.8 with a FWHM of the 2D−peak

of 34 cm−1, which indicates the monolayer nature of the flake (see Chapter 2.2).
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Figure 5.6: Quality of the graphene grain synthesized at 780 mbar. In (a) the Raman
spectra are shown that are measured on flake (in black) and substrate (in red) areas. The
D−peak, G−peak and 2D−peak are indicated in the spectra. In (b) the D−peak to G−peak
intensity ratio is plotted as a micro-Raman map. The scale bar is 0.5 µm. The hexagonal
grain is outlined with black lines. The image in (a) is adapted from Bekdüz et al. [213].

In order to illustrate the homogeneity of the sample quality, the ID/IG ratio is calcu-
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lated over an area on the sample, and the resulting map is shown in Figure 5.6 (b). The

edges of the flake are indicated by the black lines, inside of which the defect density is

very small that is indicated by the green color. At the edges, however, the yellow color

represents a ID/IG ratio of around 1. The increasing defects at the edges are attributed

to the dangling bonds. The local positions are indicated by x in the scanned area, which

corresponds to the spectra shown in Figure 5.6 (a).

In this section the effect of the chamber pressure on graphene fabrication is discussed.

In LPCVD a large amount of precursor gas reaches the surface. As a result, the dissoci-

ation reaction becomes the rate-limiting step. The local CH4 partial pressure, hence the

amount of nucleation increases on the surface, and the monomers merge together quite fast

inducing randomly shaped graphene grains. In APCVD, on the other hand, the growth

is limited by the diffusion of the gases through the BL, since the diffusion coefficient is

small. As the amount of methane on the surface is reduced, the dissociation reaction takes

place immediately. The small amount of C monomers migrate on the surface, search for a

stable place and attach to the already existing nuclei. This results in a low ND and large

and hexagonal graphene grains with less defects.

5.3 Graphene Growth at Varied Methane-

to-Hydrogen Ratio

The Cu foils in this sub-chapter are pre-treated by a combination of mechanical treat-

ment, acetic acid treatment and finally electrochemical polishing with the optimized pa-

rameters, which are discussed in Appendix C.1 and Chapter 4.1. The amount of H2 flux is

varied between 60 sccm and 1000 sccm at a constant CH4 flow of 5 sccm. The remaining

growth parameters, which are used in this sub-chapter, are given in Table 5.3. The cham-

ber pressure is adjusted to 25 mbar, at which a large GR is determined ensuring growth

at any partial pressure of H2.

Table 5.3: Process parameters used to study the effect of hydrogen flow on graphene
growth by TCVD.

Substrate Pre-treatment Growth parameters

Cu foil Combination

T

[◦C]

ḞCH4

[in sccm]

ḞH2

[in sccm]

p

[mbar]

t

[hours]

1020 5 varied 25 varied

The dual role of H2 in the growth process of graphene is already discussed in Chap-
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ter 3.1.2. On the one hand, it supports the growth, as it supplies hydrogen to improve the

CH4 cracking reaction and form H2 in gas phase. On the other hand, it etches the C away

due to the reverse CVD reaction. By varying the amount of H2 flow between 60 sccm and

1000 sccm, the flake formation is examined. The SEM images of the graphene flakes are

shown in Figure 5.7. The darker contrast represents the graphene flakes. At a H2 flow

of 60 sccm a densely populated graphene formation with round morphology is apparent.

With increasing amount of H2 hexagonal grains are fabricated similar to the results ob-

served in the literature [176, 177]. Notice that the image with a H2 flux of 1000 sccm

is taken on SiO2/Si substrate after the transfer process, and thus the edges of the flake

are not very sharp. Moreover, at 1000 sccm of H2 flow, only one flake with hexagonal

shape is visible at a comparable area indicating a significant reduction in the ND, which

is discussed later in more detail.

5:60 5:120

5:500 5:1000

5:60 5:120

5:500 5:1000

Figure 5.7: SEM images of the graphene flakes fabricated at varied amount of hydrogen
flow values between 60 sccm and 1000 sccm. The growth times are 20 s, 20 s, 20 s and
600 s, respectively. The scale bars are 2 µm. The image is adapted from Bekdüz et al. [213].

White dots are present on these samples (especially on the sample with a H2 flow of

500 sccm). In few literature works [231, 232] these are related to impurities and reported

to originate from the reactor chamber or the non-metallic residues of Cu foil. However, the

EDX measurements indicate that within these areas an increased O signal is present (see

Figure C.1, Appendix C). Therefore, it is concluded that these are oxidized Cu particles.

At higher H2 flow rates, the etching character of H2 becomes dominant [177], and thus

the growth time increases. In Figure 5.8 (top) the nucleation density and (bottom) the

grain size are shown as a function of the growth time at varied CH4:H2 ratios. In black
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the ND for a H2 flow of 60 sccm is presented with the respective grain size values in µm

at varied growth times of 10 s to 20 s. Akin to that, the ND and grain size at a H2 flow

of 120 sccm, 240 sccm and 1000 sccm are given in red, blue and green, respectively.
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Figure 5.8: Nucleation density (ND on top) and grain size (GS on bottom) plotted vs.
growth time at various flow of H2 represented in different colors. The samples in black
(red, blue and green) color are fabricated at a H2 flow of 60 sccm (120 sccm, 240 sccm
and 1000 sccm). The growth time is varied individually for each CH4:H2 ratio.

Within one specific H2 flux value, the ND decreases slightly with increasing growth

time. This may be due to merging of two stable nuclei at lower H2 flux, since the nuclei

are close to each other. At higher H2 flux, where the nuclei are further away, it may

originate from the Ostwald ripening, where the critical size nuclei vanish in cost of larger

ones. Considering the ND at different CH4:H2 ratios, a prominent decrease becomes

visible from 60 sccm to 1000 sccm of H2 flow. This behavior is attributed to the etching

character of hydrogen and agrees well with the literature [175, 176]. Illustratively, under

large amount of H2 the carbon atoms are rather etched away, before they form a stable

nucleus (d < dcrit). As a result, the amount of nuclei decreases at higher flux of H2. At

lower ND the C atoms can migrate longer and further on the surface, until they reach a

stable nucleus. As a result the grain size increases at lower amount of nucleation sites. At

a H2 flux of 1000 sccm, the grain size is increased up to 17µm by lowering the amount of

nucleation down to 2× 10−4 µm−2.

As shown in Figure 5.7 round and hexagonal graphene grains are observed at varied

amount of H2 flow. In the next step the quality of these grains is examined by Raman

spectroscopy (see Figure 5.9). The spectra are taken in the middle of randomly selected
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flakes of round (in black) and hexagonal (in red) morphology, which are fabricated by

a H2 flux of 60 sccm and 1000 sccm for a growth time of 20 s and 600 s, respectively.

The D−peak, G−peak and 2D−peak positions are indicated by the dashed gray lines.

Compared to round flakes with a ID/IG ratio of almost 1, no D−peak is observed in

hexagonal grains. Hence, a higher quality is apparent, when the GR is low, and the

monomers have enough time to bond to most stable positions. An I2D/IG ratio of 2.9 and

1.8 with a FWHM of the 2D−peak of 44 cm−1 and 41 cm−1 are determined for round and

hexagonal flakes, respectively. Hence, both spectra are assigned to monolayer graphene

flakes (see Chapter 2.2).
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Figure 5.9: Raman spectra on round and hexagonal grains. The CH4:H2 ratio is 5 sccm
to 60 sccm (5 sccm to 1000 sccm) for the round (hexagonal) graphene grains.

In order to study the homogeneity of the graphene quality over the flake area, micro-

Raman maps are shown on round and hexagonal grains. In Figure 5.10 (a) the map of

the ID/IG ratio is shown for a circular flake. With the dashed white line the edges of the

flake are defined. A large ID/IG ratio is apparent, which varies between 0.5 and 1.5. The

increased defect density in the middle is attributed to the second or even third layer of

graphene, which is apparent in Figure 5.7 as a darker region. The further layers have a

smaller size and a larger amount of dangling bonds at the edge. Therefore, an increased

defect density arises around the nucleation spot in the middle of the flake. In contrast to

the circular grain, the hexagonal grain (see Figure 5.10 (b)) shows almost no defects in

the flake area and even at the edges. As mentioned above, the higher quality is attributed

to the lower GR and enhanced migration of monomers. Furthermore, the etching effect of

H2 plays a dominant role in determining the quality and hexagonal shape, since it rather

etches away unstable C bonds.

Regardless the parameter, high quality and hexagonal grains are observed at low GR

values. In case of high pressure, the reason is defined as lower amount of diffusion due
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Figure 5.10: Micro-Raman maps of the ID/IG ratio on (a) round and (b) hexagonal
grains. The CH4:H2 ratio is 5 sccm to 60 sccm (5 sccm to 1000 sccm) for the round
(hexagonal) graphene grains. The colors represent the intensity ratio of the D−peak to the
G−peak. The scale bars are 2 µm. The image is adapted from Bekdüz et al. [213].

to smaller diffusion coefficient, whereas in case of high H2 flux, it is attributed to the

dominant etching effect. When the growth is slow, less C is available on the surface,

which reduces the ND. Since the possibility of the monomers to be captured by stable

nuclei is reduced at low ND, the monomers can migrate for a longer period of time until

they reach a stable nucleus. As a result, nuclei with a diameter that is smaller than dcrit

are either desorbed or attach to larger, stable nuclei (Ostwald ripening). Hence, although

different growth mechanisms are responsible for the slow growth rates, less nuclei with a

higher quality are observed regardless the chosen parameter.

5.4 Systematical Reduction of Growth Temperature

of Graphene

In order to study the effect of the process temperature, high growth rates are chosen

to ensure graphene synthesis at reduced temperatures. Therefore, the CH4:H2 ratio and

the chamber pressure are selected accordingly, which are given in Table 5.4. The H2 flux

is kept constant at 120 sccm at a chamber pressure of 25 mbar. The amount of CH4

flow is adjusted as either 5 sccm or 60 sccm. The synthesis temperature is then reduced

systematically, and the graphene nucleation and growth are studied on electrochemically

polished Cu foils. Akin to earlier experiments, the growth time is varied for each sample

until a desired surface coverage is achieved.

In Figure 5.11 the SEM images of the samples are shown. These are fabricated at
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Table 5.4: Process parameters used to study the effect of synthesis temperature on
graphene growth by TCVD.

Substrate Pre-treatment Growth parameters

Cu foil EP

T

[◦C]

ḞCH4

[in sccm]

ḞH2

[in sccm]

p

[mbar]

t

[hours]

varied 5 or 60 120 25 varied

synthesis temperatures of 1070 ◦C and 900 ◦C by interrupting the process at 1 s and 540 s,

respectively. In contrast to the variation of chamber pressure and CH4:H2 ratio, the flakes

exhibit similar morphology at different temperatures. However, a huge difference is clear

regarding the amount of nuclei.

1070°C 900°C

Figure 5.11: SEM images of the graphene flakes fabricated at different synthesis tem-
peratures of 1070 ◦C and 900 ◦C from left to right with a CH4 flow of 5 sccm at growth
times of 1 s and 540 s, respectively. The scale bars are 1 µm.

During the experiments it is found out that at a growth temperature of 800 ◦C and a

CH4 flow of 5 sccm the graphene coverage on the substrate does not exceed 12%, when

the growth time is increased from 30 min to 60 min. Thus, for the low temperature region

the amount of CH4 flow is raised up to 60 sccm to reach the different coverage values.

In Figure 5.12 the ND is shown as a function of inverse temperature at a graphene

coverage of 10%, 40% and 70% from left to right, corresponding to different stages of

growth. The CH4 flows are 5 sccm and 60 sccm for the samples presented in black and red,

respectively. The lines represent the linear fittings of the data. The growth temperature

is given on the top-axis. Agreeing with Kim et al. [51] LT and HT regions are apparent

in the figure with the cross-section at a temperature around 870 ◦C, which agrees well

with the literature [51]. At a graphene coverage of 10% and a temperature of 1020 ◦C, the

ND is 0.05 µm−2. It increases two orders of magnitude up to 4 µm−2, when the growth
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temperature is reduced to 850 ◦C. Lowering the temperature further down to 750 ◦C, the

ND is raised up to 20 µm−2. Besides the dissociation, at lower temperatures migration

also suffers, since the C monomers do not have enough energy to travel long distances.

Furthermore, the amount of desorption is reduced proportional to the temperature. As a

result, the amount of nucleation sites increases significantly at lower temperatures.

Note that two different CH4 flow values are used in the HT and LT regions. Vlassiouk

et al. [170] studied the ND in the HT region for two CH4:H2 ratios and determined the

same activation energy (see the discussion in Chapter 3.1.2). Solely the ND value was

different but the energy for a C atom to nucleate seems to be independent of the CH4:H2

ratio. Therefore, the comparison of HT and LT regions with varied amount of CH4 flows

is possible.
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Figure 5.12: Nucleation density as a function of inverse temperature in a semi-
logarithmic Arrhenius plot. Synthesis temperature is given on the upper axis of the figure
in ◦C. From left to right the graphene coverage is varied from 10% to 70% by increas-
ing the growth time. The different colored dots represent varied amount of methane flow.
Black (red) color represents a CH4 flow of 5 sccm (60 sccm). The growth time is varied
between 1 s and 300 s at 10% coverage from 1020 ◦C to 800 ◦C and between 1 s and 1 h
at 40% and 70% coverage from 1070 ◦C to 750 ◦C.

At a graphene coverage of 10% the activation energy is calculated as 3.3 eV and 1.9 eV

for the HT and LT regions, respectively. These values are in good agreement with the

calculations in Equations 3.6 and 3.7 and the literature [51]. As already discussed in

Chapter 3.1.2, the nucleation is an early stage process. Hence, the activation energy is

determined only for 10% of graphene coverage. At the later growth stages the nuclei

start to merge together resulting in one nucleus from initial two nuclei. This phenomenon
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results in a decrease in the amount of nuclei with increasing surface coverage, which may

affect the calculations of the Ea values at graphene coverage values of 40% and 70%.

As discussed in Chapter 3.1, Kim et al. [51] suggested that the GR was independent of

the growth time, and calculated the Ea for graphene growth at the early stage of growth,

where the nuclei are separated from each other. Based on this assumption Vlassiouk et

al. [170] calculated the Ea of graphene growth by determining the graphene grain size

at varied temperatures and the same growth times. Xing et al. [185], on the other hand,

studied the GR as a function of growth time and surface coverage (Z) and reported that

it changed as a function of the graphene coverage on the substrate.

In the following the GR is examined by these two different approaches. First, the GR

is calculated after Equation B.4 in Appendix B.1.3 and is plotted as a function of inverse

temperature similar to Kim et al. [51]. However, this method is applied at different growth

stages of graphene with surface coverage of 10% to 70% from left to right. Black (red)

color represents a CH4 flow of 5 sccm (60 sccm).
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Figure 5.13: Growth rate as a function of inverse temperature in a semi-logarithmic
Arrhenius plot. From left to right the graphene coverage is varied from 10% to 70% by
increasing the growth time. Black (red) color represents a CH4 flow of 5 sccm (60 sccm).

By varying the temperature from 1020 ◦C down to 850 ◦C, the GR is reduced almost

four orders of magnitudes from 1.2 µm s−1 down to a value of 7× 10−4 µm s−1 at a graphene

coverage of 10% and a CH4 flow of 5 sccm. At a CH4 flow of 60 sccm in the same range, the

GR values are ca. one to two orders of magnitudes larger without much change in the slope.

This indicates the same Ea regardless the amount of C agreeing with the observations of

Vlassiouk et al. [170]. From a CH4 flow of 5 sccm to 60 sccm at a temperature of 850 ◦C,
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the GR raises from 7× 10−4 µm s−1 up to 0.007µm s−1, which becomes more prominent,

when the temperature is increased to 900 ◦C.

By increasing the graphene coverage the GR seems to be slightly lower. At a synthesis

temperature of 1020 ◦C, a CH4 flow of 5 sccm and a graphene coverage of 10%, the GR is

calculated as 1 µm s−1. When the coverage is increased up to 70% under same conditions,

the GR is reduced down to 0.03µm s−1. This issue will be examined later in this chapter.

From the slopes the Ea values are calculated and given in Table 5.5 at different stages of

growth.

Table 5.5: Activation energy values for the growth of graphene determined at different
graphene coverage values from the slope of the semi-logarithmic plot in Figure 5.13.

Activation Energy

[in eV]Graphene

Coverage 5 sccm

of CH4

60 sccm

of CH4

10% 6.0 5.6

40% 5.2 4.0

70% 3.8 3.4

At 10% of graphene coverage, an activation energy of about 6 eV is determined, which

is close to the Edes (see Table 3.1). In order to explain the situation, a schematic image

of the sample at different growth stages is shown in Figure 5.14 with increasing growth

time from left to right.

Growth 

time

Figure 5.14: A schematic image of the samples with different surface coverage of
graphene on Cu foil. The gray hexagons refer to the fabricated graphene flakes, which
enlarge in size from left to right side of the image.

At the early stage of growth the amount of nuclei is defined and the ND remains

constant as the flakes grow large. At 10% of coverage the monomers must migrate long

distances in order to reach a stable nucleus. During their travel the desorption is very
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probable, and thus it becomes the dominant process as indicated by the large Ea value.

With increasing surface coverage, on the other hand, the distance of migration and the

required activation energy are reduced below 4 eV. Regarding the activation energy values

of the sequential CVD process given in Table 3.1, the activation energy of 4 eV could be the

result of the dissociative adsorption followed by attachment of the monomers (Ead + Eatt).

Apparently, Ea is dependent on the surface coverage. In the next step, same samples

are utilized to calculate the activation energy by the means of the graphene coverage (Z)

similar to Xing et al. [185]. The time dependent evolution of the Z, and thus the GR,

is shown in Figure 5.15 (a). The growth temperatures are presented by varied colors. A

coverage value of 1.0 defines the fully grown graphene films. The data are shown for a

CH4 flow of 5 sccm. The results with a CH4 flow of 60 sccm are presented in Figure C.2

in Appendix C. The lines represent the exponential functions fitted by the Equation 3.8.
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Figure 5.15: Graphene coverage at different temperatures. (a) The coverage Z is shown
as a function of growth time at growth temperatures between 1070 ◦C and 800 ◦C at a
CH4:H2 ratio of 5 to 120. The data of the semi-logarithmic plot are fitted by the exponential
function in Equation 3.8. (b) The constant α is plotted as a function of inverse temperature
for a CH4:H2 ratio of 5 to 120 (in colored) and 60 to 120 (in gray). The data are fitted
by a linear function, from which the slope the activation energy (Ea) is determined.

At the early stage of growth, graphene nuclei are formed. Since the stable nuclei are far

away from each other, desorption of the monomers is very prominent, and as a result the

growth process is slow. In the mid-stage of growth, the flakes are closer, and the probability

of a monomer to reach a stable nucleus increases. Thus, the desorption declines, so the

growth rate increases. At the later growth stage, a large area of the catalytic surface is

covered, and thus the dissociation is reduced resulting in a lower GR.

The constant α is extracted from the exponential function (see Equation 3.8), and
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the values are plotted as a function of inverse temperature in Figure 5.15 (b). The fit

functions are shown in black and gray for different CH4 partial pressures, from which the

slopes are extracted. From the Arrhenius plot of the α as a function of inverse tempera-

ture, an activation energy of 3.6 eV is calculated independent of the amount of CH4 (see

Equation 3.9). Xing et al. [185] calculated an activation energy of 2.74 eV at atmospheric

pressure, which is about 1 eV smaller. Since here graphene is fabricated by LPCVD, the

difference in the Ea may originate from the different interplay of the CVD processes at

varied chamber pressure.

Agreeing with Kim et al. [51] at the early stage of growth, the nucleation is the major

process. The growth of the nuclei becomes more relevant at the mid- to late stage of

growth, where the stable nuclei are formed and desorption is reduced. At that point the

interplay of the attachment and dissociation becomes more relevant defining the GR.

From the results it is clear that the velocity of the graphene growth is not constant over

time. Although it is reasonable to assume the linearity between the GR and time in the

very beginning of the growth process, it does not describe the growth rate of graphene

flakes fully.

In the next step, the film quality of the fabricated graphene is investigated by Raman

spectroscopy. Raman spectra of the graphene films are given in Figure 5.16 as a function of

temperature. The gray shaded area corresponds to the samples, which are fabricated with

a CH4 flow of 60 sccm. The D−peak, G−peak and 2D−peak are indicated in the figure. At

growth temperatures above 900 ◦C no defect peak is visible, which indicates high quality

of the graphene film. The I2D/IG is almost 1 with a FWHM of the 2D−peak of 50 cm−1,

which would refer to monolayer to bilayer graphene (see Chapter 2.2). However, in the

SEM image, a very small amount of bilayers is observed. Therefore, the small 2D−peak

intensity is rather attributed to the possible interactions with the substrate [112], dop-

ing [113, 114], strain [115, 116] and amount of defects [123]. At 900 ◦C a small D−peak

appears, which becomes more prominent as the amount of CH4 is increased. When the

temperature is reduced down to 800 ◦C, the 2D−peak vanishes. Furthermore, a shoulder

appears at the G−peak, which refers to the D’−peak that emerges in case of very defective

graphene films. This kind of spectrum is defined as nanocrystalline graphene, with a very

small grain size due to large amount of nucleation sites similar to the results observed by

Celebi et al. [186].
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Figure 5.16: Raman spectra of the fully grown graphene films at varied temperatures and
flow of CH4. The D−peak, G−peak and 2D−peak are indicated. The gray (white) shaded
area represents the samples with 60 sccm (5 sccm) of CH4.

5.5 Characterization of Fully-Grown Graphene Films

Synthesized by TCVD

Until now, the effect of the growth parameters is studied, for which the growth process

is interrupted at different growth stages. In this part, the growth time is extended un-

til the graphene flakes merge into a film, which is then transferred via metal etching

process (see Chapter 4.3) onto a SiO2/Si substrate. The electrical properties are deter-

mined via transfer length method (TLM) (see Appendix B.2.1). The graphene films are

fabricated with the aforementioned parameters of H2 flux, chamber pressure and process

temperature. The fabricated films are examined by SEM, and the images are presented

in Figure 5.17 (a-c) with increasing amount of H2 flow from 60 sccm to 1000 sccm. As

discussed in Chapter 5.3 with increasing amount of H2 etching dominates over growth and

the GR is reduced as a result. At lower GR the monomers have enough time to migrate

on the Cu surface and attach into the most stable form. Hence, hexagonal grains are fab-

ricated at a H2 flow 1000 sccm. However, there is a significant increase in the number of

dark areas that represent multilayer formations. As reported by the literature [126, 180]

(see Figure 3.12) at increased partial pressure of H2, the C atoms diffuse underneath the

monolayer and form further graphene layers [126, 180]. Similar to the observations in the

literature, an increased multilayer formation is observed at lower CH4:H2 ratios. Akin to
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that SEM images are presented in Figure 5.17 (d-f) with increasing chamber pressure. As

the GR decreases significantly from 100 mbar to 250 mbar, the amount of darker regions,

respectively multilayer formations, increases drastically similar to the results of varied

CH4:H2 ratio.

5:60 5:240 5:1000

10 mbar 100 mbar 250 mbar

(a) (b) (c)

(d) (e) (f)

5:60 5:240 5:1000

10 mbar 100 mbar 250 mbar

(a) (b) (c)

(d) (e) (f)

Figure 5.17: SEM images of fully grown graphene films at varied CH4:H2 ratio and
chamber pressure values. The samples with increasing amount of H2 are shown from (a)
to (c) at a chamber pressure of 25 mbar. The growth time is increased from 60 s to 1200 s
from (a) to (c). The samples from (d) to (f) are fabricated at varied chamber pressure
values of 10 mbar to 250 mbar at a CH4:H2 ratio of 5 sccm to 120 sccm. The growth time
is increased from 60 s to 300 s from (d) to (f). The scale bars are 2 µm.

The reduction in GR is also demonstrated by lowering the growth temperature, so far

that the amount of CH4 has to be increased up to 60 sccm to realize defined graphene cov-

erage at temperatures below 870 ◦C (see in Chapter 5.4). The SEM images of fully-grown

films are shown in Figure 5.18 at various temperatures. The sample in (a) is prepared at

1020 ◦C and in (b) at 900 ◦C with a CH4 flow of 5 sccm, whereas the samples in (c and d)

are prepared with a CH4 flow of 60 sccm at growth temperatures of 900 ◦C and 800 ◦C.

Different than the earlier observations, multilayer areas vary only marginally on these

samples. However, the amount of nucleation points seems to increase as the temperature

is reduced, which is indicated by the larger number of dark spots. This trend is also

observed at the early stage of growth (see Figure 5.11). Apparently, the process, that

is decisive for the number of layers, is different for these samples than the ones with

varied chamber pressure and CH4:H2 ratio. With increasing CH4:H2 ratio or chamber

pressure, the growth is slowed down. However, the temperature is constant ensuring good

dissociation and migration properties. By reducing the temperature the dissociation and
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Figure 5.18: SEM images of the fully grown graphene films at varied growth temperatures
between 1020 ◦C and 800 ◦C. The samples in (a) and (b) are fabricated with a CH4:H2

ratio of 5 to 120, whereas for the samples in (c) and (d) the amount of CH4 flow is
increased to 60 sccm to ensure the film fabrication. The growth times increase from 180 s
to 1 h from (a) to (d). The scale bars are 2 µm.

migration decrease. Since the mobility of the monomers is reduced, these monomers may

not be able to diffuse beneath the fabricated layers. Thus, the number of graphene layers

does not change much.

The films are characterized electrically after the transfer process with the TLM struc-

ture that is shown in Figure B.2 in Appendix B.2.1. The sheet resistance (Rs) values are

calculated (see Equation B.6) from the slope of the TLM measurements and are summa-

rized in Table 5.6 for all parameters that are used in this chapter. The transfer process

is very sensitive to handling, which influences the amount of residues and unintentional

doping. Furthermore, defects, cracks and wrinkles can be induced at the individual steps.

Therefore, the slight variations in the sheet resistance are not discussed regarding the

results.

With increasing flow of H2, the I2D/IG ratio decreases gradually with similar a defect

ratio (ID/IG) below 0.5 for all samples. The highest resistance value is observed for

60 sccm, which also has the highest I2D/IG ratio. The lowest sheet resistance value is

268 Ω/2 for a H2 flux of 240 sccm. This sample also exhibits the lowest defect density.

Note that the TLM measurement for the sample fabricated at a H2 flux of 240 sccm is

shown exemplarily in Figure B.3 in Appendix B.2.1.

The sheet resistance alone is not enough to define the electrical properties of graphene.

Thus, the charge carrier mobility (µ) is calculated by Equation B.9 (see Appendix B.2.1)

for the samples fabricated at a H2 flow of 240 sccm and 500 sccm. The Hall measure-

ments are performed after wet-etching transfer of graphene. Note that the samples for the

Hall measurements are prepared and measured by different techniques than the samples

given in the Table 5.6. Hence, the results may vary due to different processing of the

film. Mobility values of 1241 cm2 V−1 s−1 and 1853 cm2 V−1 s−1 are determined for the H2

flux of 240 sccm and 500 sccm with the measured resistivity values of 578 Ω and 409 Ω,
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Table 5.6: Film properties of graphene fabricated with varied growth parameters of H2

flow, chamber pressure (p) and synthesis temperature (T ) for CH4 flow of 5 sccm between
1070 ◦C and 900 ◦C and 60 sccm at 900 ◦C and 800 ◦C.

Varied parameters I2D/IG ID/IG Rs [Ω/2]
60 1.1 0.2 1035
120 0.9 0.2 715

H2 flow 180 1.0 0.4 953
[sccm] 240 0.8 <0.1 268

500 0.4 0.3 535

10 1.4 <0.1 531
100 1.3 <0.1 510

p 250 0.6 0.1 894
[mbar] 500 0.4 0.3 670

780 0.5 0.1 569

1070 1.0 0.5 746
T 1020 1.1 0.4 380

[◦C] 900 1.0 0.6 746
900 (60 sccm) 0.7 1.3 4094
800 (60 sccm) 0.4 1.5 11948

respectively. These values are in good agreement with the literature work on polycrys-

talline graphene films. Chan et al. [233] reported a mobility up to 1600 cm2 V−1 s−1 upon

the transfer, which was enhanced up to 6000 cm2 V−1 s−1 by annealing the sample under

vacuum.

At varied chamber pressure values, the resistances are all below 1 kΩ/2. The ID/IG

ratio is also very low for all samples. However, the increase in the number of layers becomes

apparent with increasing chamber pressure regarding the I2D/IG ratio. Similarly, the sheet

resistance at varied temperature values is below 1 kΩ/2 for CH4 flow of 5 sccm, which

increases above 4 kΩ/2, when the CH4 flux is increased to 60 sccm at 900 ◦C. Lowering

the temperature down to 800 ◦C, the sheet resistance increases extremely up to almost

12 kΩ/2 due to increased amount of defects (ID/IG = 1.5).

As no clear trend in the sheet resistance is observed for different parameters, the values

are shown in the next step as a function of the ID/IG ratio, which is averaged over micro-

Raman maps (with an area of few µm2) measured on the samples. The results are shown

in Figure 5.19 for varied temperature in black, amount of H2 in red and chamber pressure

in blue. For simplicity, the samples fabricated at low temperatures with the CH4 flow of

60 sccm are excluded from the data. The defect density correlates with the sheet resistance

regardless the parameters. When the defect density is reduced, the sheet resistance also

decreases with a minimum value of 268 Ω/2.
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Figure 5.19: Sheet resistance of graphene films as a function of defect density after the
wet-etching transfer. In black the samples with different temperature values are shown,
which are synthesized with a CH4 flux of 5 sccm. In red the H2 flow and in blue the
chamber pressure values are varied. The dashed lines represent the linear fit functions of
individual data sets.

At large pressure values or amount of H2 flow, the flakes become hexagonal and exhibit

superior quality. However, the amount of multilayers increases significantly due to the slow

growth. Therefore, to fabricate high quality monolayer graphene films, the temperature

must be as high as possible to enhance migration and dissociation, and the growth time

must be reduced. Finally, it is important to avoid the transfer process, which induces

defects and unintentional doping in the graphene film. The alternative is to establish a

direct growth process. However, most substrates do not survive these high temperatures.

In the next chapter, a plasma enhanced method is established to dissociate the CH4

already in the gas phase and reduce the required energy and the substrate temperature

to fabricate graphene.
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Chapter 6

Growth of Graphene on Copper Foil

by Plasma Enhanced Chemical

Vapor Deposition

The TCVD process is established on Cu foil by using its catalytic properties at elevated

temperatures based on the precursor dissociation on Cu surface. The products of the

dissociation reactions may then migrate, nucleate, attach to the other nuclei or desorb

from the surface. All of these processes require an activation energy, which is provided by

the substrate temperature in presence of a catalytic effect of the substrate. However, by

already dissociating the precursor in the gas phase, the amount of this activation energy

can be reduced. In this chapter a pulsed DC plasma is induced to dissociate the precursor

material predominantly in the gas phase allowing a reduction of the growth temperature.

Due to the nature of the plasma, an electrical field is built up between the plasma bulk

and the substrate. In the first part of this chapter, a method is developed in order to

screen this electrical field to ensure two-dimensional graphene growth. Afterwards, the

temperature is reduced, and the activation energy is studied with reference to the TCVD

graphene. The quality of the fabricated samples is examined by Raman spectroscopy

at various growth times, and a graphene growth mechanism is proposed in presence of a

plasma. The flakes are merged into a film, which is transferred onto an insulating substrate

and characterized electrically analogous to the TCVD samples. Parts of this chapter is

published in reference [217].
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6.1 Screening of the Local Electrical Field Above the

Substrate

During the synthesis, a DC voltage is applied between two electrodes. As mentioned earlier

in Chapter 2.3.2, this induces a plasma sheath region. The potential difference between

this region and the substrate leads to an electrical field. In literature this electrical field was

reported to promote vertical graphene growth [234]. By using this electrical field, CNWs

were fabricated in the literature [200–202, 234]. In order to synthesize graphene, however,

this electrical field, and thus the growth of CNWs must be suppressed [35, 66]. For that

purpose, a sacrificial Cu foil is introduced right above the substrate, which functions as a

Faraday cage. The real and schematic cross-section image of the sacrificial foil (SF) and

the substrate are shown in Figure 6.1 (a) and (b) between the two electrodes. The EP Cu

foil and the inverted cup like SF are located on the graphite plate. Both the SF and the

substrate are at the same potential with the underlying graphite plate, and thus there

is no potential difference in-between. The top of the Cu foil is in the potential-free zone

with the EP side facing the bottom side of the SF.

(b)(a)

Figure 6.1: Sacrificial foil. In (a) a real and (b) a schematic cross-section image of the
sample and the sacrificial foil made of Cu foil are shown placed over the graphite plate.
The pulsed DC is applied between the graphite plate and the top heater, which dissociates
the gas emitting light in violet. The image in (b) is adapted from Bekdüz et al. [217].

Since the growth foil is in an enclosure, it is protected from ion bombardment and large

electrical fields. However, it is also separated from the gas mixture. In order to study the

graphene growth and ensure the screening of the sheath field, the PECVD process is

carried out with and without the SF. The SEM image of the sample without the SF is

shown in Figure 6.2 (a) with a larger magnification in the inset, which is imaged from the

edge of the Cu foil. The surface of the Cu foil seems very rough in the small magnification

with some darker regions. Regarding the image from the side of the Cu foil, it is clear

that vertical structures are fabricated in absence of the SF, similar to those observed by

Hiramatsu et al. [200].

When the SF is located above the sample, on the other hand, a homogeneous surface
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(a) (b)

2 µm2 µm

100 nm

Figure 6.2: Graphene synthesis with and without SF. The SEM images of the fabricated
films are shown (a) without and (b) with the SF. In the inset of (a) an image with a
larger magnification is presented, which is taken from the edge of the Cu foil. The image
is adapted from Bekdüz et al. [217].

is observed with some wrinkles (see Figure 6.2 (b)), which arise probably at the grain

boundaries of the individual graphene grains. Structures that are apparent within the

grains are Cu topography, and these emerge due to the difference in the thermal expansion

coefficients of the Cu and graphene. By introducing a Faraday cage like SF, which is folded

out of Cu, two-dimensional graphene growth is realized agreeing with Qi et al. [35].

A simple enclosure with the Cu serves as a good Faraday cage to screen the electrical

field. Since it is not fixed on the graphite, the dissociated plasma species still reach the EP

Cu foil, and graphene is fabricated as a result. Hence, in the following in each PECVD

process, a fresh SF is used above the growth substrate in order to ensure horizontal

graphene synthesis.

6.2 Reduction of the Growth Temperature in Pres-

ence of a Plasma

In this section the growth temperature is reduced systematically to gain insight into the

temperature dependent surface-mediated processes in presence of a plasma. The process

parameters are given in Table 6.1, which are used to fabricate graphene by PECVD. The

CH4 flow is kept constant at 5 sccm at any process temperature. Due to the limitations

of the plasma position in the chamber, the total pressure is adjusted to 4 mbar. In order

to ensure the comparability of TCVD and PECVD samples, the CH4 partial pressure is

adjusted to 0.095 mbar in both processes by varying the total amount of flow.

Agreeing with Yamada et al. [208] Ar is excluded during the synthesis in order to

avoid any large ion acceleration. Note that the EP Cu foils are annealed for 5 min at
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Table 6.1: Process parameters to study the effect of synthesis temperature on graphene
growth by PECVD.

Substrate Pre-treatment Growth parameters

Cu foil EP

T

[◦C]

P

[W]

ḞCH4

[in sccm]

ḞH2

[in sccm]

p

[mbar]

t

[hours]

varied 2 or 40 5 212 4 varied

1020 ◦C under H2 atmosphere to remove the oxide and enlarge the Cu grains prior to the

growth [215], which is established as a standard procedure in TCVD. After the annealing

step, the temperature is reduced to the growth temperature, and CH4 is introduced into

the chamber. The SEM images are shown in Figure 6.3 that are fabricated at plasma

powers of 2 W (top row) and 40 W (bottom row). Regarding the SEM images, the graphene

flakes appear dark in (a and b) and bright (f) (see Appendix B.1.3). In TCVD the observed

flakes were always darker than the substrate. This behavior will be discussed later in this

chapter as part of the discussion of Figure 6.6.

1020°C 800°C 700°C

(a) (b) (c)

0.5 µm 1 µm 0.5 µm

2 µm 2 µm2 µm

1020°C 800°C 700°C

(d) (e) (f)

Figure 6.3: SEM images of the graphene flakes fabricated by PECVD at different process
temperatures. The samples on the top (a-c) and the bottom row (d-f) are synthesized at a
plasma power of 2 W and 40 W, respectively. The growth times are 3 s (for (a) and (d)),
600 s (for (b) and (e)) and 2700 s (for (c) and (f)).

At 1020 ◦C round flakes are observed after a short growth time of 3 s. By reducing

the temperature, the growth time increases, and the star-shaped flakes appear (see Fig-

ure 6.3 (b)). Notice that the substrate surface appears darker than the sample in (a).
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At 700 ◦C very small dark areas are visible without any distinct flake formation in Fig-

ure 6.3 (c). At temperatures of 1020 ◦C and 800 ◦C and plasma power of 40 W, fully closed

films are fabricated already in 3 s and 600 s, respectively. At a growth temperature of

700 ◦C dendrite morphology is observed on most parts of the Cu foil. The formation of

the dendrites is already discussed in Chapter 3.1.2 based on the literature work [163,

172, 235]. The dendrite formation was attributed to the migration limited growth [179],

in which lobes emerged with time from round morphology due to supersaturation at the

edges rather than face centers of the flakes.

In the PECVD literature [65], it was reported that at reduced temperatures the crys-

tal size was limited by the not fully dissociated species. Hence, at the grain boundaries

a large amount of defects was introduced into the film. Kato et al. [203] showed that

by decreasing the temperature to 750 ◦C, sub µm flakes were fabricated with increasing

amount of nucleation sites. However, regarding the SEM images in Figure 6.3, the ND

appears to be lower at reduced temperatures, and the grain size is almost 10µm at 700 ◦C.

This may be induced by the lower amount of precursor material, reaching the surface in

presence of a SF. As discussed in Chapter 5.2, multilayer formations are observed around

the nucleation points. Regarding the dark formations on the flake area in Figure 6.3 (f),

the graphene flake is assumed to be polycrystalline nature as many multilayer formations

are apparent in one flake.

In Figure 6.4 the GR of graphene is plotted as a function of inverse temperature. The

TCVD samples are presented in black. The PECVD data are given for plasma power

values of 2 W (in blue) and 40 W (in red). The solid lines represent linear fit functions

of the semi-logarithmic plots, from the slope of which the activation energy values are

determined.

Note that the TCVD samples represent the 70% coverage with 5 sccm CH4 flow. The

PECVD samples are fabricated at the same partial pressure of CH4. Dependent on the

temperature, the GR is orders of magnitude larger in presence of a plasma. Kato et

al. [203] calculated a GR around 2× 10−3 µm2 s−1 at 750 ◦C by ICP. In order to compare

the values the whole graphene area is calculated on a sample that is fabricated at 700 ◦C.

A GR is then calculated with a unit of µm2 s−1 by dividing the total graphene area

by the number of flakes and growth time. A value of 6× 10−2 µm2 s−1 is determined at

700 ◦C, which is one order of magnitude larger than the value given in the literature [203].

Although the ICP is reported to induce high precursor dissociation [201], larger GR of

graphene is evident in our setup by a pulsed DC plasma. By decreasing the plasma power

from 40 W to 2 W, the GR value is reduced one order of magnitude, however, as expected

the slope of the fit function remains constant. This indicates that although the amount

of dissociation is reduced due to the lower plasma power, the growth process remains the
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Figure 6.4: Growth rate plotted as a function of inverse temperature for both TCVD (in
black) and PECVD at plasma power values of 2 W (in blue) and 40 W (in red). The solid
lines represent the linear fittings. The TC temperature is given on the upper axis. The
image is adapted from Bekdüz et al. [217].

same. From the slopes of the fit function Ea values are determined.

The activation energy of the TCVD is calculated as 3.8 eV, which is reduced down

to 2.5 eV, when the CH4 dissociation occurs already in the gas phase. In Table 3.1 the

dissociative adsorption energy of CH4 is given as 1.7 eV, which is calculated by Gajewski

et al. [164] on Cu(111). This value is close to the difference between TCVD and PECVD

processes. Therefore, it is concluded that the dissociation energy is introduced successfully

by the induced plasma, and thus the required energy for graphene synthesis on the Cu

surface is reduced.

In order to find out the rate-limiting step of graphene growth, the Ea of 2.5 eV is

compared to the values given in Table 3.1. Edes is much larger and Em much lower than

2.5 eV. The carbon attachment energy is calculated by Loginova et al. [157] as 1.9 −
2.1 eV. This value is in good agreement with the extracted Ea, and thus C attachment is

concluded to be the limiting step in PECVD growth of graphene on Cu.

Kato et al. [203] calculated two activation energy values of 2.8 eV and 0.4 eV for the

graphene growth and attributed the variation at 850 ◦C to the changed growth mechanism

from attachment to migration limited growth in PECVD. The calculated activation energy

of 2.5 eV is in good agreement with the HT range of Kato et al. [203]. Note that there

is not enough measurement points to make a conclusion about the LT region. However,
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for the last two points the slope appears to change, agreeing qualitatively with Kato et

al. [203].

In literature, it was shown that the graphene quality suffered as the growth temperature

was reduced in PECVD, which was attributed to the smaller crystal size of graphene

crystals [65, 72, 208]. In the next step, the quality of the graphene flakes is studied at the

early stage of growth. In Figure 6.5 Raman spectra of the graphene flakes are presented

at a temperature between 1020 ◦C and 600 ◦C, after transferring them onto a SiO2/Si

substrate by the wet-etching method (see Chapter 4.3.1). The D−peak, G−peak and

2D−peak positions are indicated by the dashed gray lines. The spectra are measured

in the middle of the flakes to estimate the future film quality, which is discussed in

Chapter 6.3 in more detail.
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Figure 6.5: Raman spectra of the graphene flakes as a function of growth temperature
between 1020 ◦C and 600 ◦C. The spectra are measured on SiO2/Si substrate after wet-
etching transfer. The dashed lines represent the D−peak, G−peak and 2D−peak positions
at 1350 cm-1, 1585 cm-1 and 2675 cm-1. The image is adapted from Bekdüz et al. [217].

The G− and 2D−peaks are very prominent in all the spectra at each temperature.

Interestingly, different than in the literature [204, 207, 209] no defect peak is observed

in the flake area at any temperature indicating highly crystalline graphene synthesis in

PECVD. The I2D/IG ratio varies between 1 and 2 with a FWHM of the 2D−peak be-

tween 35 cm−1 and 41 cm−1. The I2D/IG ratio is defined to be above 1.5 for monolayer

graphene, however, structural deformations and substrate effects were reported to broaden
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the 2D−peak [112], and thus reduce this ratio [236]. Furthermore, the intensity ratio is

increased above 2, when a laser with an excitation wavelength of 633 nm is used (see Fig-

ure C.3 in Appendix C). Therefore, it is concluded that the flakes are monolayer graphene,

since the FWHM is below 50 cm−1 as reported in the literature [128] for TCVD samples.

In order to study the quality of graphene further and to get insight into the graphene

growth mechanism, Raman spectra are taken in the flake and substrate area. The resulting

spectra are given in Figure 6.6 (a) for TCVD. The black (red) data refer to the inside

(outside) of the flake region with the exemplary SEM image taken on the sample in the

inset. A clear monolayer graphene signal is apparent with a defect peak in the flake area.

No carbon traces are observed on the substrate region.

Analogously, the flake is examined, which is fabricated at 700 ◦C in presence of a plasma

(see Figure 6.6 (b)). No defect peak is visible with sharp G−peak and 2D−peak for the

PECVD sample inside the graphene grain. However, around the high quality graphene

flakes, carbon deposition is apparent on the substrate area in presence of a plasma.
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Figure 6.6: Raman spectra in and out of the graphene flake area in black and red color,
respectively. In (a) the reference sample is shown that is fabricated by TCVD and in (b)
the sample is synthesized in presence of a plasma. The scale bars are 1 µm. The image is
adapted from Bekdüz et al. [217].

As mentioned above, in TCVD (PECVD) the graphene flakes appear as dark (bright)

areas. This is attributed to the defective carbon film surrounding the highly crystalline

graphene flakes in PECVD samples. On conducting Cu the graphene flakes appear dark,

which is attributed to the screening of the secondary electrons by the graphene, which are

induced in the Cu (see also Appendix B.1.3). On PECVD samples, on the other hand,

a large amount of defective carbon is present around the flakes with a larger number of

layers. This may reduce the amount of electrons leaving the surface, and thus the graphene
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flakes appear brighter as a result.

At the early stage of graphene growth by PECVD, defective film and highly crystalline

graphene flakes are observed on one sample. In the next step, the evolution of this defective

film between the flakes is studied as a function of the growth time, in order to get insight

into the PECVD growth mechanism of graphene. For that purpose, the growth time is

varied in the following, and a Raman map is taken around the flake area. Then, an average

Raman spectrum is calculated from the whole map. The average spectrum is shown in

Figure 6.7 in black for the sample fabricated at a growth time of 45 min and a growth

temperature of 700 ◦C. The same procedure is repeated on samples with growth times of

2 h (in red) and 3 h (in blue). The expected D−peak, G−peak and 2D−peak positions

are indicated by dashed gray lines. The solid lines represent the average spectra, whereas

the shaded areas refer to the calculated standard deviation.
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Figure 6.7: Average Raman spectra at different growth stages. The spectra are calculated
from the mapped area with a standard deviation (shaded area) and plotted as a function
of the growth time of 45 min (in black), 2 h (in red) and 3 h (in blue). The mapped areas
are 12 µm x 9 µm, 30 µm x 30 µm and 15 µm x 15 µm with 432, 3600, 900 data points,
respectively. The dashed lines represent the D−peak, G−peak and 2D−peak positions. The
image is adapted from Bekdüz et al. [217].

At a growth time of 45 min an overlapping signal of the defective carbon and graphene

is apparent in the average spectrum. This indicates that defective carbon layer and highly

crystalline graphene co-exist on this sample. An ID/IG ratio of 0.7 is calculated with an
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I2D/IG ratio of 0.6 on the average spectrum. With increasing growth time, the D−peak

and G−peak separate, the defect density is reduced, and the 2D−peak becomes more

prominent. On a fully-closed film, the D−peak almost vanishes, and the 2D−peak becomes

much larger in intensity than the G−peak. On the sample with 3 h of growth time an

ID/IG ratio of 0.1 and an I2D/IG ratio of 1.5 are extracted. This behavior indicates that

with increasing growth time, the defective carbon areas disappear, and flakes grow into a

fully-covered monolayer graphene film with almost no defects.

As the defective graphene signal vanishes at further growth steps, it must be turned

into highly crystalline graphene with increasing growth time. In order to examine this

phenomenon in more detail, a reference sample is fabricated at a synthesis temperature

of 700 ◦C for a growth time of 30 min with a CH4 flow of 5 sccm at a plasma power of

120 W. The resulting SEM image is shown in Figure 6.8 (a). Graphene flakes are observed

after 30 min. Note that with these parameters fully-grown films are fabricated in a growth

time of 2 h.

To find out, whether or not the defective film serves as the source for further growth of

graphene, the CH4 flux is turned off after 30 min of growth time. The growth is proceeded

another 1.5 h without CH4, and the plasma is left on for comparability reasons. An SEM

image of the sample is presented in Figure 6.8 (b). When the CH4 is turned off after

30 min, fully-grown films are fabricated in a total growth time of 2 h. Apparently, after

deposition of graphene with a defective carbon film, no CH4 is necessary to proceed the

graphene growth in presence of a plasma.

(a) (b) (c)

Figure 6.8: SEM images of the reference experiments for the evolution of the defective
carbon film. In (a) the sample is fabricated at a plasma power of 120 W for a growth time
of 30 min at a synthesis temperature of 700 ◦C. In (b) the CH4 flow is turned off after
30 min, and the plasma is let on at 700 ◦C. In (c) SEM image of the sample is shown,
where both the CH4 flow and the plasma are turned off after a growth time of 30 min,
while keeping the temperature constant at 700 ◦C for further 1.5 h. The scale bars are
2 µm.
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However, the plasma may also have an impact on this process. Hence, in the next step

the CH4 and the plasma are turned off after a processing time of 30 min, and the growth

is proceeded for another 1.5 h (see Figure 6.8 (c)). When the plasma is also turned off, the

flakes grow larger, however, do not merge into a fully-grown film. Thus, another C source

must contribute to the growth in presence of a plasma. This other source is defined as the

graphite electrode, graphite heater and earlier process residues. However, since the flakes

are larger than in Figure 6.8 (a), the defective C film must also be used for the growth

of the flakes. Therefore, it is concluded that the defective regions recrystallize into highly

crystalline graphene with increasing growth time.

In the literature [65, 72, 208] an increase in the defect density was reported at lower tem-

peratures, which was attributed to the grain boundaries of small crystal size of graphene.

In this chapter almost defect-free polycrystalline graphene flakes are fabricated with a

diamater up to 10µm at a synthesis temperature down to 600 ◦C. Successful precursor

dissociation is shown due to reduced activation energy of growth process. Different than in

TCVD, a defective carbon film around the highly crystalline graphene flakes is observed

in presence of a plasma. However, it vanishes at the later growth stages, and graphene

flakes merge into a fully-grown almost defect free graphene film. With the reference ex-

periments, it is concluded that this defective carbon recrystallizes into graphene with

increasing growth time.

6.3 Characterization of the Graphene Films Synthe-

sized by PECVD

In this section the growth time is extended until the graphene flakes merge into a film with

the given parameters in Table 6.1. The fabricated films are then characterized electrically

after the wet-etching transfer onto SiO2/Si wafers (see Chapter 4.3.1 for process details).

The SEM images of the fully-grown films on Cu foils are shown in Figure 6.9. The growth

temperature is indicated in the image, and the plasma power values are 40 W, 60 W,

40 W, 60 W and 120 W from (a) to (e). The sample fabricated at 1020 ◦C appears very

homogeneous with some structures that are either grain boundaries or wrinkles in the

graphene film, which arise due to the difference in the thermal expansion coefficients of

Cu and graphene. All other samples show darker spots on the fully-grown film, which may

be the second or third layer of graphene at the nucleation points. By increasing the plasma

power from (c) to (e), the amount of multilayer regions is reduced. This is attributed to

reduced growth time from 3 h to 2 h. In contast to TCVD, second and third layer of
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graphene may grow on top of the first layer of graphene, since the catalytic effect of the

substrate is not necessary in presence of a plasma. Therefore, a direct link between the

growth time and the amount of the layers is expected.

2 µm

1020°C

(a)

2 µm

700°C

(c)

2 µm

700°C

(d)

2 µm

600°C

(b)

2 µm

700°C

(e)

Figure 6.9: SEM images of the PECVD graphene films. The samples are fabricated at
varied synthesis temperatures. The plasma power values are adjusted as 40 W, 60 W on
the top and 40 W, 60 W, 120 W on the bottom row from (a) to (e). The growth times are
3 s, 2 h, 3 h, 2 h and 2 h from (a) to (e).

The electrical properties of the fabricated graphene films are studied after transferring

them onto a SiO2/Si substrate. The resistance values are measured at varied distances of

TLM structure, and the sheet resistance is calculated from the slope of the measured data

(see Figure 6.10). The solid lines represent the linear fits. An image of the TLM structure

is shown in the inset on the left side (see also Appendix B.2.1). With different colors the

samples with various parameters are presented that are indicated in the table on the right

side of the image.

Almost all measured resistance values are on the linear fit line. This indicates a very ho-

mogeneous film formation. The sheet resistance values do not show a clear trend. Graphene

films fabricated at growth temperatures of 1020 ◦C and 700 ◦C show a sheet resistance

value around 500 Ω/2 with the lowest value of 468 Ω/2. The highest sheet resistance is

measured on the sample fabricated at 600 ◦C. However, all the values are below 1 kΩ/2

comparable to each other.

The sheet resistance values give information about the conductivity, which is a mul-

tiplication of the mobility and the amount of the charge carriers. It is well-known in
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Figure 6.10: Total resistance as a function of the contact spacing (L) divided by the
width of the pads (B). From the slope, the sheet resistance is calculated, and the values
are given in the table. An image of the sample with the TLM structure is shown on the
left side.

literature that the wet-etching transfer induces a large amount of charge carriers due to

the etching agent [77] and the metal [78, 237] and/or polymer [238, 239] residues. Lee

et al. [196] introduced a method to calculate the strain and doping properties based on

Raman measurements. The details of this method are discussed in Appendix B.1.4. Based

on this, the strain and doping properties of these transferred films are examined.

In Figure 6.11 the wavenumber of the 2D−peak in Raman spectra (w2D) is plotted

vs. the wavenumber of the G−peak in Raman spectra (wG) with the 2D− and G−peaks

positions determined from ca. 400 measurement points. An ellipse of different colors is

drawn per hand around the measured data. The original measurement points are given in

Figure C.4 in Appendix C.2. These are the aforementioned samples that are fabricated at

different temperatures and plasma power values. The thick, black and solid line represents

the varied strain values at zero doping. Similarly, the thin and black lines correspond to

the varied strain values at increasing amount of doping. Analogously, the thick and thin

red solid lines represent the variation of the doping properties in graphene at zero and

varied amount of strain, respectively. The green dot, where both thick lines cross, defines

the properties of pristine graphene. From the position of the ellipses on the black and

red solid lines, strain and doping values are extracted. From the pristine graphene to the

right (left) p-type (n-type) doping is expected. Similar to that, the values above (below)

the pristine point indicate compressive (tensile) strain. The size of the ellipses indicates

how homogeneous the samples are.
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Figure 6.11: w2D plotted vs. wG with the 2D− and G−peaks positions of the transferred
graphene films fabricated by PECVD. The values are extracted from the Raman maps
on the fully closed graphene films with varied growth parameters, which are indicated by
different colors. The ellipses represent roughly the measured data, which are demonstrated
in Figure C.4 in Appendix C.2. The image is adapted from Bekdüz et al. [217].

At reduced temperatures the size of the ellipse decreases and shifts towards higher

p-type doping regions, which refers to more homogeneously doped samples. At higher

growth temperature the sample shows various regions with different properties. Regions

with pristine and less strained graphene and regions with p-doped and highly strained

graphene are co-existent. Strain values are between -0.3% (compressive) and 0.3% (tensile)

with p-type doping up to 10× 1012 cm−2.

Different than in TCVD, the flakes fabricated by PECVD are surrounded by a defective

carbon film, which is confirmed by Raman spectroscopy. With increasing growth time, it

is shown that the defective carbon film recrystallizes into graphene, and almost defect-free

films are fabricated eventually regardless the growth temperature. However, a relatively

large amount of doping and strain is observed in the graphene films, which becomes more

homogeneous, as the temperature is reduced.

The role of the wet-etching transfer process on the graphene properties is uncertain.

The samples are etched away until the Cu foil is removed completely, which is decided

by visual judgement. As a result, the duration of the etching process is different for each

sample. Furthermore, during the handling of the samples, wrinkles emerge due to the wa-

ter residues below the transferred graphene layer or buckling of the foils during handling.

Another issue is the imperfect removal of the PMMA, which also induces p-type dop-
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ing. These play an important role in determining the sheet resistance, strain and doping

properties of the transferred films. It is not possible to completely separate transfer and

synthesis effects. Regarding all these transfer issues, the graphene community distances

itself from the graphene fabrication on metal substrates towards the direct growth on in-

dustrially relevant materials. In the next chapter, direct growth of graphene is discussed

on complementary metal-oxide-semiconductor (CMOS) compatible, catalytically active

and single-crystalline Ge wafers with different orientations.



120 6.3 Characterization of the Graphene Films Synthesized by PECVD



Chapter 7

Growth of Graphene on Germanium

by Chemical Vapor Deposition

An obstacle to integrate graphene in CMOS technology is the extremely high diffusivity

of copper in Si and Ge wafer. Therefore, direct growth processes on target substrates be-

come currently more relevant in graphene community. Ge is a catalytically active material

allowing direct monolayer graphene growth at elevated temperatures. However, during the

graphene growth at high temperatures the doping profile of Ge may be altered, deterio-

rating the final device performance. In addition, Ge is often fabricated epitaxially on Si

wafer [12, 88, 240] or on Si on insulators [89, 90]. At the high synthesis temperatures of

graphene, Si atoms might diffuse through the Ge layer and form silicon carbide (SiC) on

the surface, which hinders the growth of graphene on Ge. Therefore, it is crucial to reduce

the graphene growth temperature.

In this chapter, a TCVD process is established on Ge wafers. By studying the properties

of graphene and Ge wafer after the CVD process, a growth model is suggested. Afterwards,

the growth temperature is reduced due to the precursor dissociation in the gas phase in

presence of a plasma and the growth mechanism of graphene at reduced temperatures is

examined. Two different substrates are used during this work. The first one is epitaxially

grown Ge (2 µm) on a Si(100) substrate, which is provided by Innovations for High Per-

formance Microelectronics (ihp, Germany). The second substrate is a Ge(110) wafer from

Interuniversity Microelectronics Centre (IMEC, Belgium). Note that both substrates are

nominally undoped. Parts of this chapter is published in reference [241].
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7.1 Thermal Chemical Vapor Deposition of

Graphene on Germanium

In constrast to polycrystalline Cu foils, the raw Ge wafer has a predefined crystal

orientation. In this work two of them are studied with regard to the graphene growth

process.

First of all, the topography of the raw Ge wafer is examined by an AFM. This method

is discussed in Appendix B.2.2. The topography maps are shown in Figure 7.1. Note that

the measurements are performed under air atmosphere by the same tip on the same day.

The color scale of the height profile is indicated on the right side corresponding to both

orientations of (100) on the left and (110) on the right side.

Ge(110)Ge(100)

400 nm400 nm 400 nm400 nm

Figure 7.1: AFM topography map on as-received Ge wafer with (100) and (110) crystal
orientations from left to right. The measurements are taken by the same tip under air
atmosphere on the same day.

The Ge(100) surface seems wavy, which may originate from the polishing of the epi-

taxially deposited film. On the right side of the map a step-like structure is apparent with

a lower height than the rest of the substrate. The step size is measured to be below 4 Å

in height. In the literature [91] terraces on Ge(100) are observed and defined to be below

100 nm in size, which would agree with these waves on the surface. The Ge(110) substrate,

in comparison, seems to be very homogeneous in height.

The surface roughness of both wafers is determined as 184 pm and 254 pm for the

Ge wafers with (100) and (110) crystal orientations, respectively. Notice that the sur-

face roughness of Ge wafers is much below the EP Cu foil with a value of 38 nm (see

Chapter 3.1.2). Hence, the Ge wafer is loaded into the chamber after a standard cleaning

procedure of 2 min treatment in boiling acetone followed by a 2 min of sonication bath

and finally 2 min treatment in boiling ethyl alcohol. The samples are then dried under

flowing stream of N2.
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The cleaned Ge wafer is loaded into the chamber, and the temperature is increased

until the wafer starts to melt on the surface at a pressure of 750 mbar. The thermocouple

(TC) temperature is noted, where the surface begins to deform. The growth temperature

is then adjusted to 10 ◦C and 30 ◦C below the melting temperature (Tm = 937 ◦C [242])

for Ge crystal orientations of (100) and (110), respectively. Since the Ge(110) wafer is

much thinner than the Ge(100) wafer, the temperature is adjusted to a lower value.

Further parameters are given in Table 7.1. With these parameters graphene synthesis is

established on Ge, which is discussed separately for two orientations.

Table 7.1: Process parameters to study the graphene growth mechanism on Ge wafer by
TCVD.

Substrate Growth parameters

Ge wafer orientation
T

[◦C]

ḞCH4

[in sccm]

ḞH2

[in sccm]

ḞAr

[in sccm]

p

[mbar]

t

[minutes]

(100) 927
3 100 450 750 varied

(110) 907

Graphene Growth on Ge(100) Wafer

Graphene is fabricated on Ge(100) with varied growth times from 30 min up to 90 min.

The resulting SEM images are shown in Figure 7.2 in (a) for the former and in (b) for

the latter. On the left and right side of each figure images of the sample with a smaller

and a larger magnification are presented, respectively.

1 µm 1 µm200 nm 200 nm

(b)(a)

Figure 7.2: SEM images of the samples fabricated by TCVD on Ge(100) with a growth
time of (a) 30 min and (b) 90 min. The images are shown in two different magnifications
on each sample. The image is adapted from Bekdüz et al. [241].

At the early stage of growth, the darker regions correspond to the graphene areas,

where the structure of the surface changes slightly. This becomes more clear in the larger

magnification in Figure 7.2 (a). The increase of the growth time results in distinct bright



124 7.1 Thermal Chemical Vapor Deposition of Graphene on Germanium

areas, which appear as round flakes. At 90 min of growth time a large amount of bright

flakes is observed. However, it is not clear from the SEM images, whether these refer to

the substrate surface or graphene flakes. Therefore, the topography of the sample with

90 min of growth time is examined in the following.

The topography map is shown in Figure 7.3 (a). Agreeing with the literature [85,

187, 190, 192], surface faceting is observed on this sample. The faceting is continuous

throughout the surface, which indicates a full-graphene coverage [187, 192, 193]. Another

topography measurement on the same sample with a smaller magnification is given in

Figure 7.3 (b). On this two lines are defined close to the white dots, since in the SEM

image in Figure 7.2 (b) in the large magnification the bright areas are observed around

these white dots. The height profiles at these lines are plotted in Figure 7.3 (c) dependent

on the measured distance. Note that the colors of the axis correspond to the measured lines

1 and 2. It becomes clear that the bright areas are slightly above the surrounding in height.

Due to the continuous faceting (full graphene coverage) and the elevated topography close

to the white dots, it has been concluded that the round formations are probably multilayer

graphene islands on a monolayer film.
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Figure 7.3: Topography of the sample after TCVD on Ge(100) for a growth time of
90 min. In (a) and (b) the AFM topography maps are shown with a large and small
magnification, respectively. Note that both measurements are taken on the same sample.
In (b) two positions are indicated with lines 1 and 2. In (c) the height profiles from the
locations of line 1 and 2 are plotted as a function of the distance. Note that the top- and
right-axis refer to the line 2. The flake region is indicated by the gray shaded area. The
image in (a) is adapted from Bekdüz et al. [241].

The measured contact potential difference (V CPD) map is depicted in Figure 7.4 (a),

which is taken simultaneously with the topography map in Figure 7.3 (b). Different voltage

values are apparent in the map that are indicated by the blue and green colors. The voltage

profiles of the two lines are given in Figure 7.4 (b) similar to the topography profiles. Line

1 defines an isolated region (green in the map) and shows a V CPD = 0 V in the graphene

region (shaded in gray), whereas the surrounding (blue in the map) has a value of −0.2 V.

In literature the work function of graphene was reported to vary with doping [243] and
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strain [244]. Furthermore, it was shown that on SiO2 or on SiC the work function of

graphene decreased with increasing number of graphene layers [245, 246]. Regarding the

faceting in topography, it is concluded that fully-grown graphene films are fabricated at

90 min of growth time with V CPD = −0.2 V. The bright areas with a V CPD = 0 V are

attributed to multilayers of graphene. Besides the number of graphene layers, doping and

strain, the surface faceting may also play a role in determining the potential in graphene

dependent on the interaction with the substrate.
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Figure 7.4: Kelvin signal of the sample after TCVD on Ge(100) with the corresponding
line profiles. In (a) the V CPD map is shown for the sample that is fabricated for a growth
time of 90 min. Two locations are defined by the lines 1 and 2. (b) The potential difference
is plotted as a function of the distance extracted at lines 1 and 2. Note that the top-axis
refers to the line 2, whereas the y-axis is valid for both profiles. The flake region is indicated
by the gray shaded area.

The quality of the films is determined by Raman spectroscopy, which is performed

directly on Ge. The spectra are given in Figure 7.5 (a) for various growth time values

between 20 min and 90 min. The spectra are averaged over three measurements that are

determined at random locations on the substrate. The positions of the peaks are indicated

by the dashed gray lines. At a growth time of 20 min no C-related Raman peaks are visible,

which appear at 30 min in the black spectra. The I2D/IG ratio is 1.7, which increases up

to 3.4 at a growth time of 90 min. Also the ID/IG ratio raises from 0.7 up to 1. The

increase in the 2D−peak intensity is attributed to the increasing long-range order due to

increased graphene coverage with growth time. The slight increase in the defect density

may result from the increasing number of multilayers, respectively the bright areas in the

SEM image (see Figure 7.2 (b)). The presence of multilayers causes a larger defect density

due to the unsaturated bonds at the edges, as already discussed in TCVD grown graphene

on Cu foil (see Chapter 5.3).

The 2D−peak and G−peak positions are extracted from the individual spectra and

given in Figure 7.5 (b). The strain and doping lines are indicated by black and red solid

lines. The varied growth times are presented by the different colors. Each sample shows
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inhomogeniety regarding the doping values, however, no clear trend is apparent. There

are regions with more and less p-type doping with a charge carrier density extracted

between 1012 cm−2 and 15× 1012 cm−2. The strain values, on the other hand, exhibit a

slight increase from lower to higher growth times, but each measurement point shows

compressive strain regardless the growth time with a value of around -0.4%. This value is

in good agreement with the literature work [87, 153, 189] and is attributed to the different

thermal expansion coefficients of graphene and Ge. The thermal expansion coefficients

were reported as 5.75× 10−6 K−1 [198] and −6× 10−6 K−1 [197] for Ge and graphene,

respectively. During the cool down process Ge tends to shrink, whereas graphene expands.

As the resulting strain in graphene is compressive, Ge must drive the graphene to contract.

This also indicates a strong interaction between the graphene and Ge wafer. As mentioned

earlier, during the nucleation step of graphene on Ge(100) and Ge(110) covalent bonds

were reported based on the theoretical works in the references [34, 199], which might

result in such a strong interaction between graphene and Ge.
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Figure 7.5: Raman spectra of the samples fabricated on Ge(100) by TCVD at varied
growth times. In (a) the average Raman spectra are presented (calculated by three randomly
chosen positions on the sample) by different colors for growth times of 20 min to 90 min.
The peak positions are indicated by the dashed gray lines. In (b) w2D plotted vs. wG with the
2D− and G−peaks positions that are extracted from the samples in (a). The strain (black)
and doping (red) lines are indicated in the figure. The image is adapted from Bekdüz et
al. [241].

In order to verify the origin of this compressive strain, the graphene film with a growth

time of 60 min is transferred onto a SiO2/Si substrate by electrochemical delamination

(see Chapter 7.6). The strain properties on the graphene film are studied before and after

the transfer. The resulting Raman spectra are shown in Figure 7.6 (a) before (in blue)

and after (in green) transferring it onto a SiO2/Si substrate. The solid lines represent the

Lorentz fit functions for each peak. The positions of the D−peak, G−peak and 2D−peak

are shown in the figure. The background signal of Ge is removed manually. Due to the low
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intensity of the Raman peaks, the spectra before the transfer are very noisy. On SiO2/Si,

the peaks are very sharp and the G−peak and D’−peak (on the right side of G−peak)

are separated completely.

The w2D is plotted against wG in Figure 7.6 (b) with the 2D− and G−peaks positions

of the graphene. Similar to previous observations a compressive strain of about -0.4% is

apparent on the graphene film on Ge. However, upon delamination the peak positions

shift down significantly. Hence, the compressive strain is reduced almost to -0.1% and

no further doping is introduced into the film after this transfer method. Apparently, the

strain is caused by the Ge substrate and is removed, when the interaction between the

substrate and graphene is disrupted.
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Figure 7.6: Variation in the film properties upon transfer. In (a) Raman spectra are
shown before (in blue) and after (in green) the electrochemical delamination of the
graphene film that is fabricated for a growth time of 60 min on Ge(100). The D−peak,
G−peak and 2D−peak are indicated in the figure. The solid lines are the Lorentz fit func-
tions of the Raman peaks. In (b) w2D plotted vs. wG with the 2D− and G−peaks positions
before and after the transfer with the corresponding colors. The strain and doping lines are
presented in black and red, respectively. The image is adapted from Bekdüz et al. [241].

After transferring the film onto an isolating SiO2/Si substrate, the sheet resistance

of graphene is determined by the TLM measurements. Two measurements are carried

out on one sample with different electrode sizes, which are indicated in black and red in

Figure 7.7. The image of the specimen is shown in the inset and the schematic image of

the TLM structure is given in Figure B.4 in Appendix B.2.1. The solid lines represent

the linear fit functions, from the slopes of which the sheet resistances are derived as

2.5 kΩ/2 and 2.8 kΩ/2 with a contact resistance of 83 Ω m. The sheet resistance is in

good agreement with the literature [85] value of 1.5 kΩ/2 measured on the graphene

fabricated on Ge(100). The deviation from the literature value may be due to the larger

defect density of the film.

On Ge(100) a completely covered graphene film is produced close to the melting point
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L/B

□  
□  Rs

Rs

Figure 7.7: Total resistance plotted vs. contact spacing between the source and drain
electrodes (L) divided by the width of the pads (B). Two TLM measurements are taken
on one sample with varied L values in black and red. The solid lines are the linear fit
functions of the data, from which the sheet resistance (Rs) is calculated. The values are
measured on SiO2/Si substrates, and the image of the measured sample is shown in the
inset. The image is adapted from Bekdüz et al. [241].

of Ge. Similar to the literature [85, 187, 190, 192], faceting with multilayer formations

is observed at these high temperatures. The quality of the film is comparable to the

literature work of Scaparro et al. [153] under similar growth conditions. Furthermore, a

compressive strain of around -0.4% is determined on the graphene film, which is caused

by the strong interaction with the underlying Ge wafer. To investigate the effect of the

substrate orientation on the graphene growth and the strain in the film, graphene is

synthesized on Ge(110) under the similar conditions close to the melting point of Ge with

the parameters given in Table 7.1.

Graphene Growth on Ge(110) Wafer

Analogous to the previous experiments, graphene is synthesized thermally on Ge(110) to

study the effect of the substrate orientation. In Figure 7.8 the SEM images of the prepared

samples are given for a growth time of (a) 45 min and (b) 90 min at a larger and a smaller

scale on the left and right side, respectively. Akin to Ge(100), dark graphene areas are

apparent at the early stage of growth, which do not merge into a film at 90 min of growth

time. This indicates a smaller GR on Ge(110), which may originate from the slightly lower

synthesis temperature on Ge(110). An average GS of 65±20 nm is extracted at a growth

time of 45 min, which increases up to 294±85 nm at a growth time of 90 min. Elongated

flakes are formed agreeing with the observations in literature [86]. Dai et al. [199] reported
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that the flakes were aligned perpendicular to the steps of Ge(110) wafer. Due to the

anisotropic growth rates of the armchair and zigzag edges, the flake morphology becomes

elongated in one direction (see also Chapter 3.1.3).

1 µm 1 µm200 nm 200 nm

(a) (b)

Figure 7.8: SEM images of the fabricated samples by TCVD on Ge(110) for a growth
time of (a) 45 min and (b) 90 min. The images are shown for two magnifications for each
sample. The image in (b) is adapted from Bekdüz et al. [241].

In order to examine the substrate surface, the topography map of the sample with a

growth time of 90 min is studied (see Figure 7.9 (a)). In contrast to Ge(100), no faceting

is observed on Ge(110). However, the surface is covered by terraces of different heights.

As raw Ge shows a very homogeneous surface (see Figure 7.1), these formations must

occur during the growth process at a temperature of 907 ◦C. Similar to the SEM images,

elongated shapes are also evident in the topography map. However, the flake and substrate

areas are not separated distinctly. Therefore, the flake regions are indicated by dashed

black lines, which are extracted from the corresponding Kelvin probe force microscopy

(KPFM) measurements (see Figure 7.10 (a)).
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Figure 7.9: Topography of the sample after TCVD on Ge(110) for a growth time of
90 min with the corresponding line profiles. In (a) the AFM topography map is shown.
Few flakes are indicated by the dashed black lines. Two positions are presented by lines 1
and 2. The height profiles are extracted at these positions and plotted as a function of the
measured distance in (b). Note that the top-axis refers to the line 2, whereas the y-axis is
valid for both profiles. The flake region is indicated by the gray shaded area. The image in
(a) is adapted from Bekdüz et al. [241].
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Two profiles are extracted at the elongated structures, and the height profiles are

plotted as a function of the measured distance (see Figure 7.9 (b)). The flake region is

indicated by the gray shaded area, where an elevation of 0.6 nm − 0.8 nm is derived from

the substrate surface. In the literature 0.8 nm [21] is measured for exfoliated graphene on

SiO2 and ca. 1 nm for graphene on Ge [44, 153]. This would confirm that the dark areas

are monolayer graphene flakes on the Ge(110) surface.

The electronic properties of the sample are measured simultaneously to the topography.

The V CPD map is shown in Figure 7.10 (a). A distinct separation is obvious on the sample

between the elongated flakes and the substrate. Two exemplary profiles are extracted on

these areas with the values that are given in Figure 7.10 (b). A large variation in the profile

is apparent between the flakes and the surrounding. On the substrate region (in green)

the V CPD is estimated to be around 0.5 V, which decreases down to a V CPD voltage of

about 0.25 V in the flake (gray shaded) region. Prior to this measurement, a raw Ge(110)

substrate is measured with the same tip under the same conditions, and a V CPD of 0.68 V

is extracted. Thus, it is concluded that the green color represents the Ge wafer. The slight

variation in V CPD of the surrounding is attributed to the possible surface melting upon

the TCVD process at elevated temperatures. From the topography and Kelvin probe

measurements, it is concluded that monolayer graphene flakes are fabricated on Ge(110)

wafer at a growth time of 90 min.
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Figure 7.10: Kelvin signal with the corresponding line profiles. The sample is fabricated
by TCVD on Ge(110) for a growth time of 90 min. In (a) the V CPD map is shown with
two locations indicated in the map by lines 1 and 2. (b) The potential difference is plotted
as a function of the distance extracted at lines 1 and 2 with the top-axis referring to the
line 2, whereas the y-axis is valid for both profiles. The flake region is indicated by the
gray shaded area. The image in (a) is adapted from Bekdüz et al. [241].

Raman spectra of the fabricated graphene are shown for various growth times in Fig-

ure 7.11 (a). The Ge background signal is removed manually for the growth times of

45 min and 90 min. The spectra are averaged over three randomly chosen points on the

surface, and the standard deviation is indicated by the brighter colors. An I2D/IG ratio
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of 1.1 is determined, which increases up to 1.3 at a growth time of 90 min, whereas the

ID/IG ratio decreases slightly from 1.2 down to 1.1. The large defect density is attributed

to the unsaturated bonds at the edge of the flakes and is expected to be reduced, as the

flakes merge together. This was also observed by Scaparro et al. [153], when nanoribbons

merged to fully covered graphene films.

The w2D is plotted against wG in Figure 7.11 (b) with the 2D− and G−peaks positions

of the graphene. The strain and doping lines are indicated by the black and red solid lines,

rescpectively. The samples with growth times of 45 min and 90 min are presented in red

and blue colored symbols. With increasing growth time, the amount of the p-type doping

is reduced, which may be due to the lower amount of dangling bonds, since the grain size

increases. Similar to Ge(100), a compressive strain is apparent on Ge(110) agreeing with

the observations in the literature [87]. It becomes larger to a value of around -0.4%, as the

average GS of flakes increases to 294±85 nm. As already mentioned, Ge drives graphene

to shrink upon cooling, which induces this compressive strain in the graphene film.
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Figure 7.11: Raman spectra of the samples fabricated by TCVD on Ge(110) at varied
growth times of 30 min to 90 min. In (a) the average Raman spectra are shown that are
calculated from three spectra on the sample. The varied colors represent different growth
times. The peak positions are indicated by the dashed gray lines. In (b) w2D plotted vs. wG

with the 2D− and G−peaks positions that are extracted from the spectra of the samples
given in (a).

The graphene fabrication on Ge(100) and Ge(110) is established at elevated tempera-

tures. On Ge(100) fully grown monolayer films are fabricated with a sheet resistance of

2.5 kΩ/2. On Ge(110), on the other hand, elongated flakes are observed. However, these

did not merge into a film at growth time of 90 min. A compressive strain of around -

0.4% is extracted on both samples, which is reduced significantly upon transferring the

film. The compressive strain is ascribed to the different thermal expansion coefficients of

graphene and Ge regardless the substrate orientation. Since the Ge wafer is the target
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substrate, which would be employed in device technology, its properties may be altered

upon graphene synthesis due to the diffusion into and out of the substrate at these high

temperatures. Therefore, in the following the temperature is reduced by plasma ignition

to protect the properties of the substrate.

7.2 Plasma Enhanced Chemical Vapor Deposition of

Graphene on Germanium

In this chapter, the growth temperature is reduced down to 757 ◦C by igniting a plasma

during the growth step based on the process established in Chapter 6. The temperature is

calibrated by the Tm of the Ge(100) wafer. Unlike on Cu, no annealing step is used, since

the substrate surface is single-crystalline and very smooth (see Figure 7.1). During the

PECVD growth on Cu, the electrical field between the plasma bulk and the conducting

substrate is screened by the SF, which is made out of Cu. Due to its large diffusivity, Cu

is forbidden in the CMOS processing. Hence, for the Ge samples the SF is made out of

Ni with the same geometry as in Figure 6.1.

Graphene growth is studied under two different atmospheres. A H2 flow of 100 sccm or

an Ar flow of 200 sccm is introduced into the chamber with a CH4 flow between 3 sccm

and 100 sccm. Remaining parameters are given in Table 7.2.

Table 7.2: Process parameters to study graphene growth on Ge wafers with different
orientations by PECVD under Ar and H2 atmospheres.

Substrate Growth parameters

Ge(100) & Ge(110)

T

[◦C]

P

[W]

ḞCH4

[in sccm]

ḞH2 or ḞAr

[in sccm]

p

[mbar]

t

[hours]

757 varied 3 to 100 100 or 200 4 varied

Analogous to TCVD, this chapter is also separated into Ge(100) and Ge(110) crys-

tal orientations. In the end, the PECVD samples are summarized with reference to the

graphene fabricated by TCVD, and finally a model idea is suggested for the graphene

formation and the origin of the strain properties with and without plasma dissociation.

Graphene Growth on Ge(100) Wafer

In the first step, different plasma atmospheres are compared by introducing either H2 or

Ar into the chamber. The SEM images of the fabricated samples are shown in Figure 7.12
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with H2 on the left and Ar on the right side. The CH4 flow and plasma power are kept

constant at 3 sccm and 40 W, respectively. Under H2 (Ar) atmosphere the flakes appear

bright (dark) on the substrate surface. With H2 plasma, significantly less flakes are visible

with a larger grain size. The GS and the ND are estimated as 121±39 nm (73±23 nm)

and 10±3 µm−2 (68±2 µm−2) under H2 (Ar) atmosphere at a growth time of 4 h (40 min).

The shorter growth time in presence of Ar indicates a much larger GR compared to H2.

Similar to the TCVD samples on Cu foil, a larger nucleation is observed at higher GR

(see Chapters 5.2 and 5.3).

100 nm100 nm

3:100:0

4 h

100 nm100 nm

3:0:200

40 min

Figure 7.12: SEM images of the fabricated samples by PECVD on Ge(100) under H2

and Ar atmospheres. The sample on the left is fabricated with a CH4 flow of 3 sccm and
a H2 flow of 100 sccm for a growth time of 4 h, whereas the sample on the right side is
synthesized under a CH4 flow of 3 sccm and an Ar flow of 200 sccm for a growth time
of 40 min. The plasma power and the chamber pressure are kept constant at 40 W and
4 mbar for both samples, respectively.

To study the origin of the different growth rates of graphene, pure H2 and Ar plasmas

are analyzed by optical emission spectroscopy (OES). In this method the emitted light

in the plasma is studied in order to extract information about the plasma species (see

Appendix B.1.2). The fundamental plasma reactions are discussed in Chapter 2.3.2. The

OES spectra of pure H2 and Ar plasmas are shown in Figure C.5 in Appendix C. Ap-

parently, in presence of Ar (without precursor) a significantly larger amount of C-related

plasma species is induced with a smaller contribution of H-related species compared to the

H2 plasma. The Ar plasma is much closer to the bottom electrode at the same chamber

pressure. Hence, in presence of Ar the graphite parts in the chamber are more likely to

be dissociated inducing a large amount of C-related species. The H-related peaks may

originate from earlier process residues. In presence of H2, on the other hand, only a few

C-related species are detected, as the H atoms are much smaller and further away from

the bottom graphite electrode. Thus, in presence of Ar the GR is much larger due to the

additional C-sources.

The graphene fabrication under a H2 plasma would take extremely long resulting from

the lower GR. Thus, in the following Ar plasma is used to study the effect of CH4. The
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SEM images of the fabricated samples are shown in Figure 7.13 at a CH4 flow of 3 sccm,

50 sccm and 100 sccm from left to right. Notice that all other parameters are kept constant.

Interestingly, with increasing amount of precursor, the quantity of the flakes is reduced

from 68 µm−2 to 34 µm−2 with a fairly constant GS of around 75 nm. The morphology of

the flakes is partly hexagonal. Multilayer regions appear in the middle of a few grains,

and these are observed more clearly on the sample with a CH4 flow of 50 sccm.

100 nm100 nm 100 nm100 nm 100 nm100 nm

3:0:200 50:0:200 100:0:200

Figure 7.13: SEM images of the fabricated samples by PECVD on Ge(100) at a CH4

flow of 3 sccm, 50 sccm and 100 sccm from left to right under an Ar flow of 200 sccm.
The chamber pressure is kept constant at 4 mbar and a plasma power of 40 W is used for
a growth time of 40 min.

The first idea would be that at larger flows of CH4 and constant chamber pressure, the

amount of hydrogen and the related carbon etching increase. As a result, the quantity of

the flakes is reduced. To examine this idea, the C- and H-related species in the plasma

are analyzed by OES for varied CH4 flows from 0 sccm to 100 sccm at constant Ar flow

of 200 sccm. The resulting spectra are shown in Figure 7.14 (a). The peaks are denoted

on the upper axis and the values are given in Table B.1 in Appendix B.1.2. The CI peaks

define optical transitions in neutral C atoms. The CII peak refers to the singly ionized

carbon, and the C2 peaks represent diatomic carbon transitions. Note that there are also

other C-related peaks within and without the measurement range of the spectra. However,

for the reasons of simplicity not all are presented in the figure.

A large amount of C-related peaks is measured in pure Ar plasma. The peak intensity

increases slightly, when a CH4 flow of 3 sccm is introduced into the chamber. This is

apparent at the CI peaks at wavelengths of 476.8 nm and 591.3 nm. The peak intensity is

significantly reduced as the amount of CH4 increases further. This trend is very obvious

in Figure 7.14 (b), in which the total intensity of the C- (in black) and H-related (in red)

peaks is plotted as a function of Ar/CH4 flow ratios. By increasing the amount of CH4, the

Ar/CH4 ratio is reduced at constant chamber pressure. As the amount of Ar is reduced

relative to the CH4, the total intensity of the C- and H-related peaks decreases. Thus, it

is concluded that Ar species enhance the CH4 dissociation due to increased collisions.
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Figure 7.14: OES spectra of the plasma with varied amount of CH4 flow between 0 sccm
and 100 sccm. The other parameters are indicated in Figure 7.13. The normalized spectra
are plotted against the wavelength in (a) after substracting the reference measurement,
which is taken prior to the plasma ignition. The individual peaks are indicated by dashed
gray lines with the corresponding species given on the top-axis. In (b) the total peak in-
tensity of all C- (in black) and H-related (in red) peaks are plotted as a function of Ar to
CH4 flow ratio.

In the following, the sample, which is fabricated with CH4 and Ar flows of 100 sccm

and 200 sccm, is studied regarding its topography and electronic properties by KPFM. In

Figure 7.15 (a) the topography map of the sample is presented. Different than the TCVD

samples, no faceting is observed on Ge(100), when the temperature is reduced by almost

200 ◦C. The flakes with round and hexagonal shapes are depicted distinctly.
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Figure 7.15: Topography of the sample after PECVD on Ge(100). The sample is fabri-
cated for a growth time of 40 min with a CH4 flow of 100 sccm under Ar flow of 200 sccm.
In (a) the AFM topography map is shown with two positions defined as lines 1 and 2. The
height profiles are extracted at these positions and plotted as a function of the measured
distance in (b). Note that the top-axis refers to the line 2, whereas the y-axis is valid for
both profiles. The flake region is indicated by the gray shaded area.

In order to study the height of different regions two exemplary profiles are plotted in

Figure 7.15 (b) as a function of the measured distance with the flake region indicated as
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the gray shaded area. The flakes are located ca. 1 nm above the lowest measured point.

Around the flakes a film with an elevated topography is apparent.

The V CPD voltage map is shown in Figure 7.16 (a) analogous to the topography map.

The flake regions exhibit homogeneous electronic properties with a strong contrast to the

substrate. On this map two lines are indicated, from which the line profiles are extracted.

These are given in Figure 7.16 (b). The graphene regions (gray shaded area) show a V CPD

of almost 0.1 V, whereas the surrounding exhibits a V CPD of −0.05 V.

0 100 200 300
-0.2

-0.1

0.0

0.1

0.2

V
C

P
D
 [
V

]

Distance [nm]

0 100 200 300

Distance [nm]

400 nm400 nm

(b)(a)

1

2

21,

Figure 7.16: Kelvin signal of the sample after PECVD on Ge(100) with the corresponding
line profiles. The measurement is taken simultaneously to the topography measurement in
Figure 7.15. In (a) the V CPD map is shown with two locations indicated in the map by
lines 1 and 2. (b) The potential difference is plotted as a function of the distance extracted
at lines 1 and 2 with the top-axis referring to the line 2, whereas the y-axis is valid for
both profiles. The flake region is indicated by the gray shaded area.

On the reference TCVD sample, which is fabricated without a plasma (see Figure 7.10),

the Ge substrate and graphene areas are estimated around 0.5 V and 0.25 V, respectively.

On the sample fabricated by PECVD the V CPD voltage of graphene is similar, but the

substrate is further away from the V CPD of the Ge area. Its value is even lower than the

V CPD of the graphene.

The elevated topography around the flakes and the V CPD voltage, which is closer to

the graphene rather than Ge, are hints of a large deposition between the flakes. In order

to investigate the origin of these findings, Raman spectra are analyzed at various growth

times. The samples are prepared at CH4 and Ar flows of 3 sccm and 200 sccm, respectively.

The presented spectra are averaged over four to six randomly selected locations on the

sample. Notice that the intensity in the gray area is multiplied by 5. The dashed gray

lines represent the peak positions for 6 h of growth time.

At 40 min of growth time the average GS of graphene is 73 nm and a small 2D−peak

is detected. The D− and G−peaks are apparent, which are not separated distinctly corre-

sponding to a highly defective film. Similar to the PECVD samples on Cu, on Ge a large
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amount of defective carbon is deposited between the graphene flakes at the early stage of

growth in presence of a plasma. By increasing the growth time to 4 h, the average grain

diameter increases to 120 nm and a 2D−peak emerges indicating the long-range order in

the film. However, the defect density remains constant. Notice that these are averaged

spectra, which represent the whole sample. At 4 h and 6 h a shoulder is apparent on the

right side of the 2D−peak, which indicates an overlapping Raman signal, which will be

discussed later. From the Raman spectra the 2D− and G−peak positions are extracted.

The w2D is plotted against the wG in Figure 7.17 (b) for the samples with growth times

of 40 min (in blue) and 4 h (in green). The values of strain and doping are indicated in

the figure with the average grain diameter (d).
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Figure 7.17: Raman spectra and resulting strain in the graphene films fabricated by
PECVD. In (a) average Raman spectra are shown at growth times of 40 min, 4 h and 6 h.
The spectra are calculated from four to six spectra taken at randomly selected positions on
the sample. Notice that the intensity of the 2D−peak region is multiplied by 5 to facilitate
the comparison, which is indicated by the gray shaded area. The peak positions are indicated
by the dashed gray lines. (b) The w2D is plotted against the wG with the 2D− and G−peaks
positions of graphene fabricated for a growth time of 40 min (in blue) and 4 h (in green)
with the average graphene grain diameter of 73 nm and 120 nm, respectively. Strain and
doping lines are indicated in the figure by black and red colored solid lines. The image is
adapted from Bekdüz et al. [241].

The p-type doping appears to be similar for both samples. Different than the TCVD

samples that are fabricated at elevated temperatures, tensile strain is observed in PECVD

graphene, which increases as the flakes grow larger. Tensile strain was reported in literature

only by Dabrowski et al. [34] on TCVD graphene fabricated from C2H4 as precursor close

to the Ge melting temperature. It was attributed to the small size of the graphene flakes.

This would agree with the individual samples, however, it neither explains the origin of

the strain nor the increase in the tensile strain as the flakes grow large.
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From the data it is apparent that the G−peak position does not shift much. Thus, the

increase in the tensile strain originates from the downshift of the 2D−peak. The 2D−peak

is related to the hexagonal breathing mode in the honeycomb lattice of carbon, and it

indicates the long-range order in the film. Hence, with increasing growth time, the size

of the flakes and the average 2D−peak intensity increase. However, in one sample there

are regions with various 2D−peak intensities. In the following two exemplary spectra are

shown in Figure 7.18 (a), which are measured on one sample. The dashed lines indicate

the D−peak, G−peak and 2D−peak positions of the spectra. The solid lines are the

Lorentz fits of the observed peaks. The D− and G−peaks are similar for both locations,

however, the 2D−peak intensity differs significantly. The black spectrum shows a very

sharp 2D−peak with a I2D/IG ratio of 1.7, whereas the red one has a smaller 2D−peak

with a I2D/IG ratio of 0.3.

In Figure 7.18 (b) the position of the 2D−peak is plotted as a function of the 2D−peak

intensity (I2D). Different colors indicate various samples. The solid line serves as a guide

to the eye for all the data. As the 2D−peak intensity (normalized to the minimum and

maximum values of each spectra) increases, the peak shifts down to 2640 cm−1. This would

indicate a larger tensile strain in the film. In other words, the more and the larger the

hexagons are, the more tensile strain is induced in the film.
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Figure 7.18: Intensity and position of the 2D−peak extracted from PECVD graphene.
In (a) two exemplary Raman spectra are shown, which are measured on one sample at
different locations. These refer to the regions with small (in red) and large (in black)
2D−peak intensity values. The solid lines are the Lorentz fit functions of the graphene
peaks. (b) 2D−peak positions are plotted against the intensity of the 2D−peak for different
samples, which are fabricated on Ge(100) at various growth times. The solid line serves
as a guide to the eye. The image in (b) is adapted from Bekdüz et al. [241].

In the presence of a plasma, flakes up to an average diameter of 120 nm are produced

on Ge(100). The morphology is round to hexagonal. Regarding the topography meas-

urements, these are surrounded by a defective carbon film, which is located above the
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graphene flakes. The surface potential of these areas is found to be further away from

the Ge and close to the graphene. At the early stage of growth, a very small 2D−peak is

measured, which is increased over time. With the emerging long-range order, the tensile

strain is increased drastically. A direct correlation is found between the 2D−peak intensity

and the amount of the strain. In the next chapter, the effect of the substrate orientation

on the growth of graphene and strain development is studied in PECVD.

Graphene Growth on Ge(110) Wafer

In order to compare the flake formation on Ge with varied crystal orientations, Ge(100)

and Ge(110) wafers are located under the same SF, and graphene is synthesized under

3 sccm of CH4 and 100 sccm of H2 flow for a growth time of 4 h at a plasma power of

100 W. The SEM images of the samples are shown in Figure 7.19 for Ge(100) on the left

and Ge(110) on the right side.

100 nm

Ge100

100 nm

Ge110

Figure 7.19: SEM images of the graphene samples. These are fabricated simultaneously
on Ge wafers with (100) (on the left side) and (110) (on the right side) crystal orientations
under a CH4 flow of 3 sccm and a H2 flow of 100 sccm for a growth time of 4 h at a
plasma power of 100 W. The temperature is adjusted to 757 ◦C calibrated on a Ge(100)
wafer.

Graphene flakes are observed, which appear slightly darker on both substrates. The

elongated flake morphology is also visible in PECVD on Ge(110), which indicates that

the nucleation is similar to TCVD grown samples. Upon alignment of the first carbon

atoms, the flakes grow faster in the armchair direction resulting in the elongated shape.

On Ge(100), the ND and GS are extracted as 186±15 µm−2 and 40±12 nm, whereas less

flakes are apparent on Ge(110) with a ND of 85±5 µm−2 and a GS of 72±27 nm.

Analogous to the Ge(100), the topography of the substrate is studied by AFM. The

resulting topography map is given in Figure 7.20 (a), which also indicates the elongated

shape of the graphene flakes. Two locations are presented in the map, from which the

height profiles are extracted and given in Figure 7.20 (b). The height profile indicates
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that similar to the samples on Ge(100), a film with a height up to 2 nm is present between

the flakes. The flake region is up to 0.8 nm − 1.2 nm above the lowest measured point

on the sample. Three dimensional images of the topography on Ge(100) and Ge(110)

are shown in Figure C.6 in Appendix C, where the elevated film between the flakes is

apparent.
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Figure 7.20: Topography of the sample after PECVD on Ge(110). The sample is fab-
ricated for a growth time of 2 h at a plasma power of 100 W under CH4 and H2 flows
of 3 sccm and 100 sccm. In (a) the AFM topography map is shown. Two positions are
defined with lines 1 and 2. The height profiles are extracted at these positions and plotted
as a function of the measured distance in (b). Note that the top-axis refers to the line
2, whereas the y-axis is valid for both profiles. The flake region is indicated by the gray
shaded area. The image in (a) is adapted from Bekdüz et al. [241].

The electronic properties of the sample are studied simultaneously to the topography

measurement. The V CPD map is given in Figure 7.21 (a). Notice that the measurement is

quite noisy, so probably the tip may be somehow damaged or contaminated. At the lines

indicated in the map the height profiles are extracted and plotted in Figure 7.21 (b) as a

function of the measured distance. The flake region is indicated by the gray shaded area.

On the graphene and surrounding regions maximum V CPD values of 0.26 V and 0.15 V

are extracted, respectively. A potential difference of 0.1 V is determined between the flake

area and the surrounding, which indicates the presence of a defective carbon film also

on Ge(110). The same trend is also observed on Ge(100) wafer after graphene synthesis

under same process conditions as the sample on Ge(110), which is presented in Figure C.7

in Appendix C.2.

The V CPD values on TCVD samples are determined as 0.25 V and 0.50 V (see Fig-

ure 7.10) on the graphene area and the Ge substrate, respectively. Notice that this TCVD

sample is measured with the same tip under same conditions with the sample in Fig-

ure 7.21. Hence, the V CPD values can be compared to each other.

In order to calculate the work functions of the samples properly, reference measure-

ments are done. Prior to each measurement a reference raw Ge(110) wafer is measured by
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Figure 7.21: Kelvin signal of the sample after PECVD on Ge(110) with the corresponding
line profiles. The measurement is taken simultaneously to the topography measurement
presented in Figure 7.20. In (a) the V CPD map is shown with two locations indicated in
the map by lines 1 and 2. Few flakes are indicated by the dashed black lines. (b) The
potential difference is plotted as a function of the distance extracted at lines 1 and 2 with
the top-axis referring to the line 2. The y-axis is valid for both profiles. The flake region is
indicated by the gray shaded area. The image in (a) is adapted from Bekdüz et al. [241].

the same tip, and a V CPD of 0.68 V is extracted. To calculate the work function of the raw

Ge(110), a 100 nm thick Au film, which is evaporated onto SiO2/Si substrate, is measured

once, and a V CPD value of 0.53 V is extracted. The work function (Φ) of Au is assumed to

be 4.8 eV [247]. With the Equation B.10 the Φ of the tip is calculated as 5.33 eV, which

is in good agreement with the literature value of 5.4 eV [248] for the Pt / iridium (Ir) tip.

With the Φ of the tip and the measured V CPD voltage of 0.68 V, the Φ of the raw Ge(110)

substrate is determined as Φ = 4.65 eV, which is in good agreement with 4.67 eV as given

in the literature [249]. The V CPD values are given in Table 7.3.

Table 7.3: The V CPD values extracted for different fabrication methods. The samples
are fabricated on Ge(110), and the measurements are performed with the same tip with a
Φ = 5.33 eV that is calculated by assuming 4.8 eV for an Au film.

Reference V CPD [V] Φ [eV]

Ge(110) raw 0.68 4.65

Au 0.53 4.80

Sample
V CPD [V]

flake
Φ [eV]
flake

V CPD [V]
surrounding

Φ [eV]
surrounding

TCVD 0.25 5.08 0.50 4.83

PECVD 0.26 5.07 0.15 5.18

Analog to the reference samples, the Φ values are calculated on the samples fabri-

cated by TCVD and PECVD. Independent of the growth method, the Φ of graphene
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is estimated as ca. 5.1 eV. In literature the work function of graphene is reported to be

between 4.2 eV [250] to 5.11 eV [251] and is shown to increase due to p-type doping [243]

and increased tensile strain [244] in the graphene film. He et al. [244] measured a Φ of

4.95 eV - 5.2 eV for graphene samples, and they reported an increase of 0.161 eV at 7% of

tensile strain. Hence, the large value of ca. 5.1 eV is attributed to the large p-type doping

and the large tensile strain in the fabricated films. Regarding the surrounding, on the

other hand, a significant variation is apparent between the TCVD and PECVD samples.

The surrounding in the former is with Φ = 4.83 eV close to the Ge wafer, whereas in the

latter the Φ = 5.18 eV refers to a graphene like structure. Note that in the literature [252]

the Φ of amorphous carbon is given as 5.23 eV. Therefore, it is concluded that in presence

of a plasma a defective carbon layer is present around the graphene flakes.

In Chapter 6, a defective carbon film is found around high quality graphene flakes

on Cu foils. With increasing time the defective regions are shown to recrystallize into

graphene, and the defects vanish completely. On Cu foils the flakes are large enough to

distinguish between the defective and graphene regions by Raman spectroscopy. On Ge,

on the other hand, the flakes are of sub-µm size, which induces an overlapping signal due

to large laser spot of 0.5 µm. Hence, it is not possible to locate the defective regions on

the sample surface. At the early stage of growth, a defective carbon film is deposited on

Ge with a short-range order. With increasing growth time, graphene flakes enlarge also

on Ge and a long-range order emerges as indicated by the increasing 2D−peak intensity.

In the following, the results are summarized for graphene samples fabricated by TCVD

and PECVD, and a model idea is suggested for the graphene formation and the resulting

strain.

7.3 Model Idea for the Formation of Graphene on

Germanium by TCVD and PECVD

Regarding the results of graphene growth on Ge(100) and Ge(110) by TCVD and PECVD,

a model is proposed in this part in order to explain the origin of the findings on the

fabricated graphene. In Figure 7.22 (a) the line profiles of the topography are shown

for TCVD in black and PECVD in red. The gray shaded area refers to the flake region.

Regarding the topography in TCVD, the flake area is found to be located 0.8 nm above the

substrate region. However, on the PECVD sample the surrounding is around 2 nm above

the flake area, indicating the relatively large amount of carbon deposition in presence of

a plasma.
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In Figure 7.22 (b) the ∆V CPD is plotted as a function of the measured distance for

TCVD (in black) and PECVD (in red) grown graphene on a Ge wafer with a crys-

tal orientation of (110). The ∆V CPD is defined as the difference between the measured

V CPD on the sample and the measured V CPD of the raw Ge(110) and is calculated as

∆V CPD = V CPD,meas − V CPD,raw. The V CPD,raw is measured by the same tip under the

same environment before and after the KPFM measurements of the samples, and the

values of V CPD,raw are determined between 0.67 V and 0.73 V.

The work function values of the graphene are found to be the same regardless the

fabrication method (see Figure 7.22 (b)). It becomes again very clear that in TCVD the

variation between the V CPD of the surrounding and raw Ge is small, which corresponds

to the graphene flakes deposited on Ge wafer. In PECVD the surrounding is further away

from Ge compared to TCVD, which is attributed to the defective carbon.
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Figure 7.22: Topography and Kelvin probe measurements. In (a) height profiles are plot-
ted as a function of the distance in TCVD (in black) and PECVD (in red). In (b) the
∆V CPD is presented as a function of the measured distance, analogously. The samples are
fabricated on Ge(110), and the profiles are extracted over a randomly chosen flake region
that is indicated by the gray shaded area. Note that the distance for the PECVD samples
is indicated in the top-axis, whereas the y-axis corresponds to both profiles. The image is
adapted from Bekdüz et al. [241].

In Figure 7.23 w2D is plotted vs. wG with the 2D− and G−peaks positions of the

fabricated samples. The triangular symbols are used for Ge(110) and square ones for

Ge(100). The data in black (red) represent the TCVD (PECVD) grown samples. The

shaded areas are drawn per hand to illustrate the accumulation of the data. Independent

of the parameters, the TCVD samples show a compressive strain of about -0.4%, which

is in very good agreement with most literature work [87, 153, 189]. The PECVD samples,

on the other hand, exhibit a tensile strain up to 1.2% with a large variation.
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Figure 7.23: w2D plotted vs. wG with the 2D− and G−peaks positions of TCVD and
PECVD graphene samples. The positions of the 2D−peak vs. G−peak are presented in
black for TCVD and in red for PECVD with shaded areas indicating the accumulation
of the data. Round symbols represent Ge(100) and triangles Ge(110) wafers. The strain
values are indicated right outside of the graph. The image is adapted from Bekdüz et
al. [241].

A model is presented in Figure 7.24 for the graphene formation by (a) TCVD and

(b) PECVD. The C atoms are indicated by the brown dots with the periodical structure

referring to the graphene flakes. The defective regions are illustrated by the randomly

oriented carbon layers. Notice that few C atoms are also indicated beneath the flake area.

From left to right the cool-down process is represented.

As discussed earlier, during cool down step Ge shrinks and graphene expands due to

the different signs of the thermal expansion coefficients (see Chapter 7.1). In TCVD the

final strain in graphene is compressive, and thus the Ge wafer must drive graphene atoms

to contract upon cooling. The compressive strain is not relaxed after the sample is taken

out. Hence, it is related to the strong interaction between the graphene and Ge wafer.

This is illustrated by the dashed gray lines at the carbon atoms. After transferring the

sample onto another substrate (SiO2/Si), the strain is removed almost completely. This

again indicates that the strain in graphene is induced by the Ge wafer.

In PECVD graphene, flakes are surrounded by a defective carbon film, and a tensile

strain is monitored on the sample. The defective film is shown to exist already at the

early stage of growth. As the growth proceeds, graphene flakes emerge on the surface

with the defective carbon film around and (probably) beneath the graphene as indicated
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in Figure 7.24 (b). Hence, the interaction between the graphene and Ge is weakened.

Notice that at the edges of graphene and the defective carbon film dangling bonds are

present. During cool down process, graphene and defective carbon film expand, and the

edges come closer to each other as a result. In order to decrease the net free energy,

these dangling bonds are assumed to be saturated by covalent bonds resulting in a tensile

strained graphene layer. After the cool down process, the relaxation of the tensile strain

is suggested to be hindered by these strong covalent bonds between the edges of graphene

and defective regions.

compressive 

strain
T-CVD

tensile strain
cool 

down

ΔT

PE-CVD

cool 

down

ΔT

Figure 7.24: Model idea for the graphene growth on Ge. In (a) and (b) a sketch of the
induced strain is shown for TCVD and PECVD, respectively. The brown dots represent
the C atoms. The red arrows indicate the direction of the movements of the C and Ge
atoms upon cooling. The image in (a) is adapted from Bekdüz et al. [241].

The graphene growth is demonstrated on Ge wafer with (100) and (110) crystal orienta-

tions. At elevated temperatures high quality graphene films are fabricated and transferred

successfully onto insulating substrates. A sheet resistance of 2.5 kΩ/2 is determined on

the graphene film similar to the literature [91]. By varying the growth parameters, the

defect related ID/IG ratio is reduced down to 0.7 on monolayer graphene with a I2D/IG

ratio of 3.4. On (110) crystal orientation, the flakes are shown to align resulting from

the pre-defined direction of the Ge step edges and elongated flakes are formed. Indepen-

dent of the crystal orientation, faceting and the process parameters, a compressive strain

around -0.4% is determined on the fabricated graphene at elevated temperatures, which

is attributed to the strong interaction between graphene and Ge.

By inducing a plasma, the temperature is reduced by almost 200 ◦C as compared to

TCVD. Defective carbon deposition is observed at the early stages of growth. By increas-

ing the growth time, graphene flakes are fabricated successfully on both orientations. In
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contrast to the TCVD samples, the film exhibits tensile strain up to +1.2%, whose in-

tensity is found to be proportional to the flake diameter. This tensile strain is attributed

to the increased bond length between C atoms at the edges of the graphene flakes and

the defective regions. Eventually a model idea is suggested for the growth of graphene on

Ge by TCVD and PECVD. A strong interaction between the graphene-Ge and graphene-

defective carbon film is illustrated in the model, which is related to the compressive and

tensile strain, respectively, as found in experiments.



Chapter 8

Summary

The aim of this thesis was to establish a graphene growth process in an industrially

applicable 4 inch chemical vapor deposition (CVD) equipment at reduced temperatures on

copper (Cu) and germanium (Ge) substrates. By varying the process parameters on Cu foil

close to its melting temperature, the growth mechanism was studied by thermal chemical

vapor deposition (TCVD). For that purpose, shape of the graphene grains, amount of

nucleation, growth rate, quality of graphene and its electrical properties were examined.

Then, the growth temperature was reduced in presence of a plasma due to precursor

dissociation already in the gas phase. By analyzing the growth at different stages, a model

for the mechanism of graphene formation and growth was suggested on Cu foils by plasma

enhanced chemical vapor deposition (PECVD). Finally, this plasma enhanced synthesis

method was adapted to complementary metal-oxide-semiconductor (CMOS) compatible

Ge substrates in order to reduce the growth temperature of graphene.

The as-received Cu foils were found to show rolling striations due to the roll-to-roll

production method. In these grooves, carbon (C) monomers accumulated leading to an

increased nucleation aligned along these structures. Thus, an electrochemical polishing

method was established, which reduced the surface roughness by 65% to 38 nm. This,

in turn, decreased the nucleation density (ND) by one order of magnitude down to

0.07 µm−2. On these electropolished foils, the effect of chamber pressure was investigated

from 4 mbar to 780 mbar, and hexagonal grains were fabricated at atmospheric pressure.

At high pressure values, the diffusion coefficient, and thus the amount of precursor gas

reaching the surface were reduced. At high temperatures these molecules dissociated im-

mediately, and the monomers had enough time to migrate on the surface until they reached

a stable nucleus. These monomers may also desorb on the way, reducing the ND. Similar

results were also achieved by increasing the amount of H2 flow at constant flow of CH4.
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The H2 was found to have a dual role in the graphene synthesis. On the one hand, it was

shown to enhance the dissociation reaction and on the other hand, it was related to the

etching of carbon species due to reverse CVD reaction. Hence, with increasing amount of

H2, unstable carbon atoms were etched away, resulting in hexagonal morphology with a

grain size up to 17µm and almost no defects. Owing to the small defect density, a sheet

resistance down to 268 Ω/2 with a Hall mobility up to 1853 cm2 V−1 s−1 was determined

on these samples. By varying the process temperature, high and low temperature regions

were defined regarding the nucleation process. These regions were found to be dominated

by the desorption and attachment of C monomers, respectively. An activation energy

of 3.8 eV was extracted for the growth rate (GR) of graphene in TCVD at mid-to-late

growth stages, and it was attributed to an interplay of CH4 dissociation and C attach-

ment. However, a large defect density was observed, when the temperature was reduced.

The increasing amount of defects was attributed to the lower migration of the monomers,

reduced dissociation of the CH4 and less desorption of the defective C bonds. As a result

of the increased defect density, the electrical properties of graphene were shown to dete-

riorate. Hence, the high temperature was identified as the key to fabricate high quality

monolayer graphene films by TCVD.

However, most substrates would melt down and/or the substrate properties would

change at such elevated temperatures, which hinders this process to be implemented onto

industrially relevant substrates. Therefore, the dissociation reaction was enhanced by a

plasma, and the synthesis temperature was reduced systematically. In the first step of

the PECVD process, the sheath field was screened by a sacrificial foil, which served as

a Faraday cage and protected the substrate from ion bombardment and large electrical

fields. By reducing the temperature, a change in the morphology from round to star-shaped

graphene flakes was observed. Due to the lower growth rates at reduced temperatures,

the ND decreased and flakes with a diameter up to 10µm were fabricated. By varying

the temperature systematically, the GR was examined, which was orders of magnitude

larger in PECVD compared to TCVD at the same temperature. From the Arrhenius

plot, an activation energy of 2.5 eV was determined in presence of a plasma indicating a

significant reduction in the activation energy compared to TCVD. The reduction of the

activation energy in case of the PECVD was ascribed to the successful dissociation of the

precursor in the gas phase. Thus, only C attachment was found to be the limiting step

in the plasma enhanced growth of graphene. Almost defect-free graphene flakes with a

D−peak to G−peak intensity ratio (ID/IG) of 0.1 were fabricated at temperatures down

to 600 ◦C.

At the early stage of growth, the flakes were surrounded by a defective C film in

presence of a plasma, which recrystallized into highly crystalline films with time and



8 Summary 149

a fully-grown monolayer graphene film was synthesized as a result. By transferring the

films onto insulating substrates, sheet resistances below 1 kΩ/2 with the lowest value of

468 Ω/2 were determined. The film was found to be p-doped and strained compressively

by Raman spectroscopy measurements. However, the origin of the doping is uncertain,

since the transfer of graphene also induces defects and unintentional doping into the

graphene film. Hence, in the next step direct graphene growth was established on a target

substrate.

Graphene growth was shown on Ge wafer with (100) and (110) crystal orientations at

elevated temperatures in TCVD. On Ge(100) homogeneous faceting was observed and a

graphene film with a 2D−peak to G−peak intensity ratio (I2D/IG) of 3.4 was fabricated

indicating a fully-grown monolayer graphene film. Although the film showed defects in

the Raman measurements, a reasonable sheet resistance of 2.5 kΩ/2 was determined. On

Ge(110) the graphene flakes were found to align at the Ge step edges due to the covalent

bonds between graphene and Ge. As a result of the different growth rates of armchair and

zigzag edges of graphene, elongated morphology was observed. The flakes were located

0.8 nm above the Ge substrate, which confirmed the monolayer nature of the fabricated

graphene flakes. Upon cooling the wafer, a compressive strain of around -0.4% was induced

in graphene film regardless the substrate orientation, which was reduced significantly after

transferring the film onto a SiO2/Si substrate by electrical delamination. The strain was

attributed to the strong interaction between the graphene and Ge substrate.

With plasma ignition during the growth step, the growth temperature was reduced by

almost 200 ◦C and graphene was synthesized by PECVD on Ge wafer for the first time

in literature. On Ge(100) and Ge(110) substrates hexagonal/round and elongated flake

shapes were observed. In the topography maps, a 2 nm thick defective carbon film was

detected around the graphene flakes. A tensile strain up to +1.2% was extracted from the

Raman measurements, which was attributed to the increased bond length due to strong

interaction between graphene and the defective carbon film. Nevertheless, a I2D/IG ratio

of 1.7 was derived indicating monolayer graphene synthesis with a surface coverage of 65%

at a growth temperature that is ca. 200 ◦C below the melting temperature of Ge.
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Appendix A

Appendix - Activation Energy

Calculations for the Nucleation

Process of Graphene

In Chapter 3.1.2 the activation energy of graphene nucleation is discussed based on the

literature work of Kim et al. [51]. By varying the synthesis temperature they studied the

interplay of the process steps of the graphene nucleation for the high temperature (HT)

and low temperature (LT) regions and calculated activation energies as given in Equa-

tions 3.6 and 3.7. These are derived by Robinson and Robin [184] from the experimental

data of Au nucleation on UHV cleaved alkali halide crystal surfaces [184]. In this chapter

the derivation of the activation energy (Ea) for the nucleation is shown. The variation of

the number of monomers in a unit time (ṅ1) (or monomer rate) is defined by subtracting

the desorption rate (Rdes) and the coagulation rate (Rcoag) of monomers from the amount

of the incident rate of monomers (Rin) (see Equation A.1) [132].

ṅ1 = Rin −Rdes −Rcoag (A.1)

Rin defines the amount of monomers arriving onto the surface. Some monomers desorb

after a residence time of τ a (see Equation 2.10 in Chapter 2.3.1). The desorption rate

(Rdes) is described as the number of monomers on the surface (n1) divided by τ a (see

Equation A.2). In order to describe the coagulation process of monomers (Rcoag) two

terms are necessary (see Equation A.3). The first term defines the coagulation of the

monomer with a critical size nucleus. It is represented by the monomer capture factor
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(w1) multiplied by n1
i∗+1, where i* is the number of atoms in the critical nucleus. Note

that when i* = 1, two monomers merge together, and the first term of coagulation becomes

w1n1
2. The second term refers to the monomers (n1) that attach to the nuclei, which are

already saturated (d >> dcrit). This case is described by the number of clusters (ns)

multiplied by n1 and a monomer capture factor of clusters (ws) [184]. Equation A.1 is

rewritten into Equation A.4.

Rdes = n1/τ a (A.2)

Rcoag = w1n1
i∗+1 + n1wsns (A.3)

ṅ1 = Rin − n1/τ a − w1n1
i∗+1 − n1wsns (A.4)

The n1 is the number of nuclei consisting of only one atom, however, after a while the

nucleus increases in size, and a stable nucleus is formed. A variation of the number of

clusters in a unit time (ṅs) is defined by subtracting the coagulation rate of two stable

nuclei with one monomer (Jg) and the rate of mobile clusters (Jm) from the critical cluster

formation rate (J*) as given in Equation A.5. J* describes the growth of critical nuclei

(n1
i∗) by capturing one atom (n1) as given in Equation A.6. The Jg in Equation A.7

defines the coagulation of two stable nuclei (ns
2) by capturing one monomer (n1). In this

case, the stable nucleus is assumed to be immobile, and thus for the coagulation of the

two nuclei one monomer must incorporate. For the case that stable nuclei are mobile, the

term Jm in Equation A.8 defines the rate of coagulation with a monomer capture factor

of mobile cluster (wm). For the mobility of the stable nuclei two cases are considered: the

mobility of nuclei is size dependent or independent. In the former the diffusion coefficient

(D) is dependent on the size of the nuclei, and thus only the small nuclei with a critical

number of atoms (i∗) are mobile. Thus, the cluster (ns) captures the nucleus with critical

size (n1
i*). The size independent mobility is not discussed further in this chapter for

simplicity reasons.

ṅs = J* − Jg − Jm (A.5)

J* = n1
i∗+1w1 (A.6)
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Jg = n1ns
2ws (A.7)

Jm = n1
i∗nswm (A.8)

During their experimental analysis, Robinson and Robin found out that one atom is the

critical nucleus (i∗ = 1). As a result, the amount of monomers plays a major role, which

is reflected in all terms of Equation A.4. This observation is also in agreement with the

work of Gajewski et al. [164], where they reported that C2 formation is thermodynamically

more favorable, and thus it is the stable nucleus for graphene growth. Equation A.5 is

rewritten into Equation A.9 with the above defined terms.

ṅs = n1
2w1 − n1ns

2ws − n1nswm (A.9)

The terms of Equation A.9 are illustrated for graphene nucleation in Figure A.1. The

critical nucleus is defined by one atom (see Figure A.1 (a)), whereas a stable nucleus

consists of two C atoms, which is shown in (b). Figure A.1 (c) refers to a coagulation of

two stable nuclei with one monomer (Jg), since the stable nucleus (C2) is assumed to be

immobile. In the case presented in Figure A.1 (d) the nuclei are mobile and can coagulate

with a monomer, referring to the third term of the Equation A.9 (Jm).

(a) n1 (b) n1
2
w1 (d) n1nswm(c) n1ns

2
ws

Figure A.1: The terms of the Equation A.9 illustrated schematically for the graphene
nucleation. In (a) a monomer is shown. In (b) the case of coagulation of two monomers
is presented, which is forming a stable nucleus. In (c) the stable nuclei are assumed to be
immobile. As a result, two stable nuclei (C2) coagulate only in existence of one monomer
(C) described by the term n1ns

2ws. In (d) the stable nucleus of two carbon atoms (C2) is
mobile, and thus it can coagulate with a monomer (C) with the probability defined by the
capture rate wm.

Kim et al. [51] defined two temperature regions based on the experimental data (see

Figure 3.14) similar to the work of Robinson and Robin [184]. The regions are defined as
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the HT and LT regions, which are discussed already in Chapter 3.1.2. From the slopes of

the semi-logarithmic plot of the nucleation density as a function of inverse temperature,

the activation energy values were determined experimentally. Based on the literature

work [132, 184] that is discussed in this chapter, the Ea for the HT and LT regions are

defined. For that purpose, the assumption is made that Jg > Jm, which refers to only

carbon atoms are migrating on the surface, and stable nuclei are immobile. With this

assumption Equation A.9 is rewritten into Equation A.10.

ṅs = n1
2w1 − n1ns

2ws (A.10)

The number of monomers in equillibrium (N1) increases rapidly in the beginning of the

CVD process. As the growth proceeds, N1 is reported to vary only slightly with time [184].

Therefore, the ṅ1 and w1n1
i∗+1 terms in Equation A.4 are reported to be generally very

small [132]. Regarding these assumptions Equation A.4 is rewritten as Equation A.11.

0 = Rin − n1/τ a − n1wsns (A.11)

n1 = Rinτ a(1 + wsnsτ a)
−1 (A.12)

In the following the amount of stable nuclei is defined for two regions separately.

HT Region

In this region the temperature is very high, and the nucleation is controlled by the

desorption of the monomers. As a result, the number of stable nuclei (ns) is very small,

hence the term wsnsτ a << 1. Thus, the n1 is derived proportional to the rate of incident

atoms and their residence time on the surface before desorption (see Equation A.13).

n1 = Rinτ a (A.13)

When Equation A.13 is inserted in Equation A.10, Equation A.14 is derived.

ṅs = Rin
2τ a

2w1 −Rinτ awsns
2 (A.14)
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With ṅs = 0, the number of clusters in equilibrium (N s) is calculated as follows:

N s
2 =

Rinτ aw1

ws

(A.15)

LT Region

In this region, the temperature is very low, and thus the desorption becomes negli-

gible. The nucleation is controlled by the attachment, hence the term wsnsτ a >> 1 in

Equation A.12. Therefore, n1 is derived as in Equation A.16.

n1 = Rin/nsws (A.16)

When Equation A.16 is inserted in Equation A.10, Equation A.17 is derived.

ṅs =
Rin

2w1

(wsns)2
−Rinns (A.17)

With ṅs = 0, N s is calculated as follows:

N s
3 =

Rinw1

ws
2

(A.18)

The w1 defines the monomer capture rate and is proportional to a vibrational frequency

of an adatom on the surface (ν), a constant effective capture number (σ) and the activation

energy of migration (Em) as shown in Equation A.19. Analogously, ws represents the

attachment of a monomer into a stable nucleus with the activation energy (Eatt) (see in

Equation A.20).

The Rin defines the amount of incident atoms, which is a function of the partial pressure

of CH4, the number of adsorption sites occupied by a capturing nucleus (s0) and obviously

the dissociative adsorption energy (Ead) as given in Equation A.21.

w1 = σ1ν0 exp(−Em/kBT ) (A.19)

ws = σsνd exp(−Eatt/kBT ) (A.20)

Rin =
pCH4√

2mCH4kT
s0 exp(−Ead/kBT ) (A.21)
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With the equations above, N s is recalculated both for the HT (see in Equation A.22)

and the LT (see in Equation A.23) regions as a function of the activation energies of the

surface mediated processes.

N s
2 =

pCH4√
2mCH4kT

s0 exp(
Edes + Eatt − Em − Ead

kBT
) (A.22)

N s
3 =

pCH4√
2mCH4kT

s0 exp(
2Eatt − Em − Ead

kBT
) (A.23)

From the equations, it is apparent that by increasing the partial pressure of CH4, the

amount of nucleation increases both for the HT and LT regions. Regarding the exponential

terms, the activation energy for nucleation is given for both regions in Equations A.24

and A.25, respectively. The activation energy values are calculated for the HT and LT

regions from the data given in Table 3.1. Note that the 2 and 3 in Equations A.24 and

A.25 originate from the exponents of N s
2 and N s

3 for the HT and LT regions, since the

Arrhenius plot shows a semi-logarithmic dependence of N s against 1/T (see Figure 3.14).

EHT = (
Edes + Eatt − Em − Ead

2
) = 2.88 eV − 3.17 eV (A.24)

ELT = (
2Eatt − Em − Ead

3
) = 0.83 eV − 1.22 eV (A.25)

From the activation energy values it is clear that the high temperature regime is con-

trolled by the desorption with Edes = 6 eV, whereas in the low temperature region the

attachment energy with Eatt ≈ 2 eV becomes the dominant process.
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Appendix - Experimental Techniques

In this chapter, the experimental techniques and the equipment details are discussed. Con-

focal microscopy is used to determine the surface roughness of the Cu foils. The optical

emission spectroscopy (OES) is utilized to gain information about the plasma chemistry

during the synthesis process. The fabricated graphene layers are examined by secondary

electron microscopy (SEM) at different growth stages. At the early stage of growth, the

nucleation density (ND) and grain size (GS) respectively growth rate (GR) are calcu-

lated. Raman spectroscopy is used to characterize the quality, the number of layers and

the strain and doping properties of the fabricated films. The fully-grown graphene films

are characterized electrically via the transfer length method (TLM) method and Hall

measurements, which are reported in this chapter. The Kelvin probe force microscopy

(KPFM) is applied to study the graphene synthesized on Ge wafers, regarding the topog-

raphy and the electronic properties of the fabricated samples.

B.1 Optical and Visual Characterization Techniques

B.1.1 Confocal Microscopy

Confocal microscopy is used during the characterization of the Cu foils before and after

the pre-treatment procedures, which are established during this work (see Chapter 4.1).

The microscope is µsurf custom from the company Nanofocus. The system operates with

a light-emitting diode (LED) as the light source, which is focused on the sample. The

reflected light is then detected by a charge-coupled device (CCD) camera. Note that

the part of the reflected light, which is not in focus, is blocked by the aperture. In the

µsurf custom system a rotating multi-pinhole disc is used as aperture with many holes of
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different sizes. With the variation of the focal point and taking images at varied vertical

positions of the objective, a three dimensional image is acquired in the software with height

information. The substrate waviness is removed by different Gauss filters of standardized

methods that are implemented in the software. A line profile in x-direction is chosen

randomly on the scanned area on the sample, and the height is determined (z-axis).

An arithmetical surface roughness (Sa) is calculated after Equation B.1 by dividing the

calculated area to the length of the chosen line (L).

Sa =
1

L

∫ L

0

|z(x)| dx (B.1)

B.1.2 Optical Emission Spectroscopy

The OES is utilized during the plasma process with a Compact CCD USB-Spectrometer

CCS100 from the company Thorlabs in a measurement range of 350 nm - 700 nm with a

resolution of 0.5 nm at 435 nm. The reaction chamber has a small quartz window, outside

of which a linear fiber bundle is fixed during the growth time.

A reference measurement is taken prior to the plasma ignition to acquire the peaks

of the IR radiation due to the thermal heat in the chamber. Afterwards, the spectra are

measured with two acquisition times of 1 s and 50 s. The former is used to calculate the

H-related peaks, which saturate at 50 s. The latter is used to extract information about

the hydrocarbon related peaks. Each spectrum during the plasma is subtracted by the

reference measurement, and the peaks are defined by the wavelength (λ) values, which

are given in the Table B.1.

The Roman I defines optical transitions in neutral C atoms, whereas II stands for the

singly ionized C. A doubly ionized carbon atom would be given as CIII [253]. Optical

transitions in a H2 plasma are indicated by the Greek numbers: Hα for the electron

transition in H from the shell n = 3 to n = 2, and Hβ for the transition from n = 4

to n = 2 [254]. C2 and H2 indicate radical diatomic carbon and hydrogen transitions,

respectively.
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Table B.1: Positions of carbon and hydrogen related optical emission peaks from the
indicated literature works.

Peak
λ for C-related [in nm]

CII C2 C2 C2 CI C2 CI C2 CI

Measured 434.9 437.1 472.9 473.7 476.8 501.1 501.9 516.5 591.3

Literature 434.9 437.1 473.6 473.7 477.1 501 502.5 516.5 591.3

Reference [255] [256] [257] [258] [257] [259] [256] [258] [260]

Peak
λ for H-related [in nm]

Hβ H2 H2 Hα

Measured 486.3 603.4 611.5 656.5

Literature 486.1 603.2 612 656.28

Reference [257] [258] [261] [257]

B.1.3 Scanning Electron Microscopy

The graphene flakes and films are characterized optically by an SEM equipment of Supra

25 SEM from Carl Zeiss AG. In order to visualize graphene, two detectors are used:

in-lens and Everhart-Thornley detector. The in-lens detector is located inside the column

right above the specimen, whereas the Everhart-Thornley detector is mounted on the

chamber wall that is directed towards the sample [262].

The secondary electrons can be separated into three groups. SE1 secondary elec-

trons are generated upon interaction of the specimen with the primary electrons (PE)

(SE1 6 50 eV). SE2 secondary electrons are the inelastically scattered and elastically

reflected electrons (50 eV 6 SE2 6 primary electron (PE)). SE3 are induced after the

collisions of backscattered electrons with chamber walls [263].

The SE1 leave the surface at the spot of the incident beam and are generated in the

upper region of the specimen. These are collected by the in-lens detector that is located in

the path of the SE1. With an applied voltage (about +10 kV) the efficiency of collection

of these electrons is enhanced. SE1 are only 9% of the total secondary electrons, and thus

high resolution images are possible with the in-lens detector due to the absence of SE3

and the lower amount of backscattered electrons [263, 264]. Note that the in-lens detector

is very sensitive to charge build-up on the surface compared to the Everhart-Thornley

detector and contains more information about the surface of the sample [264].

The SE2, on the other hand, undergo many scattering processes, before leaving the

sample far away from the position of the incident PE. In the Everhart-Thornley detector
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the SE2 are detected. In addition to that, the SE3 can enhance the SE2 signal. The

produced image is similar to a specimen that is illuminated from one side, which induces

shadowed and highlighted regions on the sample dependent on their position relative to

the detector. This produces a topography image of the sample [264]. As the topography

contrast is dependent on the angle, it can be enhanced by tilting the specimen in the

direction of the detector [263]. The atomic number of the elements contributes to the

topography contrast as well. The elements with a larger atomic number have a higher

yield of backscattered electrons, therefore, they appear brighter in SE image. The crystal

direction and charge build-up also contribute to the image contrast [264].

With the SEM images and the program ImageJ the ND and the GR are calculated. For

that manner, the growth process is interrupted, before the flakes merge into a film. With

ImageJ the scale is measured and transformed into pixels, and the program calculates

the whole image area in µm. The GS is measured per hand, and the program gives

a list of the measured grain sizes and the amount of the flakes. This is repeated for

two to five randomly chosen SEM images on the sample. The amount of nucleation (see

Equation B.2), the average GS (see Equation B.3) and the GR (see Equation B.4) are

determined with a standard deviation as follows.

ND =

∑
number of nuclei

total area
[=] µm−2 (B.2)

GS =

∑
grain diameter

number of grains
[=] nm (B.3)

GR =
{ ∑ grain diameter

growth time

}
· 1

amount of nuclei
[=] nm s−1 (B.4)

B.1.4 Raman Spectroscopy

Raman spectroscopy is a versatile tool to characterize samples optically. In this technique,

the inelastic scattering of light is used to extract information about the material proper-

ties, which is calculated by the frequency difference of the incident and scattered photons.

In other words, an incident photon with an energy and momentum is scattered resulting

in a photon with a different energy and momentum. During this scattering, a phonon

is created (Stokes) or annihilated (anti-Stokes). The former is the most relevant for the

Raman spectra, since the latter usually has a very weak signal [102]. These scattering

processes induce the Raman fingerprint of graphene, which has been already discussed in

Chapter 2.2.
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It is known that the D− and the 2D−peaks are dispersive [119], which means that the

peak positions vary as a function of the incident laser energy. But at the same excitation

wavelength the positions can still shift in one sample depending on the doping and strain

levels. This can be related to the pre-growth processing, fabrication and post-growth trans-

fer method, as well as the choice of the target substrate. Plotting the 2D−peak position

as a function of G−peak position, the doping and strain properties can be determined.

Lee et al. [196] suggested a vector method by plotting the w2D against the wG as shown

in Figure B.1. The strain line was determined based on the literature work [116], where

the variation of the 2D−peak and G−peak positions were studied by inducing strain in

graphene by bending the sample. Lee et al. [196] induced a similar effect by annealing free

standing exfoliated graphene, and extracted a slope of 2.2±0.2, which agreed with the ex-

perimental and theoretical data of Yoon et al. [116]. Lee et al. [196] extracted the doping

line with a slope of 0.7±0.05 from the values of the literature works [114, 265], in which

the variation of the 2D−peak and G−peak positions were determined electrically as a

function of the Fermi level in graphene. Exfoliated graphene was utilized for that purpose

in Hall bar structure with top gating. The value of exfoliated free-standing graphene was

determined by Lee et al. [196] by averaging the peak positions over eight samples. The

wG was found to agree with the graphite, and thus concluded as the pristine graphene

point.
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Figure B.1: w2D plotted vs. wG with the strain and doping lines calculated after Lee et
al. [196].

The Raman spectra in this work are measured with an NTEGRA Spectra System by

company NT -MDT with a green laser of 532 nm wavelength. A spatial resolution of 0.4 µm
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is provided in a scanning range of 100µmx100µm area. A spectral resolution of 0.3 nm

is determined at a pinhole of 100 µm, grating of 600 lines/mm and monochromator focal

length (fmono) of 520 mm as given in Equation B.5. A spectral resolution of 11 cm−1,

9 cm−1 and 8 cm−1 is calculated for the regions of D−, G− and 2D−peaks, respectively.

∆λ =
pinhole · 1

grating

Order · fmono

=
100 µm · 1

600mm−1

1 · 520 mm
= 0.3 nm (B.5)

The Raman spectra measured at a wavelength of 633 nm are acquired by the InVia

Raman microscope from Renishaw with a spatial resolution of 250 nm.

B.2 Electrical Characterization Techniques

B.2.1 Transfer Length Method

Different transfer methods are discussed in Chapter 4.3 in detail. After transferring

graphene onto an insulating substrate, the film properties are characterized electrically

via TLM. In this measurement technique, a pre-structured metal is brought onto the

graphene film by evaporating 15 nm of titanium (Ti) and 85 nm of Au in an Oerlikon

Leybold Vacuum Univex 350 equipment. The structure is defined by a metal template

based on the shadow mask method. Since it does not require any polymer illumination,

the amount of process residues can be reduced.

By applying a source and drain voltage between two contact pads, the resistance is

acquired for different distances between the contacts, which are illustrated in Figure B.2.

This structure is predominantly used for the graphene films transferred from the Cu foils.

An exemplary measurement is given in Figure B.3, where the total resistance is plotted

as a function of the contact spacing (L). From the slope of the linear fit of the measured

data, the sheet resistance is calculated by multiplication with the width of the contact pad

(B). The double contact resistance value is determined at the intersection of the linear

fit with the y-axis at L=0. For the two-dimensional materials the total resistance (Rt) is

given in Equation B.6 as a function of the contact resistance (Rc) and Rs.

Rt =
2Rc

B
+Rs ·

L

B
(B.6)
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Figure B.2: TLM structure to determine the sheet resistance of the graphene films fab-
ricated on large area Cu foils.
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Figure B.3: The Rt values plotted as a function of the contact spacing (L). The resistance
values are collected from graphene fabricated by TCVD on Cu foil, which is transferred
by wet-etching method. From the slope of the linear fit function, the sheet resistance is
calculated (Rs/B). B refers to the width of the contacts. At the intersection with the y-
axis the Rc is determined from 2Rc/B.

The smaller TLM structures (see Figure B.4) are used for the graphene films trans-

ferred by electrochemical delamination from the Ge wafer. Note that there are three TLM

structures with varied distances, which are evaporated twice on one sample. The meas-

urement technique is the same, only the dimensions vary between the two TLM masks.

In Table B.2 the distances between the electrodes for the three TLM structures are given.



186 B.2 Electrical Characterization Techniques

w = 200 µm

B
 =

 4
0
0
 µ

m

L1 L2 L3 L4 L5 L6 

L1 L2 L3 L4 L5 L6 

L1 L2 L3 L4 L5 L6 

A

B

C

w = 200 µm

B
 =

 4
0
0
 µ

m

L1 L2 L3 L4 L5 L6 

L1 L2 L3 L4 L5 L6 

L1 L2 L3 L4 L5 L6 

A

B

C

Figure B.4: TLM structure to determine the sheet resistance of the graphene films fab-
ricated on Ge wafer after transfer by electrochemical delamination. Three different struc-
tures are given with varied contact spacing values.

Table B.2: The spacing between the electrodes of the TLM structure presented in Fig-
ure B.4.

Structure L1 [µm] L2 [µm] L3 [µm] L4 [µm] L5 [µm] L6 [µm]

A 40 100 160 220 280 340

B 40 80 120 160 200 240

C 40 60 80 100 120 140

On the samples that are fabricated by TCVD at varied CH4:H2 ratios, cross shaped

structures are fabricated by etching graphene in an O2 plasma after optical lithography.

In Figure B.5 the cross structure is shown with the four electrodes that are bonded by

Au wires. By applying a current between two electrodes and measuring the potential

difference on the other two, the resistivity is determined by Van-der-Pauw method. In a

cross structure two resistivity values are measured by switching between the four contacts,

and an average value is estimated.

By applying a voltage in presence of a magnetic field ( ~Bz) the charge carriers are

deflected. This induces an accumulation of the electrons or holes on one side of the con-

ducting material. This, in turn, builds a potential difference so called Hall voltage (V Hall)



B Appendix - Experimental Techniques 187

50 µm

Figure B.5: Structure of graphene to determine Hall mobility. Graphene in form of a
cross is shown, which is fabricated by etching graphene in O2 plasma. Four electrodes with
the Au wires are apparent on the sample.

that is perpendicular to the magnetic field, which is used to determine the charge carrier

mobility [266]. From the measured V Hall, the Hall coefficient (RH) is determined, which

is anti-proportional to the charge carrier density (n). Notice that the thickness (dth) is

assumed 1 nm for the two-dimensional systems.

V Hall = RH ·
~Bz Ix
dth

(B.7)

RH =
1

nq
(B.8)

As mentioned earlier the electrical resistivity (ρs) is determined separately by Van-der-

Pauw method. With ρs and RH, µ is calculated following Equation B.9 as a function of

ρs and n.

µ =
RH

ρs
=

1

qnρs
(B.9)

B.2.2 Atomic and Kelvin Probe Force Microscopy

AFM is a lateral surface imaging method with atomic resolution, where a cantilever

scans the surface up to several 100 µm and is regulated dependent on the attractive and

repulsive forces on the tip [267]. These forces also define the different working regimes

of contact and non-contact modes, which are employed in AFM. The former makes use
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of the attractive and the latter the repulsive forces in a Lennard-Jones potential. The

attractive forces (also known as Van-der-Waals) are induced by the atomic or molecular

interactions −induced electrostatic dipoles− between the sample and the tip, which apply

at a distance of > 5 Å [268, 269]. However, when the tip gets closer to the surface, the

overlapping electron orbitals induce a repulsing force on the tip.

Two detection modes can be used in non-contact AFM: amplitude and frequency modu-

lation. During amplitude modulation, the tip oscillates slightly off its resonance frequency,

and with a variation of the topography the force gradient changes. This shifts the reso-

nance peak. A feedback loop adjusts the distance between the tip and the sample in a

way, so that the amplitude takes its initial value. In the frequency modulation, on the

other hand, the frequency shift of the resonance curve is detected, and a z-controller

keeps the distance between the tip and the surface, so that the frequency shift remains

constant [269].

In case of a metallic coating of the tips, the electrostatic forces between the tip and the

sample can be used. This method is based on a parallel plate capacitor and is indicated as

Kelvin probe force microscopy (KPFM). The tip is fabricated from a known metal that

oscillates at a given frequency. Due to the variation of the distance between the tip and

the sample, the capacitance changes, which induces an alternating current. A DC voltage

regulates the potential of one of the plates back to zero. Note that in this work the sample

is grounded. This voltage is defined as the V CPD between both materials [269]. From the

contact potential difference (V CPD), the work function (Φ) of the sample is calculated

after the relation in Equation B.10 relative to the known work function of the tip.

V CPD =
(Φtip − Φsample)

e
(B.10)

In this work a Veeco/Bruker Innova Atomic Force Microscope is used to measure

the topography and the V CPD of the graphene fabricated on Ge relative to the Multi

ElektriMulti75-G tip with a Pt / Ir (95% / 5%) coating. For that purpose, the Φtip

is calibrated to Au and/or a raw Ge wafer prior to the measurements. The scan rate is

chosen to be 0.4 Hz or 0.5 Hz with a maximum resolution of 1024 pixels/line. A continuous

wave diode laser with a wavelength of 670 nm is used to measure the cantilever deflection

by a quadrant photo diode.



Appendix C

Appendix - Further Results

C.1 Further Pre-treatment Methods of Copper Foils

In Chapter 4.1 the electrochemical polishing of Cu foils is discussed. Here, the other

two methods are presented, which are solely used for the samples that are shown in

Chapter 5.3. Notice that following these two methods, the Cu foils are also polished

electrochemically prior to the growth.

C.1.1 Mechanical Treatment With Acetone and Ethanol

The mechanical treatment method is aimed to reduce any inorganic residues on the Cu

foils [167]. During this treatment both sides are polished manually with clean room tissues,

which are soaked in acetone prior to the treatment. The foils are then rinsed with isopropyl

alcohol and dried under flowing stream of N2.

C.1.2 Acetic Acid Treatment

Following the mechanical treatment, the Cu foils are dipped in acetic acid (CH3COOH),

which was reported to reduce the copper oxide [270].

During the CH3COOH treatment cupric oxide (CuO2) is etched by immersing the foil

in the acid bath for varied periods of time. The recipe is adapted from Hao et al. [271].

During this step, the CuO2 reacts with the CH3COOH following the chemical reaction,

which is given in Equation C.1 [270]. The products of the reaction are Cu2+ and acetate

anions ((CH3COO)-) solved in H2O, which can be identified by the green color of the
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solution due to cupric acetate (Cu(CH3COO)2).

2CH3COOH + CuO2 → Cu2+ + 2(CH3COO)- +H2O (C.1)

The Cu foil is then rinsed with H2O to remove any process residues, i.e., Cu(CH3COO)2

and immersed in ethyl alcohol and dried by a N2 flow. Although this process is used for

studying of the effect of CH4:H2 ratio (in Chapter 5.3), it is not deployed in other chapters

of this work to avoid any related residues. The oxide is removed by the annealing step

instead.

C.2 Further Results in Fabrication of Graphene
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Figure C.1: EDX measurements on the Cu foil surface after TCVD growth of graphene.
In (a) an SEM image of the graphene on Cu foil is shown. The terraces are visible with
a large accumulation of the white dots. Two locations are defined by the x on the white
region (in black) and on the graphene (in red). In (b) the EDX point measurement is
given, which is taken on the white region (black cross). The indicated peaks are C, O, Cu
and Si from left to right. In (c) the spectrum is shown, which is taken on the graphene
film area (red cross). Comparing both spectra, it is concluded that the white regions are
oxidized Cu areas.
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Figure C.2: Graphene surface coverage as a function of growth time at varied synthesis
temperatures between 850 ◦C and 750 ◦C at a CH4:H2 ratio of 60 sccm to 120 sccm. The
data are fitted by Equation 3.8.
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Figure C.3: Raman spectra of the graphene flakes as a function of growth temperature
with an incident laser wavelength of 633 nm. Similar to Figure 6.5 almost-defect free films
are observed with a larger I2D/IG ratio, when the samples are excited by red laser. The
image is adapted from Bekdüz et al. [217].
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Figure C.4: w2D plotted vs. wG with the positions of the 2D− and G−peaks relative to
the strain and doping lines calculated after Lee et al. [196]. The values are extracted from
the Raman maps on the fully closed graphene films with varied growth parameters, which
are indicated by different colors. The circles represent roughly the measured data. The
image is adapted from Bekdüz et al. [217].
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Figure C.5: OES spectroscopy measurements in a pure Ar (on the top) and H2 (on the
bottom) plasma. On the left (right) side the C (H)-related emission is given with the peaks
indicated in the figure. The peak positions are given in Table B.1. A significantly larger
amount of C-related peaks is observed in presence of Ar atoms, which is attributed to the
dissociation of the graphite parts in the chamber. The H-related peaks are associated to
the earlier process residues in the chamber.
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Figure C.6: AFM topography maps on Ge(100) and Ge(110) wafers after PECVD. On
the left side the two dimensional height maps of the samples are presented for (a) (110)
and (b) (100) crystal orientations. The same maps are illustrated in a three dimensional
presentation on the right side. Note that the height values are valid for all images. The
large deposition of a carbon film around and partially on the flakes is apparent on both
orientations in presence of a plasma.
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Figure C.7: Topography and Kelvin probe measurements. In (a) the topography and in
(b) V CPD voltage maps are presented. The sample is fabricated on Ge wafer with (100)
orientation under the same conditions as the sample given in Figure 7.21. In (c) height
and V CPD profiles are given, which are extracted at the positions indicated in the maps.
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Possberg, Yuan Cao. Ohne euch wäre diese Arbeit halb so gut und doppelt so langweilig!

Go team Hexa-kuh-nale Strukturen! I would like to thank Yannick, Johanna, Jonas, Umut,

Domme, Julia, Ulrike und especially Jan for reading parts of this thesis and pointing the

few linguistic flaws.

Furthermore, I would like to thank the entire WET group for the good times within

and without the office. I am particularly thankful to Petra Merker for the administrative

stuff and a cheerful laughter and danke für die Schokolade und Blumen, die ich ab und zu

auf meinem Tisch gefunden habe. Dr. rer. nat. Tilmar Kümmell for the support during
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spiritually. İyi ki varsınız, seviyorum sizi!



List of Figures

2.1 Hybridization of carbon. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 sp2-hybridization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.3 Crystal structure of graphene in real and reciprocal space. . . . . . . . . . 8

2.4 Graphene band structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.5 Calculated phonon dispersion relation of graphene. . . . . . . . . . . . . . 10

2.6 The eigenvectors of the in-plane optical and acoustic phonons at the Γ and
K points. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.7 Scattering processes corresponding to the Raman fingerprint of graphene. . 12

2.8 The Raman fingerprint of defective graphene. . . . . . . . . . . . . . . . . 13

2.9 Schematic illustration of the chemical vapor deposition process. . . . . . . 16

2.10 Velocity profile for a laminar flow on substrate surface. . . . . . . . . . . . 16

2.11 Net free energy change as a function of nuclei mean radius. . . . . . . . . . 20

2.12 Energy profile without and with a catalyst. . . . . . . . . . . . . . . . . . . 22

2.13 Plasma sheaths in a DC glow discharge plasma. . . . . . . . . . . . . . . . 24

3.1 Temperature dependent surface mediated processes for graphene deposition
on a catalytically active surface. . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Schematic image of the initial stage of graphene synthesis on Cu foil. . . . 33

3.3 Electrochemical polishing cell and the height profiles of Cu substrate before
and after pre-treatment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.4 SEM images of graphene flakes on as-received and electrochemically pol-
ished Cu foils. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.5 Graphene flake formation at varied CH4:H2 partial pressure ratios under
low and atmospheric chamber pressure. . . . . . . . . . . . . . . . . . . . . 36

3.6 Crystal size and nucleation density as a function of chamber pressure. . . . 37

3.7 Schematic comparison of LPCVD and APCVD in graphene growth. . . . . 37

3.8 Nucleation density as a function of annealing pressure. . . . . . . . . . . . 38

3.9 SEM images of graphene flakes as a function of H2 partial pressure. . . . . 39

3.10 Graphene flake formation as a function of dominating mechanism. . . . . . 40

3.11 Nucleation density as a function of CH4:H2 ratio. . . . . . . . . . . . . . . 41

3.12 Effect of the H2 partial pressure on the number of graphene layers. . . . . . 42

3.13 Quality of graphene under low and atmospheric pressures at varied amount
of CH4 flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.14 Graphene nucleation density as a function of inverse temperature. . . . . . 45

3.15 Graphene nucleation density as a function of inverse temperature at atmo-
spheric and low pressure CVD. . . . . . . . . . . . . . . . . . . . . . . . . 46

3.16 Graphene growth rate as a function of inverse temperature on different Cu
crystal orientations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48



198 LIST OF FIGURES

3.17 Graphene grain size as a function of inverse temperature at atmospheric
and low pressure CVD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.18 Graphene coverage as a function of growth time at varied growth temper-
atures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.19 Raman spectra of graphene fabricated at various temperatures. . . . . . . . 51
3.20 Nucleation mechanism of graphene on Ge(100). . . . . . . . . . . . . . . . 53
3.21 SEM images of the graphene flakes on Ge(100). . . . . . . . . . . . . . . . 54
3.22 Faceting of Ge wafer after CVD process. . . . . . . . . . . . . . . . . . . . 55
3.23 Quality of graphene fabricated under different growth conditions and re-

sulting strain in the graphene film. . . . . . . . . . . . . . . . . . . . . . . 56
3.24 Flake formation on Ge(100) with reference to the literature work. . . . . . 58
3.25 Raman spectra and resulting strain properties of the graphene film fabri-

cated on Ge(110). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.26 SEM images of graphene flakes as a function of temperature. . . . . . . . . 61
3.27 Growth mechanism of graphene on Cu by PECVD. . . . . . . . . . . . . . 62
3.28 Raman spectra of graphene films fabricated by PECVD. . . . . . . . . . . 63
3.29 D−peak to G−peak intensity ratio and crystal size of graphene as a func-

tion of the CH4/CH4+H2 flow ratio. . . . . . . . . . . . . . . . . . . . . . . 64
3.30 Effect of plasma power and atmosphere in the graphene formation. . . . . . 65
3.31 Effect of plasma power in the amount of neutral gas species in the plasma. 66

4.1 Experimental setup and schematic image for electrochemical polishing. . . 70
4.2 Effect of electrochemical polishing duration on the surface roughness. . . . 71
4.3 Surface roughness plotted against the duration of the electrochemical pol-

ishing of the Cu foil. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.4 The important elements of the reactor chamber. . . . . . . . . . . . . . . . 73
4.5 Path of the gas molecules from the shower-head towards the substrate surface. 74
4.6 Temperature as a function of the processing time during the CVD process 75
4.7 Voltage profile of a pulsed DC plasma. . . . . . . . . . . . . . . . . . . . . 76
4.8 Standard transfer technique of graphene via metal etching. . . . . . . . . . 78
4.9 Bubble transfer of graphene. . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.1 SEM image of graphene fabricated on raw Cu foil. . . . . . . . . . . . . . . 82
5.2 SEM images of the graphene flakes fabricated on raw and EP Cu foils. . . 83
5.3 Nucleation density and growth rate of graphene plotted as a function of

the surface roughness of Cu foils. . . . . . . . . . . . . . . . . . . . . . . . 83
5.4 SEM images of the graphene flakes at varied chamber pressure. . . . . . . . 85
5.5 Growth rate and nucleation density of graphene as a function of chamber

pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.6 Defect density of the graphene fabricated close to atmospheric pressure. . . 87
5.7 Effect of CH4:H2 ratio on the graphene formation at the early stage of growth. 89
5.8 Effect of varied hydrogen flow on the graphene nucleation and growth at

the early stage of growth. . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.9 Raman spectra on round and hexagonal grains. . . . . . . . . . . . . . . . 91
5.10 Micro-Raman maps of the ID/IG ratio on round and hexagonal grains. . . 92
5.11 SEM images of the graphene flakes fabricated at different synthesis tem-

peratures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93



LIST OF FIGURES 199

5.12 Nucleation density as a function of inverse temperature at varied surface
coverage values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.13 Growth rate as a function of inverse temperature at varied graphene surface
coverage values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.14 A schematic image of the surface coverage of graphene on Cu foil. . . . . . 96

5.15 Graphene surface coverage as a function of growth time at varied temper-
atures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.16 Raman spectra of the fully grown graphene films at varied temperatures. . 99

5.17 SEM images of fully grown graphene films at varied CH4:H2 ratio and
chamber pressure values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.18 SEM images of the fully grown graphene films at varied temperatures. . . . 101

5.19 Sheet resistance of graphene films fabricated by TCVD as a function of
defect density. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.1 The real and schematic cross-section image of the sacrificial foil made of
Cu foil. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.2 Graphene synthesis with and without SF. . . . . . . . . . . . . . . . . . . . 107

6.3 SEM images of the graphene flakes at varied synthesis temperatures. . . . 108

6.4 Growth rate in TCVD and PECVD for plasma power values of 2 W and
40 W as a function of inverse growth temperature. . . . . . . . . . . . . . . 110

6.5 Raman spectra of the graphene flakes as a function of growth temperature. 111

6.6 Raman spectra in and out of the graphene flake area both in TCVD and
PECVD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.7 Averaged Raman spectra measured on the graphene samples fabricated by
PECVD with different growth times. . . . . . . . . . . . . . . . . . . . . . 113

6.8 SEM images of the reference experiments for the evolution of the defective
carbon film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.9 SEM images of the graphene films fabricated by PECVD at varied growth
conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.10 Resistance values of the transferred graphene films fabricated by PECVD. 117

6.11 Doping and strain properties of the transferred graphene films fabricated
by PECVD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7.1 AFM topography map on as-received Ge wafer. . . . . . . . . . . . . . . . 122

7.2 SEM images of the samples fabricated by TCVD on Ge(100) at varied
growth times. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

7.3 Topography of the sample after TCVD on Ge(100) with the corresponding
line profiles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

7.4 Kelvin signal of the sample after TCVD on Ge(100) with the corresponding
line profiles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

7.5 Raman spectra of the samples fabricated on Ge(100) by TCVD at varied
growth times. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7.6 Raman spectra and resulting strain in film before and after the electro-
chemical delamination. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

7.7 Electrical characterization of the graphene film after the delamination pro-
cess. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128



200 LIST OF FIGURES

7.8 SEM images of the fabricated samples by TCVD on Ge(110) at varied
growth times. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

7.9 Topography of the sample after TCVD on Ge(110) with the corresponding
line profiles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

7.10 Kelvin signal of the sample after TCVD on Ge(110) with the corresponding
line profiles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

7.11 Raman spectra of the samples fabricated by TCVD on Ge(110) at varied
growth times. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

7.12 SEM images of the fabricated samples by PECVD on Ge(100) under H2

and Ar atmospheres. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
7.13 SEM images of the fabricated samples by PECVD on Ge(100) at varied

amount of CH4 flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
7.14 OES spectra of the plasma with varied amount of CH4 flow. . . . . . . . . 135
7.15 Topography of the sample after PECVD on Ge(100) with the corresponding

line profiles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
7.16 Kelvin signal of the sample after PECVD on Ge(100) with the correspond-

ing line profiles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
7.17 Raman spectra of the samples fabricated by PECVD at varied growth times

and resulting strain properties. . . . . . . . . . . . . . . . . . . . . . . . . . 137
7.18 Intensity and position of the 2D−peak extracted from PECVD graphene. . 138
7.19 SEM images of the graphene samples fabricated on Ge(100) and Ge(110)

wafer in presence of a plasma. . . . . . . . . . . . . . . . . . . . . . . . . . 139
7.20 Topography of the sample after PECVD on Ge(110) with the corresponding

line profiles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
7.21 Kelvin signal of the sample after PECVD on Ge(110) with the correspond-

ing line profiles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
7.22 Topography and Kelvin probe measurements after TCVD and PECVD. . . 143
7.23 Position of the 2D−peak vs. position of the G−peak plotted for TCVD

and PECVD graphene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
7.24 Model idea for the graphene growth by TCVD and PECVD on Ge. . . . . 145

A.1 A sketch of carbon atoms from monomer to stable nuclei. . . . . . . . . . . 175

B.1 Doping and strain properties extracted from positions of the 2D−peak and
G−peak. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

B.2 TLM structure used on graphene fabricated on Cu foils. . . . . . . . . . . . 185
B.3 The total resistance as a function of the contact spacing. . . . . . . . . . . 185
B.4 TLM structure used for graphene fabricated on Ge wafers. . . . . . . . . . 186
B.5 Structure of graphene to determine Hall mobility. . . . . . . . . . . . . . . 187

C.1 EDX measurements on the Cu foil surface after TCVD growth of graphene. 190
C.2 Graphene surface coverage as a function of growth time at varied temper-

atures for a CH4 flow of 60 sccm. . . . . . . . . . . . . . . . . . . . . . . . 191
C.3 Raman spectra of the graphene flakes as a function of growth temperature

with an incident laser wavelength of 633 nm. . . . . . . . . . . . . . . . . . 191
C.4 Doping and strain properties of the transferred graphene films fabricated

by PECVD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
C.5 OES spectroscopy of pure Ar and pure H2 plasma. . . . . . . . . . . . . . . 192



LIST OF FIGURES 201

C.6 AFM topography maps on Ge(100) and Ge(110) wafers after PECVD. . . . 193
C.7 Topography and Kelvin probe measurements on Ge(100) after graphene

synthesis by PECVD with the corresponding line profiles. . . . . . . . . . . 193



List of Tables

2.1 Raman peak positions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2 Fundamental reactions in a plasma. . . . . . . . . . . . . . . . . . . . . . . 25
2.3 Some fundamental reactions in a CH4 plasma. . . . . . . . . . . . . . . . . 27

3.1 Activation energy values of surface-mediated processes in graphene synthe-
sis from literature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2 Overview of the activation energy values of nucleation and growth of
graphene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.3 Literature overview regarding temperature dependent PECVD graphene
synthesis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.1 Compounds of the mixture for electrochemical polishing of Cu foils. . . . . 70

5.1 Process parameters for the synthesis of graphene to study the effect of
electrochemical polishing time on graphene growth by TCVD. . . . . . . . 82

5.2 Process parameters used to study the effect of chamber pressure on
graphene growth by TCVD. . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.3 Process parameters used to study the effect of hydrogen flow on graphene
growth by TCVD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.4 Process parameters used to study the effect of synthesis temperature on
graphene growth by TCVD. . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.5 Activation energy of the graphene growth rate calculated from Figure 5.13. 96
5.6 Film properties of graphene fabricated with varied growth parameters. . . 102

6.1 Process parameters to study the effect of synthesis temperature on
graphene growth by PECVD. . . . . . . . . . . . . . . . . . . . . . . . . . 108

7.1 Process parameters to study the graphene growth mechanism on Ge wafer
by TCVD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

7.2 Process parameters to study graphene growth on Ge wafers with different
orientations by PECVD under Ar and H2 atmospheres. . . . . . . . . . . . 132

7.3 The V CPD values extracted for different fabrication methods. . . . . . . . . 141

B.1 Positions of carbon and hydrogen related optical emission peaks from lit-
erature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

B.2 The spacing between the electrodes of the TLM structure. . . . . . . . . . 186


	List of Abbreviations
	Elements and Materials
	List of Symbols
	Introduction
	Fundamental Principles
	Chemical and Electronic Properties of Graphene
	Lattice Vibrations in Graphene
	Chemical Vapor Deposition
	Thermal Chemical Vapor Deposition
	Plasma Enhanced Chemical Vapor Deposition


	Fabrication of Graphene on Germanium and Copper: State of the Art
	Graphene Fabrication by Thermal Chemical Vapor Deposition
	Overview and Elementary Processes
	Fabrication of Graphene on Copper Foils
	Fabrication of Graphene on Germanium Substrates

	Graphene Fabrication by Plasma Enhanced Chemical Vapor Deposition on Copper

	Process Development
	Establishing a Pre-treatment Method for Copper Foils
	Development of a Basic Chemical Vapor Deposition Process
	Establishing a Transfer Process of Graphene onto Insulating Substrates
	Transfer of Graphene via Metal Etching
	Electrochemical Delamination of Graphene


	Growth of Graphene on Copper Foil by Thermal Chemical Vapor Deposition
	Fabrication of Graphene on Pre-treated Copper Foils
	Effect of Chamber Pressure on Graphene Growth
	Graphene Growth at Varied Methane- to-Hydrogen Ratio
	Systematical Reduction of Growth Temperature of Graphene
	Characterization of Fully-Grown Graphene Films Synthesized by TCVD

	Growth of Graphene on Copper Foil by Plasma Enhanced Chemical Vapor Deposition
	Screening of the Local Electrical Field Above the Substrate
	Reduction of the Growth Temperature in Presence of a Plasma
	Characterization of the Graphene Films Synthesized by PECVD

	Growth of Graphene on Germanium by Chemical Vapor Deposition
	Thermal Chemical Vapor Deposition of Graphene on Germanium
	Plasma Enhanced Chemical Vapor Deposition of Graphene on Germanium
	Model Idea for the Formation of Graphene on Germanium by TCVD and PECVD

	Summary
	Appendix - Activation Energy Calculations for the Nucleation Process of Graphene
	Appendix - Experimental Techniques
	Optical and Visual Characterization Techniques
	Confocal Microscopy
	Optical Emission Spectroscopy
	Scanning Electron Microscopy
	Raman Spectroscopy

	Electrical Characterization Techniques
	Transfer Length Method
	Atomic and Kelvin Probe Force Microscopy


	Appendix - Further Results
	Further Pre-treatment Methods of Copper Foils
	Mechanical Treatment With Acetone and Ethanol
	Acetic Acid Treatment

	Further Results in Fabrication of Graphene

	List of Figures
	List of Tables

