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Abstract

Graphene is a two dimensional material with many promising technological applica-
tions, due to its exciting electronic properties. Ge(110) can be used to grow wafer-
scale high-quality graphene epitaxially with chemical vapor deposition (CVD) with
necessary process temperatures of up to 930 ◦C. Plasma enhanced CVD (PECVD)
provides more freedom in the process conditions due to its increased reactivity. Shift-
ing the required thermal energy to a second furnace in a thermal CVD process also
enables lower deposition temperatures for a substrate.

This work aims at illustrating the influence of different process conditions on the
deposited graphene films and their optimization with an emphasis on lower process
temperatures with respect to commercial CVD processes. Graphene deposition was
attemted by CVD, PECVD and CVD with two furnaces, using CH4 and H2 as pre-
cursors and Ge(110) as growth substrate. Raman spectroscopy, optical microscopy
and scanning electron microscopy measurements were performed to characterize the
deposited thin films.
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1 Fundamentals

The following chapter describes the basics of chemical vapor deposition, plasma-
enhanced chemical vapor deposition, and epitaxy to provide a basic understanding
of the processes involved in this thesis. A more detailed description can be found
in chapters 4, 6, and 8 of the second edition of Materials Science of Thin Films:
Deposition & Structure by Milton Ohring (1 ). A review letter by Saeed et. al. also
provides great insight into the topic, focusing on the synthesis of graphene using
CVD processes. (2 )

1.1 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is the process of depositing a non-volatile solid
on a substrate at the atomic level by chemical reactions of volatile compounds of a
material with other gases. Unlike physical vapor deposition (PVD), the gas species
react with each other to form new species, rather than relying solely on material
transport from a condensed phase evaporant. Because CVD processes do not require
a vacuum or very high electrical power, they were commercially available before
PVD. CVD processes were used a century ago to produce tungsten-coated carbon
filaments to extend the life of filaments used in incandescent lamps. Today, CVD
processes have a wide range of applications, such as in the semiconductor industry,
but also in the manufacture of nuclear reactor parts, ball bearings and rocket engines.
The advantages of CVD include the variety of materials that can be deposited as films
or coatings with desired properties in crystalline or amorphous form, the affordable
cost factor of the equipment and its operation, and its compatibility with other
processing steps. Several variants of CVD have been developed, such as low pressure
(LPCVD), atmospheric pressure (APCVD), laser enhanced (LECVD), or plasma
enhanced chemical vapor deposition (PECVD).
The basic process steps are the same for each CVD method and are shown in Figure
1.1.1. First, the reactants are transported convectively and diffusely from the gas
inlets to the reaction zone. Reactive species and by-products are formed in the gas
phase by chemical reactions. The initial reactants and their products are transported
to the substrate surface where they are chemically and physically adsorbed and
diffused. The surface catalyzes heterogeneous reactions leading to the formation of
the film. The volatile by-products of the reactions on the surface desorb and are
transported away from the reaction zone by convection and diffusion.

1



1 Fundamentals

Figure 1.1.1: Sequential Steps of CVD. Reprinted from (1 ).

The two main categories of CVD processes are thermal CVD processes and plasma-
enhanced CVD processes. In thermal CVD, the thermal energy activates the reac-
tions in the gas and on the surface. In PECVD processes, the plasma activates the
reactions. However, the resulting deposited films can differ in terms of film proper-
ties, structure, and composition, even with similar input gases.
Thermal CVD can again be divided into categories such as high and low temperature,
hot and cold wall, low and atmospheric pressure, and closed and open. However, all
of these systems have equipment to introduce and meter the involved gases into the
reactor, provide heat to the substrate, and remove the remaining volatile species.
LPCVD is typically performed in the 1-10 mTorr pressure range and has advantages
over APCVD such as higher deposition rates, fewer contamination problems, fewer
pinhole defects, better film thickness uniformity, lower particle density, better stoi-
chiometry control, and better step coverage. When the CVD process is operated at
pressures between 1-100 Torr, the term reduced pressure CVD (RPCVD) is used.
(1 )

1.2 Plasma Enhanced Chemical Vapor Deposition

In PECVD reactors, chemical gas reactions and film deposition occur simultaneously
with a sustained glow discharge plasma. The driving force behind the development
of PECVD processes was the semiconductor industry, as PECVD enabled the low-
temperature deposition of silicon nitride passivation layers on microelectronic de-
vices. Commercial thermal CVD processes require temperatures well above 300 ◦C,
which is too hot for finished IC chips.
Most glow discharge plasmas in PECVD systems are excited by a radio frequency
(RF) field, with RF frequencies typically ranging from 100 kHz to 40 MHz. The gas
environment is typically maintained at a reduced pressure between 50 mTorr and 5
Torr. Gas molecules are broken down into a variety of species such as atoms, ions,
free radicals, molecular fragments, or molecules in excited or ground states due to the
energetic discharge of the plasma. The interaction of all these reactive components
allows chemical reactions to occur at lower temperatures than in thermal activation
processes.

2



1 Fundamentals

The main distinguishing category for PECVD processes is the excitation source,
which can be RF or microwave, and the type of coupling, which can be inductive
or capacitive. Depending on these characteristics, several reactor configurations are
possible. The simplest reactor configuration, which was used in this thesis, is a tube
reactor with a coil wrapped around the tube. The coupling is inductive, for capaci-
tive coupling external electrode plates must be used. The gases flowing through the
tube are ionized and reactions occur, resulting in the deposition of solid films on sub-
strates placed in the tube. For both inductively and capacitively coupled PECVD
processes, a symmetrical potential is developed on the chamber wall in this setup.
This potential can sputter wall atoms that can be incorporated into the growing
film. Thus, high potentials are avoided. When the product and reactant gases, the
plasma and the substrate are all kept together in the same chamber, the process
is referred to as conventional or direct PECVD. The disadvantage of this method
is the higher possibility of unwanted etching and deposition, which is limited when
substrates and plasma zone are physically separated.
Predicting the kinetics of film deposition or etching processes is often only possible
with computer simulations due to the complexity of plasma processes. One approach
is to divide the process into three parts:

1. Electron kinetics: The electric and magnetic fields are calculated or assumed to
obtain information about the electron impact cross sections and rate constants.
The sheath properties and the spatially and temporally varying electron density
are modeled and calculated to obtain information about the various electron-
particle collision cross sections.

2. Plasma chemistry: The concentration of charged species, neutrals, and radicals
as a function of time and space is modeled while satisfying the physical rules
of energy, charge, and mass conservation. All reactant and product species are
treated separately. Information on their motion by drift, convective gas trans-
port, and diffusion is also linked to chemical reactions induced by collisions
using rate constants derived from the electron kinetics model.

3. Surface Reactions: The interactions of the surface layers of the substrate with
the bombarding radicals and ions are modeled, as well as the net sticking
rates of different gas components and the kinetics of adsorption. This step
attempts to understand the chemical and physical mechanisms in etching and
film deposition processes.

All three parts are interrelated and benefit from additional experimental data such
as spectral information, discharge breakdown fields or light output from added acti-
nometer gases. (1 )

3



1 Fundamentals

1.3 Epitaxy

Epitaxy is the extended single crystal film formation of a crystalline substrate beyond
its surface. It plays a major role in semiconductor thin film device technology, but
less so in other areas such as hard, protective and optical thin film coatings, and thin
films used for information storage, display and recording. For industrial applications
today, the growth of defect-free epitaxial films is of great importance.
The two main types of epitaxy are homoepitaxy and heteroepitaxy. In homoepitaxy,
the substrate and the deposited film are the same material, while in heteroepitaxy
different materials are used. The latter has more applications in our world. When
different materials are used, their lattice parameters are usually different, unlike in
homoepitaxy where the lattice parameters are necessarily matched and no strain is
introduced due to lattice mismatch. For small mismatches, the interface structure
becomes similar to that of homoepitaxy, but differences in thermal expansion and
chemistry also play an important role in the electronic properties and the resulting
interface. Figure 1.3.1 illustrates the schematic differences of lattice structures in
epitaxy. Homoepitaxy is structurally similar to lattice-matched heteroepitaxy.

Figure 1.3.1: Possible forms of heteroeptitaxial structures: Lattice matched, strained
and relaxed. Reprinted from (1 ).

Strained and relaxed heteroepitaxial structures develop from larger lattice parameter
differences. However, strained lattices generally predominate in the early stages
of film formation until the strain can no longer accommodate the differences and
dislocation defects develop. This is often observed for materials with the same
crystal structure and is referred to as pseudomorphic film growth. Common defects
in epitaxial films are screw dislocations, misfit dislocations, stacking defects, oval
defects, dislocation loops from dopants, precipitates or impurities, and low angle
grain boundaries and twins. (1 )
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2 Materials

This chapter introduces the basics of graphene and germanium and their role in
the deposition of the thin films, as well as how graphene has been deposited on
germanium via CVD and PECVD in the literature so far.

2.1 Germanium

Germanium is a semiconductor and has a diamond structure, which is a face-centered
cubic (fcc) lattice. In the primitive basis of this structure, there are two identical
atoms at coordinates 000 and 1

4
1
4
1
4 associated with each fcc lattice point. The con-

ventional unit cube therefore contains 8 atoms, as shown in figure 2.1.1. The atoms
with 4 nearest and 12 next nearest neighbors also have a tetrahedral bonding char-
acteristic. The length of the conventional cubic cell a is 5.658 Å. (3 )

Figure 2.1.1: Diamond crystal structure of face-centered cubic space lattice with two
atom basis. Reprinted from (4 ).

The unstructured Ge(110) surface has rectangular symmetry and ziczac alignment
of the atoms in the [11̄0] direction. Before relaxation, all atomic layers are evenly
spaced and the surface atoms have tetrahedral bonds in the (110) plane with their
two nearest neighbors in the plane above and below. The surface reconstruction
of the Ge(110) surface depends on the annealing temperature and can be either a
(16× 2) structure or a c(8× 10) structure at temperatures below 380 ◦C and above
430 ◦C. On both reconstructed surfaces, pentagonal clusters of adatoms form rows
and {17 15 1} facets at step edges, which run in the same direction as the rows
on the (16 × 2) structure. In the (16 × 2) reconstruction, the top layer of (110)
atoms, which would alternate across double rows of adatoms in the reconstruction,
is missing. Instead, the adatom cluster double rows go up and then down in the
layer below the surface of Ge(110). The c(8× 10) reconstruction differs in that the
double lines are all in the same (110) plane.
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At temperatures of 800 ◦C, the c(8×10) reconstruction was not observed, and rapid
quenching to room temperature resulted in a surface with a new (8 × 2) phase,
c(8× 10) terraces, and {17 15 1} facets. (5 )

2.1.1 Surface Cleaning

The first step in successfully growing high quality graphene on Ge(110) will be to
ensure clean germanium substrates, as carbon impurities and also other impurities
such as oxygen can prevent the growth of high quality graphene. (8 )
Relatively little information has been published on the cleaning of the Ge(110) sur-
face, as most of the literature focuses on the Ge(001) surface. However, it is assumed
that the same cleaning principles apply.
In the environment, germanium forms an oxide layer of GeO2 and suboxides GeOx,
x ⟨ 2. GeO2 is the most common and can exist in amorphous phases, water soluble
hexagonal phases, or water insoluble rutile phases. GeO is generally water insoluble
and thermally more stable than the former. However, all germanium oxides are ther-
mally desorbed when the germanium surface is heated to temperatures of 390-600
◦C under vacuum conditions.
Various cleaning methods for germanium include ultraviolet (UV) light, plasma ex-
posure, ion sputtering, and wet etching. (9 )

UV Light and Plasma Exposure

UV light and plasma exposure share the same chemical principle of breaking organic
bonds such as C-C and C-H and producing highly reactive oxygen species that bond
with the remaining organic radicals on the surface to form more volatile species such
as H2O, CO2 and CO. Furthermore, a thin oxide passivation layer is formed due to
the oxidation of the surface, which can be advantageous when used as an ex situ
cleaning method. However, the main advantage of these cleaning methods is the
absence of hazardous chemical waste. (9 ) Cleaning with UV light has shown results
of nearly carbon and oxide free surfaces when the treatment follows an ultrasonic
degreasing step and a deionized water rinse step or several cycles of wet etching.
Subsequent thermal annealing under vacuum conditions is required to remove the
oxide passivation layer. (10 ) (11 ) (12 )
Oxygen plasma cleaning gives similar results, but can result in a rough surface. (13 )
(14 ) The use of hydrogen plasma or hydrogen annealing has the advantage of lower
possible process temperatures due to the H2 reacting with carbon and volatilizing
oxides at the same time. A hydrogen passivation layer can also be obtained. How-
ever, even after previous cleaning steps including UV light and wet etching, some
carbon and oxygen residues may remain. (9 ) (15 ) (16 )

6



2 Materials

Hydrogen Annealing

Molecular hydrogen adsorbs dissociatively on germanium and hydrogen annealing of
germanium can lead to catalytic hydrogenation of chemisorbed carbon contaminants
and their desorption. Important parameters are temperature, annealing time and
pressure. Low hydrogen pressures can lead to the formation of deep pyramidal
etch pits and a system of polymerized carbons. With increasing pressure, these
pits become shallower and rounder in shape. The etch pits are believed to form
in the vicinity of threading dislocations where the topographic depressions induce
preferential evaporation. On a clean surface, these pits would be filled by diffusing
germanium adatoms. However, carbon impurities can block diffusion pathways and
impede the refilling process. As the hydrogen dose is increased, the carbon impurities
are reduced and the mobility of the adatoms is subsequently increased, resulting in
the change of the observed etch pits. A decrease in temperature also results in
slower carbon removal. Removal of carbon contamination is achieved by hydrogen
annealing, and a successful process results in etch pit and particle free surfaces. In
CVD processes, a hydrogen annealing step is often implemented in the heating step to
the desired growth temperature. Better results can be achieved by separating these
steps to allow for different process parameters such as temperature and pressure.
(8 )

Ion Sputtering

Ion sputtering in combination with wet etching and subsequent annealing can pro-
duce surfaces that are almost free of organic contamination. Several cycles of sputter-
ing and annealing are therefore required. Thermal annealing is a critical step to heal
the rough and amorphous surface. However, defects and protrusions may remain.
The best results with this cleaning method are achieved with a subsequent germa-
nium homoepitaxy step, resulting in atomically smooth and contamination-free Ge
surfaces. Overall, this cleaning method is not practical considering the very long
process times of multiple sputtering and annealing cycles and germanium regrowth.
(9 )

Wet Etching

Most cleaning methods include at least one cycle of wet etching. Most wet etching
methods include a step of degreasing the germanium substrate, dissolving the na-
tive oxide layer and removing organic and metal contaminations on the surface, and
forming a new passivation layer on the surface to prevent new contaminations from
the environment, since it is an ex situ cleaning method. The ideal etchant should
not increase the surface roughness by high germanium consumption, nor should it
have high anisotropic properties, which can lead to undesired etching behavior. Ide-
ally, the newly introduced passivation layer can be easily removed in situ by thermal
desorption. An unavoidable disadvantage of chemical etching is the generation of
chemical waste, which often has toxic and hazardous properties. (9 ) In general, most
of the wet etching cleaning methods established in the semiconductor industry and
widely used for silicon, such as CARO, SC1, SC2 or DDC, result in too extensive
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etch rates in the case of germanium and are not suitable for cleaning germanium
wafers. (17 )
At least for Ge(001), rinsing with deionized (DI) water already falls into the cate-
gory of wet etching, since it dissolves the GeO2 that is always present on germanium
surfaces exposed to air. However, it does not completely remove the suboxides on
the germanium surface and may increase the surface roughness. It does not remove
organic contaminants and does not passivate the surface, resulting in immediate re-
growth of an oxide layer in the environment. (9 )
Hydrofluoric acid (HF) is widely used in the semiconductor industry for cleaning
purposes. In the case of Ge(001) it removes the GeO2, but leaves residual sub-oxides
and organic impurities. The high etch rates also result in a higher surface roughness
than in the as-received condition. The passivation layer consists of a hydrogen ter-
mination which increases with the HF concentration used. However, the hydrogen
passivation layer is not stable in the environment, resulting in further carbon con-
tamination and oxide regrowth on the time scale of minutes. (18 ) (19 ) (20 ) (21 )
Hydrochloric acid (HCl) is able to completely remove oxides and carbon contam-
inants from the germanium surface and does not significantly increase the surface
roughness. The passivation layer consists of a Cl-terminated surface, which under-
goes re-oxidation on the same time scale as the H-terminated surface resulting from
wet etching with HF.
Other acids, such as hydrobromic acid (HBr) and hydroiodic acid (HI), produce
more stable passivation layers that can be removed by DI rinsing or thermal anneal-
ing under vacuum conditions. (19 )
Ammonium hydroxide (NH4OH) is able to completely remove germanium oxides
and carbon from the surface like HCl, but the resulting surface roughness is slightly
higher than HCl. However, it does not form a passivation layer by itself, so addi-
tional chemicals are needed. Hyrogen peroxide (H2O2) has been found to introduce a
chemical oxide layer that can serve as a passivation layer and is removed by thermal
annealing in situ, but other passivations such as S-passivation using [(NH4)2S] are
also possible. (22 ) (23 ) (24 ) (25 )

2.2 Graphene

Graphene is a two-dimensional material consisting of a single layer of hexagonally
arranged sp2 hybridized carbon atoms and defines the elementary building block of
graphite. The interatomic distance is 1.42 Å in the tightly packed honeycomb lattice
(2 ) and the height of monolayer graphene is 3.35 Å (26 ). Research on graphene is
a relatively young field, and one of the cornerstones was the exfoliation of graphene
from bulk graphite in 2004. What keeps research on this material going for decades
is the plethora of interesting properties like the theoretical specific surface area of
2630 m2/g, a high Young’s modulus of 1 TPa for defect-free single layer graphene, an
ultrahigh electron mobility of 2 x 105 cm2/Vs for suspended graphene, an exceptional
thermal conductivity of 3500-5000 W/mK, and an exceptional electrical conductivity
with critical current densities of 108 A/cm2. These special properties in strength,
transmittance, conductivity and flexibility make it a promising candidate in many
technological applications in different fields. Therefore, it is essential to find a way
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to produce high quality graphene with as few defects and impurities as possible
and with large grain sizes or even as uniform single crystals over wafer scales at
commercial scale manufacturability. Various methods have been developed, such as
mechanical and liquid phase exfoliation, silicon carbide sublimation, and chemical
vapor deposition (CVD). Thermal/catalytic CVD uses graphene growth substrates
and a hydrocarbon gas source. One way is to use carbon diffusion and segregation in
a metal substrate with high carbon solubility. The other way, which is also the case
with germanium where the solubility of carbon extremely small with ⟨ 0.1% in bulk
germanium (7 ), is to use surface adsorption in substrates with low carbon solubility.
This method has shown the best results so far. (2 )

2.2.1 CVD of Graphene

Graphene synthesis using CVD methods depends on many different processing pa-
rameters such as temperature, pressure, precursor type, wall and sustrate tempera-
ture, gas flow state, activation type, and deposition time.
A variety of precursors have been successfully used in the synthesis of graphene by
CVD methods. Solid precursors such as poly methyl methacrylate (PMMA) can be
spin-coated onto a substrate and loaded directly into the CVD reactor. Graphene
film formation is then achieved by thermal sublimation. Liquid precursors such as
hexane can be vaporized and introduced into the chamber with bubblers. The more
common and easier to control type of precursor are gaseous carbon precursors such
as methane (CH4) gas, which was also used in this work. This precursor is intro-
duced into the reactor via gas delivery systems.
Different energy sources used to activate film growth include hot wall, cold wall, and
plasma enhanced CVD. One of the methods used in this thesis is hot wall CVD,
where a furnace heats the chamber and growth substrate to a desired temperature
for annealing and decomposition of the precursor. In most research a metal sub-
strate such as copper (Cu) is used, in this thesis germanium (Ge) was chosen for
the substrate. The substrate is placed in the quartz tube and annealed in a hydro-
gen atmosphere at reduced or atmospheric pressure to increase the grain size of the
substrate and to reduce metal oxide films on the substrate. To grow graphene, hy-
drocarbon gas mixed with hydrogen in a certain ratio flows through the tube. Partial
pressures are controlled by the reactor pressure or by introducing inert gases such
as nitrogen (N) or argon (Ar) into the mixture. After the growth step, the furnace
is turned off and the substrate is cooled to room temperature under a continuous
flow of gas, often hydrogen, which can also be mixed with an inert gas. This helps
to obtain a continuous monolayer of graphene by avoiding aggregation of carbon in
the substrate surface, which could lead to bulk graphite or multilayer graphene.(2 )
Graphene synthesis with CVD can be divided into the following steps(2 ):

1. Convective transport of reactants in a gas stream

2. Thermal activation of reactants

3. Diffusive transport of reactants

4. Surface adsorption of reactants
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5. Surface processes: Catalytic decomposition of CH4 on the substrate surface
and adsorption of carbon atoms at attachment sites in addition to surface
migration and heterogeneous reactions

6. Desorption of by-products after film growth

7. Diffusive transport of by-products

8. Convective transport of by-products to exhaust

The influence of the most important process parameters is discussed in more
detail in the following.

Total Pressure

Graphene synthesis in hot wall CVD reactors has been performed at low pres-
sure ranges and atmospheric pressure. LPCVD was found to result in rapid
growth of monolayer graphene on transition metals. Graphene growth oc-
curs as long as there is bare substrate surface and successive layers can form
beneath the existing graphene, after full coverage further deposition is not
possible. APCVD, on the other hand, produces a few layers of graphene on
arbitrary substrates, allowing the nucleation of successive layers of graphene
on top of previously grown layers. The resulting films exhibit regions of non-
uniform thickness and high defect density. In APCVD, the mass transport of
gaseous carbon species is not constant across the substrate, often resulting in
few layer graphene. In LPCVD, the gas phase processes become less dominant
and the kinetics at the substrate surface become more important, resulting in
an improvement of the graphene quality. In addition, the morphology of the
substrate surface influences the growth rate of graphene at lower pressures.
Each growth mechanism has a barrier energy that must be overcome for the
mechanism to occur. The thickness of the boundary layer, the region above
the surface where the gas flow is stagnant due to the laminar gas flow in the
reactor, plays an important role in the growth kinetics. The hydrocarbons
diffuse through the boundary layer to the substrate surface where they adsorb
and decompose. The carbon species diffuse to the surface while the hydrogen
species diffuse back through the boundary layer into the main gas flow. Thus,
there are two regions, the surface reaction region and the mass transport re-
gion, where the diffusion processes through the boundary layer take place.
In LPCVD processes, the diffusion coefficient and therefore the growth rate
is increased. The thickness of the boundary layer is greater than in APCVD
processes. It has been shown that monolayer growth of graphene changes to
bilayer and multilayer growth at pressures above 37.5 Torr. Interestingly, the
stacking of graphene layers also changes from turbostratic stacking at reduced
pressures to Bernal stacking at atmospheric pressure. To achieve monolayer
growth with APCVD, the growth temperature can be raised above the melting
temperature of the substrate or by highly diluting carbon in hydrogen. (2 )
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Hydrocarbon and Hydrogen

Molecular hydrogen is not only often used in the annealing step to remove
the oxide layer on the substrate, but is also essential in the graphene growth
step. When H2 and H are dissociatively chemisorbed on the surface during the
annealing step, the adsorption sites of atomic hydrogen on the substate sur-
face lead to dehydrogenation of carbon radicals and CH4. Graphene growth is
achieved by the formation of active surface-bound CyHx. On Cu substrates,
hydrogen promotes graphene nucleation by providing essential CH radicals.
However, it also blocks surface sites for chemisorption and thus slows down the
deposition kinetics. The effect of hydrogen annealing on the growth kinetics
depends on the hydrogen solubility and diffusivity in the substrate used. De-
pending on the H2 diffusion coefficient, the hydrogen can either diffuse onto the
surface, reducing the active surface sites and decreasing the graphene growth
rate, or recombine on the surface, increasing the active surface sites and the
graphene growth rate. The diffusion of hydrogen in single crystal germanium
has been experimentally determined to be 4.7 × 10−5 cm2s−1 at 800 ◦C (6 ),
which is closer to that of nickel with 5 × 10−5 cm2s−1 at 900 ◦C than that of
copper at 2 × 10−4 cm2s−1 at 900 ◦C (27 ). It can therefore be assumed that
germanium behaves similarly to nickel with respect to hydrogen annealing.
This means that the active surface sites are increased as well as the graphene
growth rate. In the graphene etching step during cooling of the substrate to
room temperature, the purity of the hydrogen used is an important factor.
Studies suggest that oxidizing impurities, rather than the hydrogen itself, are
responsible for the etching effect. Therefore, there is a critical concentration
of oxidizing impurities that results in a balance between etching and growth
rates. The catalytic substrate used directly affects the etching behavior with
the oxidizing impurities present, in addition to its influence on other properties
of graphene such as structure, nucleation density, layer number, crystallinity,
size distribution and growth behavior. The use of hydrogen in the anneal-
ing step to clean the surface before growth changes the surface morphology
and subsequently the graphene morphology. For copper, the surface becomes
smoother, but more defects are introduced, which can lead to multilayer growth
of graphene. Hydrogen removes weak C-C bonds and limits the thickness of
graphene in this carbon etching, at high flow rates graphene edges are selec-
tively etched. It has been found that the shape of graphene flakes during
growth depends on the hydrogen and hydrocarbon flow rates. In APCVD pro-
cesses with liquid Cu substrates and CH4 as precursor at a constant low flow
rate, low H2/CH4 ratios lead to diffusion limited growth and dendritic shaped
graphene domains, while higher H2/CH4 ratios lead to edge attachment limited
growth and compact hexagonal domains. As the CH4 flow rate is increased,
the edges of the hexagonal flakes become positively curved and even circular
flakes can be grown.
In LPCVD processes, higher hydrogen flow rates are favorable due to less
surface contamination from oxygen-related functional groups and more grain
growth. The CH4 flow rate itself is also very important in the graphene growth
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process. In APCVD processes, lower methane flow rates result in monolayer
growth and fewer defects due to lower particle concentrations from gas reac-
tions.
Other precursors such as acetylene (C2H2) have also been investigated for
graphene growth by CVD. C2H2 has a higher pyrolysis rate than CH4 and due
to vacancy defects healing processes could result in graphene with lower defect
density. The C2H2 flow rate also affects the domain size and the number of
graphene layers grown, and lower flow rates result in lower defect densities.
Liquid precursors for CVD graphene growth include propanol, methanol, and
ethanol vapor, which may help reduce the growth temperature due to lower
decomposition temperatures. (2 )

Growth Temperature

The CVD growth temperature is one of the most important process parameters
due to its influence on the chemical and physical mechanisms of nucleation and
growth of graphene. These mechanisms include adsorption, adsorbate migra-
tion, and desorption. Research to so far suggests that higher growth temper-
atures result in smoother surfaces and therefore fewer active nucleation sites
and lower nucleation densities. Surface diffusion and growth rates are also
increased. CVD processes that produce continuous, uniform, crystalline and
monolayer graphene with low defect density are often performed at a process
temperature close to or above the melting point of the growth substrate. Ex-
planations could be the rapid dehydrogenation rate of the precursor at elevated
temperatures and the increased probability of active carbon species with suffi-
cient energy to overcome the energy barrier to adsorb on the surface. There is
a lower temperature limit below which nucleation of graphene is not achieved.
(2 )

Growth Substrate

The substrate used determines the graphene growth process in CVD. At the
beginning of graphene growth by CVD processes, transition metals were the
most commonly used substrates due to the profound knowledge already avail-
able in the literature. Crystalline and high quality graphene can be obtained
using transition metal substrates with their catalytic properties. Graphene
has been successfully grown on Pd, Ir, Pt, Ni, and Cu, the last two being the
most common choices. Nowadays, research is also focused on liquid, dielec-
tric, or silicon-based substrates, where the grown graphene does not need to
be transferred for industrial applications. To minimize long growth times and
carbide formation, nucleation sites are created with catalysts. The metalloid
germanium also prevents the formation of stable carbides and has direct use
in electronic applications.
To obtain large graphene domains and thus high quality graphene, the nucle-
ation sites on the substrate surface must be controlled by modifying the surface
morphology. Suitable treatments prior to graphene synthesis include hydrogen,
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annealing, electropolishing, plasma or chemical etching, and thin film growth.
These methods reduce the active nucleation sites by changing the native oxide
thickness, grain size, surface roughness, impurity density, and other proper-
ties. Smooth surfaces contribute to the synthesis of uniform and homogeneous
graphene. Surface orientation also affects the quality of the resulting graphene.
(2 )

CVD of Graphene on Germanium

Graphene has been successfully deposited on the main surfaces (001), (110)
and (111) of germanium, but the quality of the graphene as well as the in-
terface and morphology are different. Germanium is a suitable substrate due
to its catalytic surface activity and Ge-C alloy parts, which do not mix with
each other under equilibrium conditions. It is assumed that the CVD syn-
thesis of graphene on germanium is surface-mediated and self-limited, similar
to the growth on copper substrates and very different from the growth on
nickel substrates. The deposition temperature is the most important factor for
the alignment of graphene fragments on the surface and for their coalescence
into a complete layer. However, it has been shown that slow or fast cooling
rates are not a determining factor. The best graphene quality is obtained at
deposition temperatures of 930 ◦C, which is close to the melting point of ger-
manium at 937 ◦C, due to the formation of a quasi-liquid surface layer. At
CVD deposition temperatures of 920 ◦C, the graphene quality is already de-
graded due to the formation of defective and wrinkled graphene layers. The
elevated temperature induces a higher sublimation rate and mobility on the
surface, desorption of defective fragments from the surface, and higher diffu-
sion of carbon species. Graphene on Ge(110) surface is flat and single domain
growth is possible. The success for the deposition of large scales of single crys-
talline monolayer graphene on Ge(110) lies in the unidirectional orientation
of the seeds, which can coalesce without the formation of grain boundaries.
The growth is anisotropic and graphene islands align uniaxially in the ⟨1̄10⟩
direction. Zigzag etches of graphene go in the ⟨001⟩ direction and armchair
edges go in the ⟨1̄10⟩ direction. On Ge(001) and Ge(111) graphene nucleation
is isotropic, resulting in polycrystalline graphene. (7 )
Studies suggest that this alignment of graphene islands is not only due to the
anistropic 2-fold symmetry of the Ge(110) surface. Atomic steps on the surface
and lattice matching between atomic steps and graphene edges play a crucial
role in the alignment of the islands. The attachment to the atomic steps does
not depend on the direction of the atomic steps, with the armchair directions
of the graphene islands almost always in the same direction. This attachment
occurs via strong chemical bonds, and the islands grow in a leaf-like shape with
the long axis in the fast growth direction. Pre-annealing the Ge(110) surface
to reduce the atomic step density on the surface can lead to isotropic graphene
nucleation and an increase in grain boundary defects. Graphene island edges
near atomic steps or on terraces can be passivated with germanium or termi-
nated with hydrogen in a CVD process, depending on the H2 partial pressure
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and temperature. It has been shown that germanium termination is preferred
near atomic steps and hydrogen termination on terraces. Hydrogen passivated
islands interact with the surface through weak van der Waals forces instead
of strong chemical bonds, making strict alignment of the graphene islands im-
possible. The formation energy of the covalent bond between graphene and
germanium has a minimum in the observed alignment direction, making it
more favorable. (26 )
Graphene growth changes the structure of the underlying Ge(110) surface to
a (6 × 2) structure, where the quenched germanium layer at the interface
forms clusters ordered in the ⟨1̄12⟩ direction of the bulk germanium. This
is not observed on pristine Ge(110) surfaces and is stabilized by the graphene
layer. Studies of hydrogen intercalation at the graphene/Ge(110) interface
have shown that two different phases are present at the surface after synthesis.
Either graphene on the Ge(110) surface with a (6 × 2) structure or graphene
on H-terminated (1× 1)-Ge(110). Both phases can be completely transformed
into each other by hydrogen intercalation or de-intercalation. (7 )
Cleaning methods for Ge(110) in the literature include sonication in acetone
and isopropanol for 15 minutes and etching in H2O for 15 minutes at 90 ◦C.
Due to the use of hydrogen, the CVD reaction chamber is always evacuated
before starting the process. A successful recipe for graphene growth at atmo-
spheric pressure included the introduction of 3.6-4.6 standard cubic centimeters
per minute (sccm) CH4 after annealing at 910 ◦C with 200 sccm Ar and 100
sccm H2. The samples were rapidly cooled in the same atmosphere and then
degassed for 1-2 hours in ultra high vacuum (UHV) at 400 ◦C. The partial
pressure of CH4 was considered too high to achieve a single crystallographic
orientation of graphene, and instead two rotational domains misaligned by 30
◦were obtained. (28 ) High quality graphene was also archieved by another
group using the same recipe and a deposition time of 6 hours. (29 )
Another APCVD process that produced high quality graphene with Raman
spectra showing negligible D-band intensity involved annealing Ge(011) sub-
strates for 30-60 minutes at 910 ◦C in a H2 and Ar atmosphere before growing
for 9-12 hours using 200 sccm Ar, 100 sccm H2, and 4.6 sccm CH4. These
conditions allow near equilibrium growth due to the slow growth rate and
high H2/CH4 flux ratio, suppressing defect formation and yielding relatively
pristine graphene. The resulting surface was relatively flat, with hundreds of
nanometer-wide flat terraces separated by atomic steps. (30 )
Negligible D-band intensities were also obtained with another APCVD process
where the chamber was filled with 200 sccm of argon and hydrogen after evac-
uation, then used H2 gas flow rates of 27 or 30 sccm and heated to 910 ◦C in
30 minutes before introducing 0.5 sccm of methane for 60 to 200 minutes and
cooling to room temperature under H2 and Ar flow. (26 )
In the low pressure regime at 75 Torr, monolayer graphene was grown on
Ge(110) after cleaning the substrate with multiple cycles of acetone, isopropanol,
and deionized water rinses. The substrates were heated to 910, 920, and 930
◦C with a multi-step temperature ramp and held there for a 5 minute anneal
with 200 sccm H2 and 800 sccm Ar. The growth step was performed with an
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additional 2 sccm CH4 for 60 minutes and for cooling to room temperature a
H2 and Ar atmosphere was used again. The obtained graphene quality clearly
increased with the deposition temperature used. (31 )
Wafer-scale growth of single-crystal monolayer graphene has been achieved on
H-terminated Ge(110), with the substrate being reusable for multiple times of
high-quality graphene growth. The germanium wafer was cleaned by the stan-
dard RCA method and treated with oxygen plasma to remove organic residues.
To remove the native oxide and H-terminate the germanium surface, the wafer
was dipped in 10% diluted HF. In an LPCVD process, a fresh epitaxial Ge layer
was deposited prior to graphene synthesis at 100 Torr with CH4 gas diluted to
1-2% in H2 gas at temperatures of 900-930 ◦C and deposition times of 5-120
minutes. After growth, the substrate was rapidly cooled to room temperature
under vacuum conditions. (32 )

2.2.2 PECVD of Graphene

PECVD processes provide the ability to lower the growth temperature of
graphene, increase the growth rate, control and pattern the nanostructure,
and produce ordered materials. The plasma-generated species dissociate the
gaseous carbon source at lower temperatures than thermal dissociation, fur-
ther lowering the energy barrier for graphene nucleation and growth. Another
advantage is the ability to use dielectric materials as growth substrates instead
of catalytic metals, eliminating graphene transfer and associated structural de-
fects and impurities. CVD setups that combine RF plasma and hot filament
heating of the reaction chamber have achieved ordered structure and low de-
fect density graphene growth without an annealing step, due to the increase in
grain size and decrease in grain boundary formation caused by the additional
heat from the hot filaments. Inductively coupled RF PECVD systems produce
a large plasma volume with high energy density, resulting in high graphene
growth rates. Graphene has been deposited at reduced temperatures in the
time frame of seconds or minutes. As growth time and plasma power are in-
creased, atomic H etching is also increased, which can be essential for achieving
monolayer growth. (2 )

PECVD of Graphene on Germanium

The growth of graphene using PECVD methods is generally more novel than
thermal CVD methods, so there is less literature available. However, one group
has attempted to deposit graphene on Ge(110) and Ge(100) using thermal and
plasma enhanced CVD. The substrates were cleaned in boiling acetone and
ethyl alcohol for 2 minutes, then rinsed with isopropyl alcohol and blown dry
with nitrogen. The fixed deposition parameters were a chamber pressure of 3
Torr and a deposition temperature of 757 ◦C. CH4 Gas flow rates were varied
between 3 and 100 sccm and the plasma atmosphere was realized with argon
or hydrogen flow. The plasma used was a pulsed DC plasma with a pulse
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frequency of 10 kHz and 1 µs reverse time, and its power was varied between
40 and 100 W. In addition, a Ni foil was folded into an inverted cup and used
as a Faraday cage to shield the electric field between the substrate and the
plasma sheath. The best result for PECVD grown graphene on Ge(110) was
achieved with 100 sccm of CH4 and 200 sccm of Ar flowing for 8 hours at a
plasma power of 40 W. This is the lowest temperature to synthesize graphene
on germanium so far. However, a complete film was not formed, but monolayer
graphene flakes surrounded by a defective carbon film. Interestingly, tensile
strained graphene was observed when deposited via PECVD, as thermal CVD
grown graphene was found to be compressively strained and p-doped, in agree-
ment with most of the literature. The compressive strain was explained by the
difference in thermal expansion coefficients. Germanium has a coefficient of
thermal expansion of 5.75× 10−6K−1 and that of graphene is −6× 10−6K−1.
Therefore, the germanium lattice contracts during cooling, causing compres-
sion of the carbon lattice. The PECVD grown samples varied in doping and
strain characteristics, which could imply variations in defect formation and
long-range order across the sample. The defective carbon film around and
under the crystalline flakes weakens the interaction between the germanium
surface and the graphene. The graphene regions expand during cooling and
could saturate existing dangling bonds by forming bonds with the now closer
defective carbon layer. The tensile strain in the graphene regions could there-
fore be due to the attractive forces between them and the defective regions.
(33 )
PECVD methods have also been used to grow vertically aligned graphene
nanosheet arrays (VAGNAs) on Ge(111). VAGNAs are two-dimensional graphene
nanosheets grown perpendicular to the surface of a substrate to form a three-
dimensional interconnected and ordered array structure. They have poten-
tial applications in various interesting fields due to their properties such as
enhanced electrochemical activity, abundant edges, large surface area, very
good conductivity and open channels. The direct growth of uniform, large-
area VAGNAs with a height of 30-190 nm was achieved using RF plasma on
Ge(111). The substrates were cleaned with acetone, isopropanol, and deionized
water before being heated in the PECVD chamber to 625 ◦C at a H2 flow rate
of 20 sccm. In the deposition step, plasma with a power of 20-80 W was ignited
with 40 sccm CH4, 60 sccm H2 and 400 sccm Ar for 90 minutes. Pressure was
held constant at 400 mTorr. During cooling to 250 ◦C, 1000 sccm of Ar and
20 sccm of H2 flowed. (34 )
RF plasma has also been used to grow graphene nanowalls on various sub-
strates such as germanium. They are vertically oriented on a substrate and
consist of a network of graphitic sheets. The nanosheets consist of 1-10 layers
of graphene and are grown in a tubular RF-PECVD system. Deposition was
performed at a temperature of 750 ◦C, a base pressure of 375 mTorr, a gas
mixture of 33.3% CH4 in H2, and plasma powers of 50-500 W over a duration of
5-30 min. The obtained graphene nanowalls showed polycrystalline structure
and consisted of few-layer graphene nanosheets, demonstrating that PECVD
techniques can be used to grow high-quality graphene nanowalls on various
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substrates. (35 )
MW plasma has also been used to synthesize crystalline, high-quality, free-
standing few-layer graphene on various substrates, including germanium. The
resulting graphene is 4-6 atomic layers thick and several micrometers wide.
The samples were heated with a 2 kW MW plasma for 20 minutes at 40 Torr
with a 200 sccm H2 flow, resulting in temperatures of 700 ◦C. For growth, CH4

and H2 were introduced into the chamber at a ratio of 1/8 and a total flow rate
of 200 sccm. The deposition times ranged from 1 to 30000 s. The deposited
few layer graphene was oriented perpendicular to the substrate surface. (36 )
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3 Characterization

This chapter provides an introduction to the most critical method used to
characterize the quality of deposited thin films, as well as some basics of data
analysis.

3.1 Raman Spectroscopy

Defects such as grain boundaries, impurities and vacancies determine the qual-
ity of graphene, with the first being the most critical. Raman spectroscopy is
a fast, non-destructive and non-invasive tool to characterize graphene. In this
spectroscopic technique, a laser is inelastically scattered by the sample and the
Raman scattered light provides information about the structure of the sample
as well as its chemistry.
The most prominent features in the Raman spectra of graphene are the G
band and the 2D or G’ band. The G peak at 1583 cm−1 appears due to bond
stretching of all sp2 atom pairs and corresponds to the E2g phonon at the
Brillouin center. It is a first order scattering since only one scattering event is
involved. The 2D peak at 2760 cm−1 corresponds to second order scattering.
The third peak characteristic of graphene is the D peak at 1350 cm−1, which is
also second order scattering. These double resonance processes occur between
two non-equivalent K-points in the first Brillouin zone (BZ). When two zone-
boundary phonons are connected by scattering, the 2D mode appears, while
the connection of a defect and a single phonon corresponds to the D mode.
Therefore, the D mode is not visible in pristine graphene without defects. (2 )
The intensity ratio of the D peak to the G peak ID/IG is used to estimate
the degree of graphitization and is a measure of defect density. The intensity
ratio of the 2D peak to the G peak I2D/IG and the Full Width Half Maxi-
mum (FWHM) of the 2D peak are both considered as indices of the number
of graphene layers. Therefore, a low ratio of ID/IG and the FWHM of the 2D
peak and a high ratio of I2D/IG correspond to high-quality graphene and are
desirable. (37 ) Characteristic Raman peaks of graphene are shown in Figure
3.1.1.

18



3 Characterization

Figure 3.1.1: Raman spectra of pristine graphene (top) and defective graphene (bot-
tom). Reprinted from (38 ).

The position and shape of the 2D Raman band depends on the excitation laser
wavelength, drifting to higher wavenumbers at shorter wavelengths. However,
its shape is also influenced by the number of graphene layers. Figure 3.1.2
shows the clear differences of the Raman peak for graphene and graphite.
Not only the shape changes, but also the intensity of the G-peak to 2D-peak
increases for graphite. (2 )

Figure 3.1.2: Raman spectra of graphene (top) and graphite (bottom). Reprinted
from (2 ).

3.1.1 Data Analysis

The baseline correction used for the Raman spectra, which suffered greatly
from luminescence, was asymmetric least squares smoothing. Asymmetric
Least Squares (AsLS) is implemented in software such as Origin and is based
on the Whittaker smoother. For a given vector y = y1, y2, ..., yi of a signal
sampled at equal intervals, there exists a smoothing series z = z1, zq, ..., zi that
is faithful to y. This is obtained by minimizing the penalized least squares
function:

F =
∑
i

(yi − zi)
2 + λ

∑
i

(∆2zi)
2 (3.1)
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where ∆2zi = (zi−zi−1)−(zi−1−zi−2) = zi−2zi− 1+zi−2, ∆ is a second order
differential operator. The first term in F measures the fit to the data, and the
second term is a penalty for non-smooth behavior of z. The parameter λ tunes
the balance between fitness and smoothness. Then a vector w is defined to
weight the fitness and the function changes to:

F =
∑
i

wi(yi − zi)
2 + λ

∑
i

(∆2zi)
2 (3.2)

The minimization leads to the following system of equations:

(W + λDTD)z = Wy (3.3)

where W = diag(w) and D is the second order differential matrix Dz = ∆2z.
Normally, the signs of the y − z residuals do not matter when a smoother is
used. Therefore, a positive and a negative residual get the same weight. In the
asymmetric least squares method, a parameter p is introduced to give more
weight to negative residuals: wi = p if yi > zi and wi = 1−p otherwise. This is
then transformed into an iterative application and used for baseline correction.
(39 ) (40 )
In the software OriginPro, which was used in this thesis to analyze the obtained
Raman spectra, Asymmetric Least Squares Smoothing is implemented and
four parameters can be changed by the user. The asymmetric factor can have
a value between 0 and 1, for spectra with positive peaks a value close to 0 should
be applied, in the spectra analyzed in this thesis this value was kept at 0.001.
The next value is the threshold, which must also be a number between 0 and
1, the numbers used in this thesis were in the range of 0.2-0.7. The smoothing
factor has a range of 2-9, this value was kept at 7. The number of iterations
was also kept constant at 400. The quality of the resulting subtracted baselines
was controlled by visual inspection, which is to some extent subjective.
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4 Setup and Experimental Methods

This chapter explains the configuration of the experimental setup and gives a
chronological description of the experiments performed.

4.1 CVD

In a first step, CVD was performed to get familiar with the system and to get
a rough idea of how the different parameters will affect the graphene synthesis.

4.1.1 Experimental Setup

A sketch of the experimental setup is shown in Figure 4.1.1. The system
consists of Ar, H2, and CH4 gas cylinders connected to mass flow controllers
(MFCs) with stainless steel pipes and quarter turn valves. The Ar line is also
connected to the N2 line from the building, and the gases can be switched via
a quarter turn valve. The H2 cylinder is stored in a separate cabinet for added
security. The CH4 gas was purchased from Praxair with a purity of 99.99%
and the H2 was purchased from Linde with a purity of 99.999%. The MFCs
are further connected to the tube by different pneumatic valves, the gas flow
in the tube can be selected to be either left to right or right to left by opening
and closing different pneumatic valves. In the experiments of this thesis, the
gas flow was always selected to be from left to right. The pneumatic valves
are either normally open or normally closed. To change their state, the signal
from the PC goes through a programmable logic controller to the solenoids
that are connected to the compressed dry air (CDA) from the building and
the pneumatic valves. Check valves are connected to the tube and directly to
the exhaust (not shown in the sketch for simplicity) to ensure that gas flows
only in one direction and will open at a pressure of 1 PSI above atmospheric
pressure to prevent overpressure in the tube. The quartz tube is 36” long
and has an inside diameter of 1”. Downstream, the tube is connected to two
pressure gauges for different pressure ranges and directly to the exhaust with
a pneumatic valve for atmospheric pressure CVD processes. For low pressure
CVD processes, the tube is also connected to a throttle valve to maintain
the desired pressure and a rotary vane pump. The pressure in the exhaust
is slightly negative with respect to atmospheric pressure, approximately 740
Torr. All gas lines are made of stainless steel. Outside the tube is a furnace to
achieve the desired temperature inside the tube. A bypass gas line is installed
from the MFCs to the vacuum pump with a quarter turn valve to allow for
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quick draining of the gas lines. The throttle valve and MFCs are controlled by
a vacuum system controller, which is also connected to the pressure gauges.
The two gauges operate in different pressure ranges to provide low and high
pressure readings. The entire system is housed in a fume hood and is equipped
with a hazardous gas monitor for added safety. The devices and instruments
used are listed in Table 4.1.

Ar/N2 H2 CH4

Quarter-turn valves

MFCs

Pneumatic valves (normally closed)

Pneumatic valves
(normally open)

Furnace

Tube

Check valve

Diaphragm valve

Pressure gauges
FilterThrottle

valve

Exhaust

Rotary
vane
pump

Figure 4.1.1: Schematic layout of the CVD reactor.

Table 4.1: Devices and instruments used for the experimental setup.

Device Company Model

Mass flow controller MKS GV50A series, 200 sccm range
Solenoids Nitra Pneumatics GM-314
Programmable logic controller
Pneumatic valves
Quarter turn valves
Tube
Furnace Mellen MTSC Microtherm
Controller and power supply Mellen PS105
PID temperature controller Love Controls Series 16B
Thermocouple Type S
Vacuum System Controller MKS Series 946
Throttle Valve MKS 153D
Pressure gauge MKS Type 722B Baratron, 10 Torr range
Pressure gauge MKS Type 722B Baratron, 1000 Torr range
Rotary vane pump Edwards RV12
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4.1.2 Experimental Workflow

Sample Cleaning

The Ge(110) substrates were received as 1x1 cm2 cut pieces of an undoped
N-type Ge(110) wafer purchased from MTI Corporation. The substrates were
first cleaned by subsequent ultrasonication for five minutes at 20 ◦C in ace-
tone and isopropanol, five rinses with deionized water (DIW), and blow drying
with nitrogen (N2). This proved to be insufficient to remove the protective
film residues from the polished side. In a next step, the process was repeated,
but the ultrasonication duration was increased to 15 minutes. The residue
was still visible even without optical magnification. Gently scraping the pol-
ished side with a micro cleanroom swab while immersed in acetone, followed
by ultrasonicating the germanium again for five minutes at 20 ◦C in acetone
and isopropanol, rinsing it five times with DIW, and blow drying it with N2

finally resulted in a surface free of protective film, which was also confirmed
by optical microscopy. As an alternative, increasing the ultrasonic time to 30
minutes was also tried because of the possibility of scratching the surface, but
without satisfactory results.
The standard ex situ degreasing procedure became ultrasonication in acetone
for five minutes, ultrasonication in isopropanol for five minutes, six DIW rinses,
and then gently scraping the germanium surface with a micro-cleanroom swab
in acetone, followed by ultrasonication in acetone for 15 minutes at 35 ◦C,
ultrasonication in isopropanol for 15 minutes at 35 ◦C, six DIW rinses, and
blow-drying with N2.
For the in situ cleaning method, annealing in hydrogen was tried first be-
cause of its compatibility with the experimental process. During the naturally
required heating step of the system, 20 sccm H2 and 180 sccm Ar were in-
troduced instead of 200 sccm Ar. Depending on the experiment performed,
the desired heating temperature, heating time and pressure changed, which
is a disadvantage as a cleaning method. However, completely separating the
hydrogen annealing from the rest of the experimental plan would have been
very impractical.
Since the produced samples showed etch marks, a hydrogen anneal without
subsequent growth step was performed. The germanium sample was heated
to 800 ◦C in 30 minutes with 180 sccm Ar and 20 sccm H2 at 800 mTorr.
The sample was then cooled to 500 ◦C with 200 sccm Ar and from there to
room temperature without gas flow, confirming the suspicion that the H2 was
responsible for etching the surface. In a next step, hydrogen annealing was
performed at 900 ◦C for 30 minutes (heating time 18 minutes with a heating
ramp of 50 ◦C/minute) with 100 sccm H2 at 75 Torr. Thus, the annealing step
was somewhat separated from the heating step, as the hydrogen was not only
introduced during the heating period, but also for an additional 30 minutes at
constant temperature. This was repeated with an additional ex situ cleaning
step of two minutes in the Ossila UV Ozone Cleaner. The additional ex situ
ozone cleaning step became a standard cleaning method with a duration of 10
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minutes for the samples after the degreasing cleaning step.
Hydrogen annealing was tried with several different parameters. The annealing
step always took 30 minutes, but it was done at 800 ◦C with 100 sccm H2 at
10 Torr, then with 150 sccm H2 at 100 Torr, and then also at 150 Torr. In the
end, the constant parameters for the H2 anneal were a gas flow of 200 sccm
H2, a pressure of 150 Torr, and a duration of 30 minutes. The temperature
still depended on the experiment, but in most cases was 800 ◦C with a heating
time of 16 minutes.
The success of the cleaning processes was recorded by optical microscopy. The
microscope used was an Olympus BX60 system microscope.

CVD

After installing the tube, a bake of the tube and sample boat was performed.
The tube was completely evacuated and a leak check was performed before the
tube was filled back to atmospheric pressure with N2. A gas flow of 200 sccm
N2 and 100 sccm H2 was maintained while the furnace was heated to 850 ◦C
in 17 minutes and held for 30 minutes. After using H2 gas, the system and
pipes were always drained and flushed three times with N2.
The sample cleaning steps were still evolving, the Ge(110) samples used in
the CVD experiments were cleaned by several rounds of ultrasonication and
scraping with a micro cleanroom swab in acetone as described at the beginning
of section 4.1.2. For each experiment, a sample was placed approximately
in the center of the sample boat and then in the center of the furnace to
ensure a constant temperature profile. Eight experiments were performed, the
parameters used in the graphene growth step are listed in Table 4.2. Before
starting each experiment, the system was evacuated and a leak check was
performed. For the heating step to the desired temperature of the growing step,
the heating time was varied. To reach 800 ◦C, 30 minutes were programmed,
for 700 ◦C, 26 minutes, and for 600 ◦C, 23 minutes. During heating, gas flows
of 20 sccm H2 and 180 sccm Ar were introduced into the tube. After the
growth step, the gas flow was changed to 200 sccm N2 until a temperature
of 500 ◦C was reached. The pressure was kept constant at 800 mTorr all the
time. Below 500 ◦C, the H2 and CH4 lines were drained and the system was
flushed three times with N2. After the last purging, the system was held at
atmospheric pressure and cooling continued without gas flow. At 400 ◦C the
furnace was opened to introduce a faster cooling rate. The change in gas flow
was made gradually to avoid abrupt changes. More experiments were planned
with other variations of H2/CH4 ratios than those shown in Table 4.2, but the
main purpose of this series was to get familiar with the system before starting
PECVD experiments. The required deposition parameters can be very different
for CVD and PECVD due to the different processes involved. For time reasons
it was decided that this series was sufficient.
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Table 4.2: Parameters during the CVD graphene deposition step.

Temperature (◦C) Pressure (mTorr) CH4 (sccm) H2 (sccm) Time (min)

800 800 200 0 60
800 800 100 100 60
800 800 5 195 60
700 800 200 0 60
700 800 5 195 60
600 800 200 0 60
600 800 100 100 60
600 800 5 195 60

The samples produced were analyzed by optical microscopy using the Olym-
pus BX60 system microscope and by Raman spectroscopy using the Renishaw
inVia confocal microscope system. A 488 nm laser, 3000 l/mm grating and 50x
magnification were used for Raman measurements. The spectra were recorded
with a laser power of 60% in the range of 1000 cm−1 to 3300 cm−1 with an
acquisition time of 10 seconds and 5 accumulations. Before the measurements
the system was calibrated with the 520.5 cm−1 peak of a Si sample and the
laser was focused on the surface. If graphene was deposited and therefore a
2D band was visible in the Raman spectra, the laser was focused to maximize
the 2D band, which may be different from focusing on the surface. However,
this process was also somewhat subjective. The laser power was chosen to be
as low as possible while still being able to clearly distinguish Raman features
from noise. For each sample, Raman spectra were recorded at approximately
the center and near the four edges of the sample.

4.2 PECVD

4.2.1 Experimental Setup

To perform PECVD processes, the experimental setup was set up as shown
in Figure 4.2.1. The LFRF-501 RF plasma generator from SMI Technology
is an industrial spark tester consisting of a single wound Tesla coil wound
on a thermo-plastic cone and ruggedly mounted in an insulated enclosure.
High quality mica capacitors and a sturdy 4 point adjustable tungsten gap
are also used. The generator is connected to a copper foil with a RF power
transmission cable, the RF current is adjustable from 10 mA to 250 mA and
the output voltage is in the order of 50 kV at 2 MHz. The high frequency
spark is adjustable from 1/16” to 2”. The operating pressure is in the range
of mTorr to dTorr, depending on the gas type and flow rate. The copper foil
was cut into a 3.8 cm wide piece and wrapped around the quartz tube 11.8
cm to the right of the left bearing that held the quartz tube in place in the
system. The furnace was placed with a distance of 7.9 cm between the edge of
the copper foil and the edge of the furnace.
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Ar/N2 H2 CH4

Quarter-turn valves

MFCs

Pneumatic valves (normally closed)

Pneumatic valves
(normally open)

Furnace

Tube

Check valve

Diaphragm valve

Pressure gauges
FilterThrottle

valve

Exhaust

Rotary
vane
pump

Copper foil

RF Plasma
generator

Figure 4.2.1: Schematic layout of the PECVD reactor. The dashed line indicates a
RF power transmission cable.

4.2.2 Experimental Workflow

The samples were still cleaned as before, unless otherwise specified, and the
positioning of the sample in the boat and the furnace remained the same, see
section 4.1.2. Four PECVD experiments were performed.
First, an experimental procedure from the CVD experiments was attempted
to be reproduced with plasma ignited during the deposition step, including the
same steps after deposition. The sample was heated to 800 ◦C in 30 minutes
with 180 sccm Ar and 20 sccm H2 flowing. During the 60 minute deposition
step the gas flow was changed to 200 sccm CH4. The pressure was kept con-
stant at 800 mTorr. However, the plasma was not stable and the generator
settings, such as the high frequency spark and the high frequency current, were
readjusted and changed frequently. It was concluded that the pressure was too
high to form a stable plasma. Experiments without samples showed that the
plasma was stable for at least 10 minutes with a flow of 20 sccm Ar at a pres-
sure of 150 mTorr and a gas flow of 25 sccm CH4 at a pressure of 100 mTorr.
Lower pressures were not possible with the installed pumping system.
The next sample was heated to 800 ◦C with 25 sccm H2 flowing at a pressure
of 100 mTorr. During the 60 minute deposition step, the throttle valve was
left fully open to achieve the lowest possible pressure. However, the pressure
was not constant during the experiment and this makes the experiment not
reproducible. Both a flow rate of 20 sccm and 25 sccm CH4 were tried and
the pressure ranged from 100 mTorr to 170 mTorr. Again, the plasma was not
stable and had to be constantly readjusted. The sample was then cooled to
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500 ◦C with 25 sccm N2. The rest of the procedure was the same as before
and the plasma did not improve.
Another experiment with the throttle open all the time was done with 25 sccm
CH4 and 25 sccm H2 during the growing step. The pressure was in the order
of 80 mTorr during the heating step to 800 ◦C in 30 minutes with a flow of
25 sccm H2, ranged from 185 mTorr to 239 mTorr during the deposition step,
and was in the range of 113 mTorr during the cooling step to 500 ◦C with a
flow of 25 sccm N2. Again, the plasma was not stable.
The final sample was cleaned using the standard degreasing procedure de-
scribed in section 4.1.2. The substrate was heated to 900 ◦C in 34 minutes
under a flow of 20 sccm H2 and 30 sccm Ar. During the 60 minute growth
step, 20 sccm H2, 20 sccm CH4 and 10 sccm Ar flowed. For cooling to 500
◦C, 50 sccm of Ar was used. The pressure was kept constant at 300 mTorr,
which was the lowest pressure possible because of the background pressure.
The plasma was still not stable.
Unstable plasma in the four experiments means that it started bright but flick-
ered after a few minutes and soon disappeared. As the experiment progressed,
it was not possible to ignite a bright plasma, and often no plasma could be
ignited at all. It was concluded that the pressure required to form a stable
plasma could not be achieved. The reason for this was the rotary vane pump,
but also the MFCs, which probably do not produce a stable flow rate below
25 sccm and are not reliable at flow rates below 10 sccm. In addition, the
tungsten points of the generator are believed to have deteriorated. However,
cleaning the contacts with sandpaper and readjusting the gaps did not change
the performance. Another problem with the plasma generator was the lack of
a scaled setting and reading of the plasma power, which made reproducibility
of this parameter difficult.
Many more experiments were planned, but not carried out because a stable
plasma could not be achieved. The samples produced were again examined by
optical microscopy and Raman spectroscopy, as described in section 4.1.2.

4.3 Dual Furnace CVD

4.3.1 Experimental setup

To deposit graphene on Ge(110) at deposition temperatures lower than com-
mercial CVD methods, a method other than PECVD was focused on. Qian et
al. successfully deposited graphene on copper substrates at reduced temper-
atures of 300 ◦C using a CVD process with three furnaces. The first furnace
was heated to a temperature of 1000 ◦C, the second to 720 ◦C, and the third,
containing the Cu substrate, to 300 ◦C. The high temperatures are due to the
high reaction energy barrier of the decomposition of CH4, where the conversion
rate can only reach the order of 10−1 at temperatures above 1000 ◦C. (41 )
Therefore, a second Mellen furnace was installed in the CVD experimental
setup with a distance of 8.5 cm between the furnaces. A schematic of the
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adapted experimental setup is shown in Figure 4.3.1.
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Figure 4.3.1: Schematic layout of the dual furnace CVD reactor.

4.3.2 Experimental Workflow

The Ge(110) samples were cleaned by the standard degreasing method followed
by 10 minutes in the UV Ozone Cleaner. As a first step, eight experiments
were performed with the parameters during the deposition step listed in Table
4.3. The first furnace was at 1000 ◦C and the second furnace was at 800 ◦C
in each experiment. The samples were placed in the center of the boat and
then in the center of the second furnace. The heating and annealing steps
were slightly different. The system was purged with N2 for one minute before
evacuation and leak check. For the H2:CH4:Ar = 50:10:90 sccm sample, both
furnaces were heated to deposition temperature in 30 minutes while 100 sccm
of H2 was injected into the tube at a pressure of 10 Torr. For H2:CH4:Ar =
100:10:40 sccm, the second furnace was heated to 800 ◦C in 16 minutes and
held for 30 minutes, while the first furnace was heated to 1000 ◦C and 150
sccm of H2 flowed at a pressure of 100 Torr. For H2:CH4:Ar = 10:10:130 sccm
the pressure was increased to 150 Torr. After the deposition step, the CH4 and
H2 lines were drained and the system was flushed three times with N2. For the
rest of the samples, the pressure was kept at 150 Torr during the annealing
step, during cooling 150 sccm N2 were introduced during slow cooling to room
temperature or at least to 400 ◦C. The sample with H2:CH4:Ar = 200:200:200
sccm had 200 sccm H2 flowing during annealing and 200 sccm N2 during slow
cooling. This experiment was not planned in the series, but was done out of
curiosity and because a H2/CH4 ratio of 1 seemed to be the most successful
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for graphene deposition so far.
The MFCs were otherwise used at their reliability limit of 10 sccm, because of
the common literature CH4 flow rates for graphene deposition by CVD below
10 sccm, as described in chapter 2.2.1. However, corresponding MFCs were
not available.

Table 4.3: Parameters during the graphene deposition step of the first series of ex-
periments with dual furnace CVD.

Pressure (Torr) CH4 (sccm) H2 (sccm) Ar (sccm) Time (min)

10 10 0 140 60
10 10 10 130 60
10 10 25 115 60
10 10 50 90 60
10 10 100 40 60
10 200 200 200 60
1 10 10 130 60
100 10 10 130 60

More experiments were planned in this series, such as further increasing the
pressure, changing the growth time, and also changing the temperature of the
second furnace. However, the results of this series were not as good as hoped
for, and a comparison with the preliminary single furnace CVD experiments
led to a new series of experiments. The samples produced were again examined
by optical microscopy and Raman spectroscopy, as described in section 4.1.2.

The parameters used in the deposition step of the second experimental series
are listed in Table 4.4, the growth time was always 60 minutes. All samples
were cleaned with the standard degreasing method. The first experiment was
reproduced from the CVD series with only one furnace as listed in Table 4.2.
Therefore, the second furnace was heated to deposition temperature in 30
minutes while 20 sccm H2 and 180 sccm Ar were flowing. The sample was
slowly cooled to a temperature of 400 ◦C with 200 sccm of Ar flowing, then
the furnace was opened.
The cleaning steps were then adjusted and the other samples were also cleaned
for 10 minutes in the UV ozone cleaner. The system was flushed again with
N2 for one minute before evacuation and leak check. The second furnace was
heated to deposition temperature in 16 minutes followed by a 30 minute anneal,
during these steps the H2 flow rate was set to 200 sccm and the pressure was
150 Torr. During slow cooling 200 sccm N2 was introduced. In the other
experiments, the first furnace either followed the same program as the second
furnace or was heated to 1000 ◦C in 46 minutes. The samples produced were
again examined by optical microscopy and Raman spectroscopy, as described
in section 4.1.2, and also using a scanning electron microscope (SEM), the FEI
Quanta 3D FEG FIB.
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Table 4.4: Parameters during the graphene deposition step of the second series of
experiments using dual furnace CVD.

Temperature 1st (◦C) Temperature 2nd (◦C) Pressure (mTorr) CH4 (sccm) H2 (sccm)

- 800 800 100 100
- 800 800 100 100
800 800 800 100 100
1000 800 800 100 100

These experiments led to the final set of experiments whose deposition param-
eters are listed in Table 4.5. The Ge substrates were cleaned ex-situ with the
standard degreasing method and 10 minutes in the UV ozone cleaner. The
samples were placed in the center of the sample boat and then in the center
of the second furnace. Prior to evacuation and leak testing, the system was
flushed with N2 for one minute. The first furnace was always heated to 800
◦C. Both furnaces ran the same program and the heating rate was set to 50
◦C/minute, corresponding to the furnace with the higher temperature. The
heating step was followed by a 30 minute anneal, during which the H2 flow rate
was set to 200 sccm and the pressure was 150 Torr. During the slow cooling
200 sccm N2 was introduced. The 10 and 100 Torr experiments were repeated
once each. The prepared samples were again examined by SEM and Raman
spectroscopy as described in section 4.1.2.

Table 4.5: Parameters during the graphene deposition step of the third series of
experiments using dual furnace CVD.

Temperature 2nd furnace(◦C) Pressure (Torr) CH4 (sccm) H2 (sccm) Time (min)

800 0.8 100 100 60
800 0.8 100 100 50
800 0.8 100 100 40
800 0.8 100 100 30
800 0.8 100 100 20
800 0.8 100 100 5
800 10 100 100 60
800 100 100 100 60
800 760 100 100 60
800 0.8 10 190 40
800 0.8 60 140 40
800 0.8 140 60 40
800 0.8 190 10 40
800 0.8 200 0 40
900 0.8 100 100 40
850 0.8 100 100 40
750 0.8 100 100 40
700 0.8 100 100 40
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5.1 Sample Cleaning

Optical microscope images of the germanium substrates with visible residual
protective film are shown in Figure 5.1.1a. This sample was not scraped with
the micro cleanroom swab and it is concluded that ultrasonication in acetone
and isopropanol is not sufficient to clean the surface. For comparison, the re-
sulting surface from the standard degreasing method is shown in Figure 5.1.1b.
Optical microscope images of the resulting surfaces from the various hydrogen
annealing trials are shown in Figure 5.1.2. It is concluded that sufficiently high
pressures and hydrogen flow rates are required, in addition to sufficient time
for the surface to be completely etched by the H2 and thus clean. Unfortu-
nately, the lens for the 100x magnification in the microscope does not focus
evenly over the whole area, and there was some kind of staining on the lens,
which can be clearly seen in Figure 5.1.2d.

(a) Residual protective film after ul-
trasonication in acetone and iso-
propanol.

(b) Clean surface with standard de-
greasing methods, including mi-
cro cleanroom swabs.

Figure 5.1.1: Optical microscope images of polished Ge(110) surface after degreasing
cleaning step, 100x magnification and scale bar of 4 µm.
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(a) Hydrogen annealing during the
heating step, 20 sccm H2 and 180
sccm Ar at 800 mTorr while heat-
ing to 800 ◦C in 30 minutes.

(b) Hydrogen anneal, 100 sccm H2 at
75 Torr and 900 ◦C for 30 min-
utes plus 18 minute heating step.

(c) Hydrogen anneal, same proce-
dure as 5.1.2b with additional
ozone cleaning for two minutes.

(d) Hydrogen anneal, 200 sccm H2

at 150 Torr and 800 ◦C for 30
minutes plus 16 minute heating
step with additional ozone clean-
ing for ten minutes.

Figure 5.1.2: Optical microscope images of the polished Ge(110) surface after H2

annealing cleaning step, 100x magnification and scale bar of 4 µm..

5.2 Single Furnace CVD

Optical microscope images of the samples with a CVD deposition temperature
of 600 ◦C are shown in Figure 5.2.1, those with a deposition temperature of 700
◦C in Figure 5.2.2, and those with a deposition temperature of 800 ◦C in Figure
5.2.3. The visible features are the etch marks from H2, since the H2 anneal was
still developing and the samples did not have an additional hydrogen annealing
step. Interestingly, the etch marks at 600 ◦C have a higher density and look
like small dots, the etch pits at 700 ◦C are larger and appear to be deeper, but
it looks like some of the etch pits have already filled due to surface diffusion.
At 800 ◦C, long and rectangular etch pits appear with a preferred direction. It
is unclear whether the preferred direction is due to surface orientation or gas
flow. The etch pits also show a preferred orientation along scratches as shown
in Figure 5.2.1a.
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(a) 200 sccm CH4 and 0 sccm H2. (b) 100 sccm CH4 and 100 sccm H2.

(c) 5 sccm CH4 and 195 sccm H2.

Figure 5.2.1: Optical microscope images of graphene on Ge(110) samples at 600 ◦C
single furnace CVD deposition temperature, 100x magnification and 4
µm scale bar.

(a) 200 sccm CH4 and 0 sccm H2. (b) 5 sccm CH4 and 195 sccm H2.

Figure 5.2.2: Optical microscope images of graphene on Ge(110) samples at 700 ◦C
single furnace CVD deposition temperature, 100x magnification and 4
µm scale bar.
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(a) 200 sccm CH4 and 0 sccm H2. (b) 100 sccm CH4 and 100 sccm H2.

(c) 5 sccm CH4 and 195 sccm H2.

Figure 5.2.3: Optical microscope images of graphene on Ge(110) samples at 800 ◦C
single furnace CVD deposition temperature, 100x magnification and 4
µm scale bar.

The Raman spectra of the samples grown by single furnace CVD at 600 ◦C are
shown in Figure 5.2.4, those grown at 700 ◦C in Figure 5.2.5, and those grown
at 800 ◦C in Figures 5.2.6 and 5.2.7, respectively. For all samples grown at 700
◦C and 800 ◦C, the spectra were recorded five times with the laser spot focused
on an etch pit and on the intact surface. This was not possible for the 600 ◦C
samples due to the high density of etch pits. The spectra of the five measure-
ment points on each sample were averaged to obtain a better signal-to-noise
ratio, and the luminescence background was subtracted using the asymmetric
least square method described in chapter 3.1.1. Then the spectra were normal-
ized between 0 and 1. The maximum value of the standard deviation (STD)
was divided by the maximum value of the corresponding five recorded spectra
to get some information about the homogeneity of the samples. This maximum
relative standard deviation is listed together with the background subtraction
parameters in Tables 5.1, 5.2, 5.3, 5.4 and 5.5. The data analysis software used
was OriginPro.
The D peak at ˜1360 cm−1 and the G peak at ˜1600 cm−1 are visible in all
spectra. The 2D peak at ˜2700 cm

−1, which is the most characteristic graphene
Raman peak, is only clearly visible in the sample grown at 800 ◦C with 100
sccm CH4 and 100 sccm H2 when the laser is focused on the etch pits. The
relative standard deviation of the averaged spectra is larger when the laser
is focused on the etch pits during the Raman measurements. In the case of
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this sample with successful graphene deposition, the difference between the
five spectra recorded at different sample spots is particularly large, as shown
in Figure 5.2.7a. Therefore, the spectrum with the lowest ID/IG ratio and
FWHM of the 2D peak and the highest I2D/IG ratio was selected and the
peaks were fitted with a Lorentz function
y = y0 +

2×A
π × w

4×(x−xc)2+w2 , where y0 is the offset, A is the area, w is the

FWHM, and xc is the center of the peak. The derived parameter is the height
of the peak H with H = 2×A

π×w . The fitting parameters with their standard
errors are listed in Table 5.6. Using the peak height derived from the fit pa-
rameters, the ID/IG ratio was calculated to be 1.860 ± 0.017 and the I2D/IG
ratio was calculated to be 0.333±0.007. Uncertainty estimates were calculated
using the standard errors of the parameters and the propagation of uncorre-
lated uncertainty. The spectrum indicates successful deposition of graphene
with many defects. However, the spectrum also indicates that it might not
be monolayer graphene. The H2 etching probably created active surface sites
that facilitated graphene formation. On all other Ge(110) samples, amorphous
carbon, graphite, highly defective graphene, or a mixture of these appears to
have been deposited instead of graphene. The G band is characteristic of sp2

hybridized carbon materials, indicating the presence of a hexagonal carbon
lattice as in graphitic or graphene-like structures. The D band corresponds to
defects and disorder in the carbon lattice and is due to sp3 hybridized carbon
atoms or localized states in the carbon network. The deposited material is
likely to have a high degree of disorder or structural changes.
Furthermore, the sharp features at ˜1550 cm−1 and at ˜2330 cm−1 correspond
to oxygen and nitrogen from the environment, respectively. (7 )

Figure 5.2.4: Averaged Raman spectra of graphene on Ge(110) samples at 600 ◦C
single furnace CVD deposition temperature.
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Table 5.1: Background subtraction parameters asymmetric factor, threshold,
smoothing factor, and number of iterations for the asymmetric least
squares method and relative standard deviation for the Raman spectra
of graphene on Ge(110) samples with 600 ◦C single furnace CVD deposi-
tion temperature.

CH4 (sccm) H2 (sccm) As. factor Threshold Smooth. factor Iterations Relative STD

200 0 0.001 0.07 7 400 19%
100 100 0.001 0.06 7 400 11%
5 195 0.001 0.05 7 400 20%

(a) Intact surface.

(b) Etch pits.

Figure 5.2.5: Averaged Raman spectra of graphene on Ge(110) samples at 700 ◦C
single furnace CVD deposition temperature.
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Table 5.2: Background subtraction parameters asymmetric factor, threshold,
smoothing factor, and number of iterations for the asymmetric least
squares method and relative standard deviation for the Raman spectra
of graphene on Ge(110) samples with 700 ◦C single furnace CVD deposi-
tion temperature, intact surface.

CH4 (sccm) H2 (sccm) As. factor Threshold Smooth. factor Iterations Relative STD

200 0 0.001 0.05 7 400 7%
5 195 0.001 0.04 7 400 10%

Table 5.3: Background subtraction parameters asymmetric factor, threshold,
smoothing factor, and number of iterations for the asymmetric least
squares method and relative standard deviation for the Raman spectra
of graphene on Ge(110) samples with 700 ◦C single furnace CVD deposi-
tion temperature, etch pits.

CH4 (sccm) H2 (sccm) As. factor Threshold Smooth. factor Iterations Relative STD

200 0 0.001 0.04 7 400 30%
5 195 0.001 0.04 7 400 20%
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(a) Intact surface.

(b) Etch pits.

Figure 5.2.6: Averaged Raman spectra of graphene on Ge(110) samples at 800 ◦C
single furnace CVD deposition temperature.
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(a) Five spectra recorded at different etch pits.

(b) Raw data (black) with background for sub-
traction (red) of the uppermost spectra
(violet) in the Figure 5.2.7a.

(c) Background corrected spectra (result of
Figure 5.2.7b) with fitted Lorentz peaks.

Figure 5.2.7: Raman spectra of graphene on Ge(110) samples at 800 ◦C single furnace
CVD deposition temperature and 100 sccm CH4 and 100 sccm H2,
focused on the etch pits.
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Table 5.4: Background subtraction parameters asymmetric factor, threshold,
smoothing factor, and number of iterations for the asymmetric least
squares method and relative standard deviation for the averaged Raman
spectra of graphene on Ge(110) samples with 800 ◦C single furnace CVD
deposition temperature, intact surface.

CH4 (sccm) H2 (sccm) As. factor Threshold Smooth. factor Iterations Relative STD

200 0 0.001 0.04 7 400 8%
100 100 0.001 0.04 7 400 14%
5 195 0.001 0.04 7 400 6%

Table 5.5: Background subtraction parameters asymmetric factor, threshold,
smoothing factor, and number of iterations for the asymmetric least
squares method and relative standard deviation for the Raman spectra
of graphene on Ge(110) samples with 800 ◦C single furnace CVD deposi-
tion temperature, etch pits

CH4 (sccm) H2 (sccm) As. factor Threshold Smooth. factor Iterations Relative STD

200 0 0.001 0.03 7 400 30%
100 100 0.001 0.02 7 400 50%
5 195 0.001 0.03 7 400 30%

Table 5.6: Lorentz function fit parameters y-offset, peak center, area, FWHM and
derived peak height with their standard errors for the fitted peaks in
Figure 5.2.7c.

Peak y0 xc w A H

D 0.0185± 0.0005 1357.58± 0.09 43.0± 0.3 67.1± 0.3 0.993± 0.005
G 0.0185± 0.0005 1603.31± 0.18 48.3± 0.5 40.5± 0.4 0.534± 0.004
2D 0.0185± 0.0005 2702.2± 0.6 64.1± 1.6 18.0± 0.4 0.178± 0.003
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5.3 PECVD

The optical microscope images of the samples with a deposition temperature
of 800 ◦C are shown in Figure 5.3.1 and the sample with 900 ◦C in Figure 5.3.2.
Interestingly, the etch pits are very different in shape and density. Temper-
ature and H2 flow rate are not the only parameters influencing the resulting
surface, but apparently pressure and total flow rate as well. However, a sam-
ple underwent the same treatment with PECVD, shown in Figure 5.3.1a, and
CVD, shown in Figure 5.2.3a, and the resulting surfaces are different. The
PECVD sample looks like many of the etch pits have already been refilled,
but it is unclear why this was possible for this particular sample. Even more
interesting is the difference in etch pits between the sample in Figure 5.3.1b
and the sample in Figure 5.3.1c, since both experienced the same tempera-
ture, duration, and H2 flow during the heating step, and the pressure was also
similar. The degreasing steps before the experiments were also performed in
the same way. However, the sample in Figure 5.3.1b looks similar to the sam-
ples that were subjected to a temperature of 700 ◦C in the CVD series, see
Figure 5.2.2. Faint rectangular etch pits connecting deeper and circular etch
pits may indicate how the deep rectangular etch pits develop. The etch pits
on the sample surface in Figure 5.3.1c look smaller but similar to those on the
sample surface in Figure 5.3.2, although they experienced a different tempera-
ture, duration, and pressure during heating. The H2 flow rate was similar, but
the total flow rate was different. In addition, the degreasing steps were not
performed in the same manner. It is possible that the plasma also altered the
surface significantly.
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(a) 200 sccm CH4 and 0 sccm H2. (b) 25 sccm CH4 and 0 sccm H2.

(c) 25 sccm CH4 and 25 sccm H2.

Figure 5.3.1: Optical microscope images of graphene on Ge(110) samples at 800 ◦C
PECVD deposition temperature, 100x magnification, and 4 µm scale
bar.

Figure 5.3.2: Optical microscope images of graphene on Ge(110) sample at 900 ◦C
PECVD deposition temperature and 20 sccm CH4, 20 sccm H2 and 10
sccm Ar, 100x magnification and scale bar of 4 µm.

The averaged Raman spectra of the samples produced in the PECVD exper-
iment series are shown in Figures 5.3.3 and 5.3.4. The Raman measurements
were again performed with the laser spot focused on the etch pits and on the
intact surface. The measurement and analysis were performed in the same
way as for the CVD series, see section 5.2. The relative standard deviation of
the averaged spectra together with the background subtraction parameters are
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given in Tables 5.7 and 5.8. In all spectra the D and G peaks are visible again,
as well as the ambient oxygen and nitrogen peaks. A mixture of armophous
carbon, graphite and highly defective graphene has probably been deposited
on the samples again. The faint hint of a 2D peak in the Raman spectra of
the sample with a deposition temperature of 900 ◦C, shown in Figure 5.3.4, is
probably due to artifacts from the subtraction of the luminescent background,
but it could be that graphene was deposited on these samples. Furthermore,
a D’ peak may be visible at slightly higher wavenumbers than the G peak.

(a) Intact surface.

(b) Etch pits.

Figure 5.3.3: Averaged Raman spectra of graphene on Ge(110) samples at 800 ◦C
PECVD deposition temperature.
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Figure 5.3.4: Averaged Raman spectra of graphene on Ge(110) samples with 900 ◦C
PECVD deposition temperature and 20 sccm CH4, 20 sccm H2 and 10
sccm Ar.

Table 5.7: Background subtraction parameters asymmetric factor, threshold,
smoothing factor and number of iterations for the asymmetric least square
method and relative standard deviation for the averaged Raman spectra of
graphene on Ge(110) samples with 800 ◦C and 900 ◦C PECVD deposition
temperature, intact surface.

CH4 (sccm) H2 (sccm) As. factor Threshold Smooth. factor Iterations Relative STD

200 0 0.001 0.03 7 400 9%
25 25 0.001 0.03 7 400 8%
25 0 0.001 0.02 7 400 7%
20 20 0.001 0.03 7 400 7%

Table 5.8: Background subtraction parameters asymmetric factor, threshold,
smoothing factor and number of iterations for asymmetric least square
method and relative standard deviation for the averaged Raman spec-
tra of graphene on Ge(110) samples with 800 ◦C and 900 ◦C PECVD
deposition temperature, etch pits.

CH4 (sccm) H2 (sccm) As. factor Threshold Smooth. factor Iterations Relative STD

200 0 0.001 0.04 7 400 14%
25 25 0.001 0.04 7 400 30%
25 0 0.001 0.02 7 400 19%
20 20 0.001 0.04 7 400 17%
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5.4 Dual Furnace CVD

5.4.1 First Experimental Series

The optical microscope images of the samples are shown in Figures 5.4.2 and
5.4.1. The importance of the separate H2 annealing step is clear from the
etch marks in Figure 5.4.2d. Increasing the pressure to 150 Torr during the
anneal also resulted in a smoother surface than at 100 Torr, as can be seen by
comparing the sample in Figure 5.4.2e with the rest. Some particles seem to be
sitting in the middle of the etch pits for this sample. However, the surface could
also have been altered by the deposition step after annealing. The cleaning
steps applied to these samples resulted in generally clean and homogeneous
surfaces. Unfortunately, the spots on the microscope lens are clearly visible
again.

(a) 10 sccm CH4 and 10 sccm H2 and
1 Torr.

(b) 10 sccm CH4 and 10 sccm H2 and
100 Torr.

Figure 5.4.1: Optical microscope images of graphene on Ge(110) samples grown by
dual frunace CVD, 1st furnace temperature 1000 ◦C, 2nd furnace tem-
perature 800 ◦C, 100x magnification and 4 µm scale bar.
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(a) 10 sccm CH4 and 0 sccm H2. (b) 10 sccm CH4 and 10 sccm H2.

(c) 10 sccm CH4 and 25 sccm H2. (d) 10 sccm CH4 and 50 sccm H2.

(e) 10 sccm CH4 and 100 sccm H2. (f) 200 sccm CH4 and 200 sccm H2.

Figure 5.4.2: Optical microscope images of graphene on Ge(110) samples grown at
10 Torr pressure by dual frunace CVD, 1st furnace temperature 1000
◦C, 2nd furnace temperature 800 ◦C, 100x magnification and 4 µm scale
bar.

The averaged Raman spectra of the samples produced in the first series of
dual furnace CVD experiments are shown in Figure 5.4.3. The measurement
and analysis were performed in the same way as for the single furnace CVD
series, see section 5.2. The relative standard deviation of the averaged spectra
is given in Table 5.9. The background subtraction parameters were the same
for all spectra, with an asymmetric factor of 0.001, a threshold of 0.03, a
smoothing factor of 7, and a number of iterations of 400 for the asymmetric
least square method. The D, G, O2 and N2 peaks are again visible in all
samples and the D’ is also clearly visible in many samples. On three samples
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highly defective graphene may have been deposited due to the weak 2D peak
for CH4:H2 = 10:10 sccm at 1 and 10 Torr and for CH4:H2 = 10:25 sccm at 10
Torr. Interestingly, a H2/CH4 ratio of 1 gives the best results at low pressures,
which is not common in the literature and almost contradicts it. The weak
2D peak is not consistent with monolayer graphene, so it is likely that a thin
layer of graphite was deposited. It could be that the high temperature of
1000 ◦C of the first furnace greatly increased the deposition rate, making the
CH4 decomposition more effective. On the other hand, a higher H2 flow rate
could help to decrease the deposition rate again and etch away parts, but
these samples show no 2D peak at all. On the rest of the samples a mixture
of armophous carbon, graphite and highly defective graphene has probably
been deposited again. The peaks in the spectrum of the samples showing a
2D peak were again fitted with a Lorentz function, the parameters and their
standard errors are listed in Tables 5.10, 5.11 and 5.12. With the derived peak
height parameters, the ID/IG ratios were calculated to be 2.5 ± 0.3, 2.9 ± 0.3
and 2.7 ± 0.3, and the I2D/IG ratio to be 0.37 ± 0.08, 0.63 ± 0.08 and 0.61 ±
0.08, for CH4:H2 = 10:10 sccm at 1 and 10 Torr and for CH4:H2 = 10:25
sccm at 10 Torr, respectively. Uncertainty estimates were calculated using the
relative standard deviation of the averaged spectrum or the standard error of
the parameters for the peaks, whichever is greater, and the propagation of
uncorrelated uncertainty.
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Figure 5.4.3: Averaged Raman spectra of graphene on Ge(110) samples grown by
double furnace CVD, 1st furnace temperature 1000 ◦C, 2nd furnace
temperature 800 ◦C.
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Table 5.9: Relative standard deviation for the averaged Raman spectra of graphene
on Ge(110) samples grown with dual furnace CVD, 1st furnace tempera-
ture 1000 ◦C, 2nd furnace temperature 800 ◦C.

Pressure (Torr) H2 (sccm) CH4 (sccm) Relative STD

10 0 10 8%
10 10 10 6%
10 25 10 6%
10 50 10 30%
10 100 10 10%
10 200 200 9%
1 10 10 7%
100 10 10 7%

Table 5.10: Lorentz function fit parameters y-offset, peak center, area, FWHM and
derived peak height and their standard errors for CH4:H2 = 10:10 sccm
at 1 Torr grown by dual furnace CVD, 1st furnace temperature 1000 ◦C,
2nd furnace temperature 800 ◦C.

Peak y0 xc w A H

D 0.0748± 0.0011 1371.5± 0.6 37.8± 1.6 24.5± 0.8 0.413± 0.012
G 0.0748± 0.0011 1603.8± 1.2 31± 4 7.9± 0.7 0.164± 0.013
D’ 0.0748± 0.0011 1639.3± 1.0 2± 3 0.15± 0.15 0.06± 0.05
2D 0.0748± 0.0011 2727± 4 36± 11 3.4± 0.7 0.060± 0.012

Table 5.11: Lorentz function fit parameters y-offset, peak center, area, FWHM and
derived peak height and their standard errors for CH4:H2 = 10:10 sccm
at 10 Torr grown by dual furnace CVD, 1st furnace temperature 1000
◦C, 2nd furnace temperature 800 ◦C.

Peak y0 xc w A H

D 0.0738± 0.0011 1371.2± 0.5 35.9± 1.3 27.8± 0.7 0.493± 0.012
G 0.0738± 0.0011 1604.6± 1.6 32± 5 8.5± 1.1 0.168± 0.013
D’ 0.0738± 0.0011 1631± 3 11± 11 0.7± 0.7 0.04± 0.03
2D 0.0738± 0.0011 2727± 3 62± 8 10.2± 1.0 0.105± 0.009
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Table 5.12: Lorentz function fit parameters y-offset, peak center, area, FWHM and
derived peak height and their standard errors for CH4:H2 = 10:25 sccm
at 10 Torr grown dual furnace CVD, 1st furnace temperature 1000 ◦C,
2nd furnace temperature 800 ◦C

Peak y0 xc w A H

D 0.0625± 0.0012 1372.7± 0.6 35.3± 1.6 22.2± 0.7 0.400± 0.012
G 0.0625± 0.0012 1601.8± 1.8 45± 6 10.4± 1.0 0.148± 0.011
D’ 0.0625± 0.0012 1644± 3 8± 9 0.4± 0.4 0.04± 0.03
2D 0.0625± 0.0012 2724± 3 63± 10 8.9± 1.0 0.090± 0.009
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5.4.2 Second Experimental Series

The optical microscope images of the samples are shown in Figure 5.4.4. Ex-
cept for the etch pits on the sample that was cleaned only with the standard
degreasing method and not with the UV ozone cleaner and the additional H2

annealing step, and the stains on the microscope lens, nothing is noticeable on
the surface of the produced samples.

(a) Cleaned only with the standard
degreasing method, 2nd furnace
temperature 800 ◦C.

(b) 2nd furnace temperature 800 ◦C.

(c) 1st furnace temperature 800 ◦C,
2nd furnace temperature 800 ◦C.

(d) 1st furnace temperature 1000 ◦C,
2nd furnace temperature 800 ◦C.

Figure 5.4.4: Optical microscope images of graphene on Ge(110) samples grown by
dual furnace CVD, 100x magnification and 4 µm scale bar.

The SEM images of the samples are shown in Figure 5.4.5. No graphene flakes
are clearly visible in the images. The etch pits are more clearly visible. Small
holes are also visible on the other samples where the furnace temperatures did
not exceed 800 ◦C. They could represent small etch pits, their shape does not
really show any regularity and they do not seem to be deep. However, they also
show a preferred orientation similar to the etch pits. An exact determination
of their origin is not possible from the SEM images alone. On the sample
where the first furnace was set at 1000 ◦C, a local deposition of some particles
is visible.
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(a) Cleaned only with the standard
degreasing method, 2nd furnace
temperature 800 ◦C, 10 µm scale
bar.

(b) 2nd furnace temperature 800 ◦C,
2 µm scale bar.

(c) 1st furnace temperature 800 ◦C,
2nd furnace temperature 800 ◦C,
1 µm scale bar.

(d) 1st furnace temperature 1000 ◦C,
2nd furnace temperature 800 ◦C,
3 µm scale bar.

Figure 5.4.5: SEM images of graphene on Ge(110) samples grown by dual furnace
CVD.

The averaged Raman spectra of the samples produced in the second series of
experiments with dual furnace CVD are shown in Figure 5.4.6. The measure-
ment and analysis were performed in the same way as for the CVD series,
see section 5.2. The background subtraction parameters were the same for all
spectra with an asymmetric factor of 0.001, a threshold of 0.04, a smoothing
factor of 7, and a number of iterations of 400 for the asymmetric least square
method. The D, G, O2 and N2 peaks are again visible in all samples. The
sample reproduced from the previous single furnace CVD experiments was
only cleaned with the standard degreasing method and therefore showed etch
pits. The Raman spectra were again recorded with the laser focused on the
intact surface and the etch pits, as well as in the vicinity of the etch pits. In the
vicinity of the etch pits and in the etch pits, a 2D peak is again visible in the
Raman spectra, and highly defective graphene has probably been deposited
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again. The peaks in both spectra were again fitted with a Lorentz function,
the parameters for the fits and their standard errors are listed in Tables 5.13
and 5.14. The relative standard deviation for the averaged spectra is 8% for
the intact surface, 10% near the etch pits, and 13% at the etch pits. Using the
derived peak heights of the spectrum near the etch pits, the ID/IG ratio was
calculated to be 2.2±0.4 and the I2D/IG ratio was calculated to be 0.14±0.03.
Using the derived peak heights of the spectrum at the etch pits, the ID/IG
ratio was calculated to be 1.8± 0.4 and the I2D/IG ratio was calculated to be
0.093 ± 0.019. The uncertainties were estimated using the relative standard
deviation of the averaged spectra, since these values were larger than the stan-
dard errors of the derived parameters, and the propagation of uncorrelated
uncertainty.
The samples that were also cleaned with the UV ozone cleaner and the ad-
ditional H2 annealing step, and had one or two furnaces set to 800 ◦C, show
prominent 2D peaks. The peaks were also fitted with Lorentz functions, and
the parameters for the fit and their standard errors are listed in Tables 5.15
and 5.16. Using the derived peak heights of the spectrum with one furnace at
800 ◦C, the ID/IG ratio was calculated to be 2.4±0.4 and the I2D/IG ratio was
calculated to be 0.95 ± 0.14. Using the derived peak heights of the spectrum
with both furnaces at 800 ◦C, the ID/IG ratio was calculated to be 2.2 ± 0.6
and the I2D/IG ratio was calculated to be 0.69 ± 0.18. Uncertainties were es-
timated using the relative standard deviation of the averaged spectra, since
these values were larger than the standard errors of the fitting parameters and
the propagation of uncorrelated uncertainty. The additional cleaning steps not
only result in a smoother surface, but also seem to be an important factor for
graphene deposition. The relative standard deviation for the averaged Raman
spectra is 10% and 17% for one 800 ◦C furnace and two 800 ◦C furnaces, re-
spectively. The small nm-scale holes on the surface of the samples, visible on
the SEM images in Figure 5.4.5, may be part of the reason for the prominent
D peak in the Raman spectra. The I2D/IG ratios and the FWHM of the 2D
peaks suggest that the obtained graphene film is thinner when only one fur-
nace is used, at least when each other parameter is kept constant. However,
the lower ID/IG ratio for the case of two furnaces suggests that fewer defects
are introduced in the obtained film when both furnaces are used.
When the first furnace was set at 1000 ◦C, no clear 2D peak is visible. The
relative standard deviation for the averaged spectra is 10%. The high tem-
peratures of the first furnace seem to prevent graphene deposition, probably
resulting in a mixture of armophous carbon, graphite and highly defective
graphene, similar to the intact surface of the first sample.
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(a) Cleaned only by the standard degreasing method, 2nd furnace
temperature 800 ◦C.

(b) Cleaned by the standard degreasing method, UV ozone
cleaner and additional H2 annealing step.

Figure 5.4.6: Averaged Raman spectra of graphene on Ge(110) samples grown by
dual furnace CVD.
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Table 5.13: Lorentz function fit parameters y-offset, peak center, area, FWHM, and
derived peak height and their standard errors for the sample cleaned by
the degreasing method only, grown by single furnace CVD at 800 ◦C,
near the etch pits.

Peak y0 xc w A H

D 0.0611± 0.0011 1358.6± 0.3 46.5± 0.7 69.5± 0.8 0.951± 0.010
G 0.0611± 0.0011 1605.0± 0.5 48.3± 1.4 34.5± 0.8 0.455± 0.009
2D 0.0611± 0.0011 2707± 5 88± 14 8.9± 1.1 0.064± 0.007

Table 5.14: Lorentz function fit parameters y-offset, peak center, area, FWHM, and
derived peak height and their standard errors for the sample cleaned by
the degreasing method only, grown by single furnace CVD at 800 ◦C,
etch pits.

Peak y0 xc w A H

D 0.0213± 0.0006 1356.35± 0.12 46.7± 0.4 72.9± 0.4 0.993± 0.005
G 0.0213± 0.0006 1605.1± 0.3 45.5± 0.7 39.4± 0.4 0.551± 0.005
2D 0.0213± 0.0006 2696± 3 71± 9 5.6± 0.6 0.051± 0.005

Table 5.15: Lorentz function fit parameters y-offset, peak center, area, FWHM, and
derived peak height and their standard errors for the sample grown by
single furnace CVD at 800 ◦C.

Peak y0 xc w A H

D 0.0776± 0.0011 1367.1± 0.7 37.5± 1.8 20.0± 0.7 0.338± 0.011
G 0.0776± 0.0011 1610.5± 1.5 35± 5 7.9± 0.7 0.140± 0.012
2D 0.0776± 0.0011 2725± 2 60± 6 12.5± 0.9 0.133± 0.009

Table 5.16: Lorentz function fit parameters y-offset, peak center, area, FWHM, and
derived peak height and their standard errors for the sample grown by
dual furnace CVD , 1st furnace temperature 800 ◦C, 2nd furnace tem-
perature 800 ◦C.

Peak y0 xc w A H

D 0.0715± 0.0012 1359.7± 0.3 37.0± 0.8 50.1± 0.8 0.862± 0.012
G 0.0715± 0.0012 1601.7± 0.6 43.9± 1.8 26.6± 0.8 0.386± 0.011
2D 0.0715± 0.0012 2710.1± 1.1 63± 4 27.0± 1.0 0.272± 0.009
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5.4.3 Third Experimental Series

The obtained SEM images of the samples grown with different H2/CH4 ratios
are shown in Figure 5.4.7, those with different deposition times in Figure 5.4.8,
those at different pressures in Figure 5.4.9 and those at different deposition
temperatures in Figure 5.4.10. The quality of the SEM images varies, the
chosen acceleration voltage was either 10 or 15 kV. This voltage was too high
and damaged the samples, voltages of 0.5 kV should be able to prevent this, but
no good images could be obtained at this voltage. On many of the samples,
the dark, small marks are noticeable again. These are probably etch pits,
since they are also visible on samples where the Raman spectra suggest that
no graphene has been obtained, and their density is lower where the Raman
bands suggest a better quality of graphene. The surface of the sample grown at
10 sccm CH4 and 190 sccm H2, shown in Figure 5.4.7a, looks like grain domains
(lighter contrast) on a darker surface. However, graphene domains are usually
darker than the Ge surface in SEM images, and the Raman spectra of this
sample do not suggest that graphene was deposited on this sample. Another
striking feature is the bright spot-like marks on many samples, which could be
due to surface impurities. The 10 and 100 Torr experiments were performed
twice, but the resulting Raman spectra did not change, and only one sample is
shown. The experiment at 800 ◦C with 100 sccm CH4 and 100 sccm H2 at 0.8
Torr for 60 minutes was reproduced from the second series of experiments, but
the resulting graphene quality was worse than before and the sample from the
second series was used for the analysis. The data of this sample is used in the
time series for 60 minutes and in the pressure series for 0.8 Torr. The data of
the sample grown for 40 minutes at 800 ◦C with 100 sccm CH4 and 100 sccm
H2 at 0.8 Torr is used in the time series for 40 minutes, in the H2/CH4 ratio
series for a H2/CH4 ratio of 1 and in the temperature series for 800 ◦C.
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(a) 10 sccm CH4, 190 sccm H2. (b) 60 sccm CH4, 140 sccm H2.

(c) 140 sccm CH4, 60 sccm H2. (d) 190 sccm CH4, 10 sccm H2.

(e) 200 sccm CH4, 0 sccm H2.

Figure 5.4.7: SEM images of graphene on Ge(110) samples grown by dual furnace
CVD, H2/CH4 ratio series, 1 µm scale bar.
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(a) 50 minutes, 1 µm scale bar. (b) 40 minutes, 1 µm scale bar.

(c) 30 minutes, 1 µm scale bar. (d) 20 minutes, 3 µm scale bar.

(e) 5 minutes, 4 µm scale bar.

Figure 5.4.8: SEM images of graphene on Ge(110) samples grown by dual furnace
CVD, time series.
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(a) 760 Torr, 500 nm scale bar. (b) 100 Torr, 1 µm scale bar.

(c) 10 Torr, 1 µm scale bar.

Figure 5.4.9: SEM images of graphene on Ge(110) samples grown by dual furnace
CVD, pressure series.
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(a) 900 ◦C. (b) 850 ◦C.

(c) 750 ◦C. (d) 700 ◦C.

Figure 5.4.10: SEM images of graphene on Ge(110) samples grown by dual furnace
CVD, temperature series, 1 µm scale bar.

The obtained averaged Raman spectra of the samples grown with different
H2/CH4 ratios are shown in Figure 5.4.11, those with different deposition times
in Figure 5.4.13, those at different pressures in Figure 5.4.15, and those at dif-
ferent deposition temperatures in Figure 5.4.16. The measurement and analy-
sis were performed in the same way as for the single furnace CVD series, see
section 5.2. The parameters for the correction of the germanium background
with the asymmetric least square method are listed together with the relative
standard deviation in Tables 5.18, 5.20, 5.21 and 5.23. The D peak, O2 and N2

peaks are again visible in all spectra. The G band is also visible in all spectra
except for the sample from the H2/CH4 ratio series with 10 sccm CH4 and 190
sccm H2. For many samples a 2D band was also obtained, these spectra were
again fit with a Lorentz function, the parameters for the fits and their standard
errors are listed in Tables 5.17, 5.19 and 5.22. The derived peak heights were
used to calculate the ID/IG ratio and the I2D/IG ratio. Uncertainties were es-
timated using the relative standard deviation of the averaged spectrum or the
standard error of the derived height for the peaks, whichever was greater, and
the propagation of uncorrelated uncertainty. The values obtained are shown
in Figures 5.4.12, 5.4.14 and 5.4.17. The results are ambiguous.
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Usually a low ID/IG ratio corresponds to a high I2D/IG ratio and a low FWHM
of the 2D band. However, this is not the case for the H2/CH4 ratio series and
the time series.
For the H2/CH4 ratio series, the ID/IG ratios and the I2D/IG ratios suggest
that the best graphene quality with fewer defects was achieved with 200 sccm
CH4 and 0 sccm H2. However, the FWHMs of the 2D bands are lowest for 140
sccm CH4 and 60 sccm H2.
For the time series, the ID/IG ratio is lowest for the sample with a deposition
time of 60 minutes, the I2D/IG ratio is highest for the sample with a deposition
time of 40 minutes, and the FWHM of the 2D band is lowest for the sample
with a deposition time of 30 minutes. Only in the temperature series the best
result was clearly obtained at 900 ◦C. Also the pressure series has a winner,
since only 0.8 Torr lead to the formation of graphene.
The reasons for the quality of these results are not only the few sample points,
but also the low quality of the highly defective graphene films produced. In
addition, focusing the laser on the samples to maximize the 2D band in the
spectra often produced spectra that differed greatly from spectra with the
laser focused on the surface and was a subjective process. Another factor was
some misalignment in the Raman system, which resulted in low counts and low
signal-to-noise ratio. To obtain good quality graphene, temperatures above 900
◦C and low deposition rates due to a high H2/CH4 ratio with long deposition
times are necessary, as also concluded in the literature and described in chapter
2.2.1. Furthermore, cooling with H2 flow or annealing the samples after growth
in different atmospheres could improve the results. Thus, the installation of a
second furnace did not lead to the formation of high quality graphene at lower
deposition temperatures, at least in the parameter range investigated.
Equations have been experimentally derived to estimate the average distance
between structural defects with Raman spectra for the case of average dis-
tances greater than 10 nm and the case of average distances smaller than 3
nm, where the squared distance depends on the laser excitation energy in eV
and the inverse or direct ratio of the peak intensity of the Raman D and G
bands. The equations should be valid for a broad class of point defects that
are Raman active, in the limit that only point defects contribute to the D band
intensity. Alternatively, another empirical equation has been derived for only
grain boundary defects contributing to the D band intensity, where the average
size of crystalline grains can be estimated from the laser excitation energy in
eV and the inverse ratio of the integrated intensity of the Raman D and G
bands. Subsequently, the average density of point defects and graphene grains
within the film can be estimated. (29 ) (38 )
However, the quality of the produced graphene films and their Raman spectra
is not good and probably point defects and grain boundaries contribute to the
D band of the Raman spectra. The high ID/IG ratio suggests an average dis-
tance between structural defects smaller than 3 nm if only point defects would
contribute to the D band intensity.
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Figure 5.4.11: Averaged Raman spectra of graphene on Ge(110) samples grown by
dual furnace CVD, H2/CH4 ratio series.

Figure 5.4.12: ID/IG ratios, I2D/IG ratios and FWHMs of the 2D peaks of the
H2/CH4 ratio series. Error bars are σ.
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Figure 5.4.13: Averaged Raman spectra of graphene on Ge(110) samples grown by
dual furnace CVD, time series.

Figure 5.4.14: ID/IG ratios, I2D/IG ratios and FWHMs of the 2D peaks of the time
series. Error bars are σ.
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Figure 5.4.15: Averaged Raman spectra of graphene on Ge(110) samples grown by
dual furnace CVD, pressure series.

Figure 5.4.16: Averaged Raman spectra of graphene on Ge(110) samples grown by
dual furnace CVD, temperature series.
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Figure 5.4.17: ID/IG ratios, I2D/IG ratios and FWHMs of the 2D peaks of the tem-
perature series. Error bars are σ.

Table 5.17: Lorentz function fit parameters y-offset, peak center, area, FWHM, and
derived peak height and their standard errors for the samples grown by
dual furnace CVD, H2/CH4 ratio series.

H2/CH4 (1) Peak y0 xc w A H

0 D 0.0694± 0.0011 1363.7± 0.6 36.0± 1.7 19.3± 0.7 0.342± 0.011
0 G 0.0694± 0.0011 1605.6± 1.4 32± 4 6.7± 0.7 0.135± 0.012
0 2D 0.0694± 0.0011 2719.7± 1.6 46± 5 10.6± 0.8 0.147± 0.010
0.05 D 0.0741± 0.0010 1363.9± 0.5 32.7± 1.3 21.8± 0.7 0.425± 0.012
0.05 G 0.0741± 0.0010 1606.8± 1.5 33± 5 6.4± 0.7 0.126± 0.012
0.05 2D 0.0741± 0.0010 2716.0± 1.7 41± 5 8.2± 0.8 0.126± 0.011
0.43 D 0.0739± 0.0011 1365.5± 0.8 40± 3 17.3± 0.7 0.276± 0.011
0.43 G 0.0739± 0.0011 1608± 4 35± 10 3.2± 0.7 0.059± 0.012
0.43 2D 0.0739± 0.0011 2727± 5 36± 13 2.5± 0.7 0.045± 0.012
2.33 D 0.0790± 0.0011 1363.3± 0.4 36.0± 1.2 30.0± 0.7 0.530± 0.012
2.33 G 0.0790± 0.0011 1606.1± 1.2 36± 4 10.7± 0.7 0.187± 0.012
2.33 2D 0.0790± 0.0011 2720.8± 1.5 52± 5 14.0± 0.9 0.171± 0.010
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Table 5.18: Background subtraction parameters asymmetric factor, threshold,
smoothing factor and number of iterations for asymmetric least square
method and relative standard deviation for the averaged Raman spectra
of graphene on Ge(110) samples grown by dual furnace CVD, H2/CH4

ratio series.

H2/CH4 (1) As. factor Threshold Smooth. factor Iterations Relative STD

0 0.001 0.03 7 400 6%
0.05 0.001 0.04 7 400 11%
0.43 0.001 0.03 7 400 6%
2.33 0.001 0.03 7 400 6%
19 0.001 0.04 7 400 6%

Table 5.19: Lorentz function fit parameters y-offset, peak center, area, FWHM, and
derived peak height and their standard errors for the samples grown by
dual furnace CVD, time series.

Time (min) Peak y0 xc w A H

20 D 0.0774± 0.0012 1359.3± 0.45 35.5± 0.9 37.7± 0.7 0.677± 0.012
20 G 0.0774± 0.0012 1606.0± 1.3 42± 4 12.1± 0.8 0.183± 0.011
20 2D 0.0774± 0.0012 2712± 3 52± 7 9.7± 0.9 0.117± 0.010
30 D 0.0666± 0.0011 1362.8± 0.5 33.7± 1.3 25.4± 0.7 0.479± 0.012
30 G 0.0666± 0.0011 1607.1± 1.7 35± 5 6.8± 0.7 0.122± 0.012
30 2D 0.0666± 0.0011 2716± 3 34± 7 4.7± 0.7 0.087± 0.012
40 D 0.0552± 0.0011 1364.1± 0.7 42.3± 1.9 22.0± 0.8 0.330± 0.010
40 G 0.0552± 0.0011 1607.6± 1.7 40± 5 7.6± 0.7 0.122± 0.011
40 2D 0.0552± 0.0011 2727± 3 55± 7 10.0± 0.9 0.115± 0.009
50 D 0.0790± 0.0011 1365.0± 0.5 35.0± 1.4 24.3± 0.7 0.443± 0.012
50 G 0.0790± 0.0011 1608.5± 1.7 38± 5 7.9± 0.8 0.133± 0.012
50 2D 0.0790± 0.0011 2719± 3 37± 7 6.1± 0.8 0.103± 0.012

Table 5.20: Background subtraction parameters asymmetric factor, threshold,
smoothing factor and number of iterations for asymmetric least square
method and relative standard deviation for the averaged Raman spectra
of graphene on Ge(110) samples grown by dual furnace CVD, time series.

Time (min) As. factor Threshold Smooth. factor Iterations Relative STD

5 0.001 0.04 7 400 6%
20 0.001 0.05 7 400 8%
30 0.001 0.05 7 400 11%
40 0.001 0.04 7 400 7%
50 0.001 0.05 7 400 6%

66



5 Results

Table 5.21: Background subtraction parameters asymmetric factor, threshold,
smoothing factor and number of iterations for asymmetric least square
method and relative standard deviation for the averaged Raman spectra
of graphene on Ge(110) samples grown by dual furnace CVD, pressure
series.

Pressure (Torr) As. factor Threshold Smooth. factor Iterations Relative STD

10 0.001 0.04 7 400 12%
100 0.001 0.04 7 400 6%
760 0.001 0.02 7 400 7%

Table 5.22: Lorentz function fit parameters y-offset, peak center, area, FWHM, and
derived peak height and their standard errors for the samples grown by
dual furnace CVD, temperature series.

Temperature (◦C) Peak y0 xc w A H

850 D 0.0687± 0.0011 1369.2± 0.9 37± 3 14.3± 0.7 0.248± 0.011
850 G 0.0687± 0.0011 1610.5± 1.3 26± 4 5.3± 0.6 0.131± 0.014
850 2D 0.0687± 0.0011 2730.6± 1.5 47± 5 11.2± 0.8 0.152± 0.010
900 D 0.0656± 0.0010 1376.6± 1.3 33± 4 7.7± 0.7 0.152± 0.012
900 G 0.0656± 0.0010 1606.5± 0.6 20.8± 1.7 8.7± 0.5 0.265± 0.015
900 2D 0.0656± 0.0010 2748.0± 0.5 38.3± 1.5 26.0± 0.7 0.433± 0.011

Table 5.23: Background subtraction parameters asymmetric factor, threshold,
smoothing factor and number of iterations for asymmetric least square
method and relative standard deviation for the averaged Raman spectra
of graphene on Ge(110) samples grown by dual furnace CVD, tempera-
ture series.

Temperature (◦C) As. factor Threshold Smooth. factor Iterations Relative STD

700 0.001 0.04 7 400 7%
750 0.001 0.03 7 400 7%
850 0.001 0.03 7 400 10%
900 0.001 0.03 7 400 10%
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The cleaning process of the Ge(110) samples was not constant during the
experiments due to the simultaneous development. The best results were ob-
tained with ex-situ cleaning steps consisting of ultrasonication in acetone for
five minutes, ultrasonication in isopropanol for five minutes, six rinses with
deionized water, and then gentle scraping of the germanium surface with a
micro cleanroom swab in acetone, followed by ultrasonication in acetone for 15
minutes at 35 ◦C, ultrasonication in isopropanol for 15 minutes at 35 ◦C, six
rinses with deionized water, and blow drying with N2 followed by ten minutes
in a UV ozone cleaner. The in-situ cleaning step consisted of a H2 anneal for
30 minutes at 800 ◦C and 150 Torr with 200 sccm of H2 flowing.

Graphene was successfully deposited on Ge(110) samples in preliminary chem-
ical vapor deposition experiments at 800 ◦C, 100 sccm H2 and 100 sccm CH4

with a deposition time of 60 minutes at a pressure of 800 mTorr.

Deposition of graphene by plasma-enhanced chemical vapor deposition was not
successful, probably because the base pressure was too high to achieve a stable
plasma.

Chemical vapor deposition was performed with two furnaces to investigate the
possibility of a lower graphene deposition temperature. Several series of exper-
iments with parameter studies were performed. In preliminary experiments,
low pressures in the range of 1 Torr to 10 Torr and H2/CH4 ratios close to 1
resulted in graphene deposition at 800 ◦C. A more extensive parameter study
showed that H2/CH4 ratios below 2.4 resulted in graphene deposition, and
using only CH4 as precursor gave the best results in the parameter ranges in-
vestigated. The ideal deposition time could not be fully determined, but was
in the range of 40 to 60 minutes in the experiments conducted. Graphene
deposition could not be achieved at pressures higher than 800 mTorr. Deposi-
tion temperatures of 900 ◦C gave the best results, and no graphene could be
deposited below 800 ◦C. The use of two furnaces in the CVD process did not
demonstrate a clear improvement in graphene deposition and did not allow
lower deposition temperatures in the context of this thesis.

Raman spectroscopy showed that the deposited graphene is highly defective
and probably not monolayer graphene, so no ideal recipe was determined.
Optical microscopy showed clean and smooth surfaces, but electron microscopy

68



6 Conclusions and Outlook

revealed etch pits in the nm range.

The next step would be to further optimize the cleaning process to achieve clean
and smooth surfaces without etch pits. In addition, different parameter ranges
and post-deposition cooling processes should be investigated with reference to
the literature to achieve high quality and monolayer graphene. This could be
achieved by modifying the experimental setup.
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