
1 
 

 

 

Low temperature Plasma Enhanced 

Chemical Vapor Deposition of 

graphene layers 

 

 

Master of science thesis 

              By 

     Niki Sotiriou 

 

 

 

 

 

 

 

 

 

 

 

 

Department of Chemical 

Engineering, 

University of Patras, 

Patras, Greece, 

October 2017 



2 
 

 

 

 

 

 

 

 

 

                                                                                          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

 

 

 

 

 

                                                                                            To my family 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 
 

Acknowledgments 

 

I would like to thank Prof. Lefteris Amanatides, Assistant Professor at the Department of 
Chemical Engineering and Prof. Dimitris Mataras, Professor at the Department of Chemical 
Engineering, who kindly gave me the opportunity to work with them and their research group 
and for their valuable guidance through this master thesis. I would also like to thank everyone 
in Plasma Technology Laboratory for the great collaboration.  Furthermore, I would like to 
express my deepest gratitude to Professor Konstantinos Galiotis and his team for the precious 
help in the characterization of the samples and for always being so supportive. 
 
A special thank goes to Dr. Anastasios Manikas and Nikos Koutroumanis, Phd student in the 
Deprtment of Chemical Engineering, for their guidance and for always being so kind, 
understanding and willing to help. 
 
Finally, I am grateful for the funding sources that allowed me to pursue my graduate studies: 
Graphene Flagship Fellowship and EU-Horizon 2020 Research & Innovation Actions (RIA) 
Fellowship. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

Abstract 

 

The subject of this master thesis is the synthesis of graphene layers by Plasma Enhanced 

Chemical Deposition at low temperature, below 300 ˚C, on both nickel and copper foil. The 

experimental work is mainly focused on the adjustment of the experimental parameters like 

temperature, pressure, gas mixture ratio, deposition time and power in order to produce 

graphene layers with low defect density on nickel foil. Raman spectroscopy is used in order to 

characterize the deposited materials. In order to produce images of the deposited films, 

scanning electron microscope (SEM) measurements took place and for further investigation 

of the surface of the deposited graphene layers, Atomic Force Microscope (AFM) 

measurements where performed on nickel foil before and after deposition. Finally, to further 

verify the growth of 𝑠𝑝2carbon and the amount of oxygen in our samples, XPS experiments 

were carried out. The experimental results suggest that the deposited films are graphene 

oxide layers, since C/O ratio is calculated 5,6 by XPS measurements. Moreover, the average 

thickness of the deposited graphene layers on nickel after the transfer was measured by 

profilometer to be 200nm for 10min deposition time, indicating the formation of multilayer 

graphene oxide film. The presence of oxygen in our experiments is attributed to the fact that 

our experiments were carried out in a low pressure reactor and the base pressure of the 

system is in the mtorr region. On the other hand, unlike the synthesis of graphene oxide layers 

on nickel foil, where large area films where synthesized, the density of nucleation on copper 

foil is quite low and the deposited films are of small lateral dimensions (nanosheets). We 

attribute the low uniformity of the deposited films on copper to the absence of thermal 

annealing of the substrate before deposition. 
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                                    Chapter 1. Theoretical part 

 

1.1  Graphene  

 
1.1.1 Graphene nanostructure and properties 

 

Graphene, an allotrope of carbon, is a two-dimensional material with hexagonal lattice. In 

graphene’s lattice one atom forms each vertex as shown in Fig.1(a) [1,2]. Graphene is the 

generator of other allotropes such as charcoal, carbon nanotubes, graphite and fullerenes 

(Fig.1,b). It was first isolated in 2004 by A.Geim and K. Novoselov, [3] using the mechanical 

exfoliation technique. Many research groups in nanomaterial science focus their studies on 

this exotic material due to its unique properties and its potential in future applications.  

Graphene’s unique structure is responsible for all the outstanding properties [1,2]. It consists 

of a 𝑠𝑝2  hybridized hexagonal network. In this network, each atom has one σ bond with each 

of its three neighbors and one π bond that is oriented out of plane. The unit cell for monolayer 

graphene consists of two carbon atoms, A and B as shown in fig.2 (a) and the carbon carbon 

distance is 0,142 nm.   

 

                          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  a) The hexagonal network of graphene b) graphene is the generator of fullerenes, carbon 

nanotube and graphite. 

a) 
b) 
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Crystalline 3D graphite is a natural mineral, but it can be also produced in laboratory. The 

individual layers of graphite are the graphene layers and the most common stacking 

arrangement is called AB (or Bernal). In this arrangement, the vacant centers of the hexagons 

on one layer have carbon atoms on hexagonal corner sites on the two adjacent graphene 

layers, as shown in Fig. 2(b). The unit cell in a AB stacking consists of four carbon atoms 𝐴1, 

𝐴2,𝐵1 𝑎𝑛𝑑 𝐵2 on the two layer planes shown in Fig.2(b). The layers are weakly bond together 

by short range forces (Van der Waal forces). The unit cell (1st Brillouin zone) in reciprocal space 

is as shown in Fig. 2(c) for monolayer and bilayer graphene (1-LG and 2-LG). Fig. 2(c) also shows 

some high symmetry points and lines within the first Brillouin zone of monolayer graphene, 

such as T connecting Γ to K, Σ connecting Γ to M and T’ connecting K to M. The two primitive 

vectors 𝑏1
⃗⃗  ⃗ and 𝑏2

⃗⃗⃗⃗  are shown and the two vectors on the top of the three hexagons show the 

reciprocal space coordinate axes. 

On the other hand, in turbostratic or 2D graphite, there is absence of stacking order between 

the graphene layers that downgrade its properties and the interlayer spacing is larger than 

that of crystalline graphite ( >0.342 nm). Finally, a synthetic form of AB stacked graphite that 

is produced by carbon-based precursors is called highly oriented pyrolytic graphite (HOPG) 

[4].  

 

 

 

 

 

a) b) 

c) 

Figure 2. (a) A top view of the real space unit cell of monolayer graphene. Atoms A and B are 

inequivalent and a1 & a2 are the unit vectors. (b) Schematic illustration of the top view of the real 

space of bilayer graphene. The light/dark grey dots and the black circles/black dots represent the 

carbon atoms in the upper and lower layers, respectively, of bilayer graphene. (c) The first Brillouin 

zone with its high symmetry points Γ, K, K’, M [2].  
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Electronic Properties of graphene 

 

Graphene is known to be a zero-gap semiconductor since its conduction and valence bands 

meet at the Dirac points [4], forming the Dirac cone as shown in figure 3. These points are six 

locations in momentum space, on the edge of the Brillouin zone, divided into two non-

equivalent sets (K and K’) of three point. In a carbon atom that has a total of 6 electrons, two 

of them are in the inner shell and four in the outer shell available for chemical bonding with 

other atoms. In graphene, only three of the four electrons in the outer shell are connected to 

other carbon atoms on the two dimensional plane and one electron is available in the third 

dimension for electronic conduction. These electrons that are highly-mobile are called pi (π) 

electrons and are located above and below the graphene sheet, resulting in an enhancement 

in the carbon to carbon bonds in graphene. The bonding and anti-bonding of π orbitals 

determine its electronic properties. Graphene displays notable electron mobility at room 

temperature, with values above 15000 cm2/V⋅s [5]. Moreover, defect scattering is the 

dominant scattering mechanism in graphene, since mobility is nearly independent of 

temperature below 100 K. Scattering by graphene's acoustic phonons reduces room 

temperature mobility to 200000 cm2/ V ⋅s at a carrier density of 1012 cm−2 which is 10×106 

times greater than copper [6,7]. 

 

 

 

 

 

Figure 3. Schematic illustration of the full band dispersion over the whole Brillouin zone for π (valence band) 

and π* (conduction band) bands of graphene. 
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Mechanical Strength 

 

The mechanical properties of graphene have been studied by various groups. One of its most 

impressive properties is its inherent strength. It is well known that defect-free graphene has 

a Young’s modulus of 1 TPa and a fracture strength of 130 GPa, being the strongest material 

ever tested. This was measured by nanoindentation using an AFM [8]. Not only is graphene 

extraordinarily strong, it is also very light. Its density is 0.77mg/ 𝑚2 . Moreover, AFM tests on 

suspended graphene sheets showed that the values of its spring constants were between 1 to 

5 N/m and a Young’s modulus of 0.5 TPa. 

 

Optical Properties 

Monolayer graphene has high opacity in vacuum. It absorbs πα ≈ 2.3% of light, where α is the 

fine-structure constant. The transparency is constant (~ 97.7%) in the visible range and the 

transmittance linearly decreases with the number of layers as shown in Fig.4 [10].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Image of a 50-μm aperture that is partially covered by monolayer and bilayer graphene. 

The line scan profile displays the intensity of transmitted white light along the yellow line. Inset 

displays the sample design: a 20-μm thick metal support structure covered with graphene flakes 

that has aperture of 20, 30, and 50 μm in diameter [10]. 
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1.1.2 Production and application 

 

Graphene with its unique properties has many potential application, the most important of 

which will be described below. The most commonly methods used today for its synthesis are 

mechanical exfoliation, chemical exfoliation, chemical synthesis, epitaxial growth and thermal 

chemical vapor deposition [11]. Its incorporation in future electronics will be possible if we 

improve the production techniques and if we develop new ones that allow us to modify its 

band. 

Mechanical exfoliation is the technique used by Geim and Novoselov in 2004 in order to 

produce graphene [3]. The exfoliation is achieved by using adhesive tape to split graphite into 

graphene layers until only one remains. By this method, crystallites larger than 1 mm can be 

formed. In chemical exfoliation method, solution dispersed graphite is exfoliated by inserting 

large alkali ions between the graphite layers [12]. Chemical synthesis consists of the synthesis 

of graphite oxide and dispersion in a solution that is followed by reduction with hydrazine 

[13]. Another method of graphene synthesis is epitaxial growth of graphene which 

corresponds to thermal graphitization of a SiC surface. Limitation of this method is that the 

process requires high temperature (T > 1000 ˚C) and that there is no ability to transfer the 

sample to another substrate [14]. Finally, thermal chemical vapor deposition technique (CVD) 

is a unique method, since high quality, uniform layers can be produced potentially on a large 

scale and on multiple types of substrates [15].  

Unfortunately, each synthesis method has some drawbacks in relation to the final application. 

For example, while CVD is a unique method, the heating temperature increases significantly 

the prosess cost. On the other hand, chemical synthesis method is a low temperature process 

that allows the graphene fabrication on substrates like polymers, but large-area synthesis of 

graphene films by this method is non-uniform and dispersed. Furthermore, mechanical 

exfoliation is capable of fabricating monolayer graphene, but the repeatability of this 

technique is rather poor. 

 

Graphene nanocomposites 

Graphene’s unique mechanical and physical properties make it an ideal candidate as a 

reinforcement material for composites. For instance, Wang et al. reported that the tensile 

strength of Al composite reinforced with only 0.3 wt%  graphene nanosheets (GNSs) is 249 

MPa, a value that presents 62% enhancement over the unreinforced Al matrix [16]. Similar 

improvements in properties of the composites materials have been studied by various groups 

and different graphene-reinforced metal matrix nanocomposites have been fabricated [17]. 

In general, graphene nanocomposites are expected to be widely used in aerospace and 

automobile industries where there is a strong need for lightweight and high-strength 

materials. It is also expected that graphene integrated into plastics such as epoxy, will leas to 

the replacement of steel in the structure of aircraft, improving fuel efficiency due to the 

weight reduction. More studies on graphene-based fillers used in polymer nanocomposites 

and their potential for many application can be found in the literature [18]. 
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Low-cost, thinner display screens for mobile devices  

Graphene is expected to replace indium-based electrodes in organic light emitting diodes 

(OLED) that are widely used in electronic device display screens. Since graphene is thin, 

transparent and electrically conductive, it’s a great candidate for the flat-screen displays used 

on smart phones. Moreover, the replacement of indium by graphene will have a positive 

impact on the environment since it will eliminate the use of metals in the OLED and will 

facilitate recycling [19]. 

 

 

 

 

Figure 5. Samsung has announced plans to bring out a folding smartphone with a flexible display as 

shown in the picture. 

 

Graphene in sensors 

Graphene’s large surface-to-volume ratio in combination with conductance changing as a 

function of surface adsorption can be greatly beneficial for sensor functions. Graphene can 

detect many molecules, such as gases [20] and biomolecules [21]. Ohno et al. [21] examined 

the electrolyte-gated GFETs for detection of bovine serum albumin (BSA) as well as pH sensor, 

as shown in figure 6. Moreover, its two-dimensional structure will improve sensors by making 

them smaller and lighter.  
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Figure 6. Conductance–time curves of graphene biosensor exposed to various BSA concentrations [21]. 

 

 

 

 

 

 

1.1.3 Structural defects. Graphene oxide 

 

There are two kinds of defects in graphene: intrinsic defects, when in the crystalline order 

there is no presence of foreign atom and extrinsic defects that are about impurities. Intrinsic 

defects may be point defects that are typically vacancies and interstitial atoms or one 

dimensional line of defects, relevant to dislocations. On the other hand, extrinsic defects can 

extend to more dimensions. The defects are not always stationary and their migration 

depends on the defect type and therefore increases exponentially with temperature. 

Moreover, their mobility is parallel to the graphene plane for intrinsic defects and also 

depends on the type of the defect. To summarize, the most common defects on graphene 

plane are: Stone-Wales defect, single vacancies, multiple vacancies, carbon adatoms, foreign 

adatoms and defects at the edge of graphene [22,23]. 

The first one, Stones-Wales defect involves nonhexagonal rings such as pentagons and 

heptagons as shown in figure 7 [24]. Single vacancies pertain to a missing atom on the lattice, 

while double vacancies can be formed by the coalescence of two single vacancies or by 

removing two neighboring atoms, as shown in figure 8 [25].  Carbon adatoms are defects in 

the third dimension, since placing an atom to any other in-plane position (for instance, in the 

center of a hexagon) requires higher energy and is unfavored. As shown in Figure 9, the bridge 

configuration, on top of a C-C bond is an energetically favored [23]. Foreign adatoms can be 

intergraded on the lattice either by physisorption or chemisorption with various bonding 
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configurations such as on top of carbon atoms. Finally, defects at the edges of graphene are 

very common and can appear because of local changes in the reconstruction type (for example 

armchair edges turning to zigzag edges) as shown in figure 10 [26]. Moreover, different 

chemical groups such as hydrogen that saturate dagling bonds at the edges are considered as 

edge defects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Stone-Wales defect in graphene [24] 

Figure 8. HAADF lattice images of defects that show a mono-vacancy and a di-

vacancy [25]. 

Figure 9. carbon adatoms in bridge configuration [23]. 
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Defects in graphene’s structure may be created by three mechanisms: crystal growth, 

irradiation with energetic particles such ions or electrons and chemical treatment. In crystal 

growth, the dominant mechanism for large-scale graphene growth is nucleation from the 

edges in techniques like CVD. In general, high temperature growth facilitates the relaxation 

toward thermal equilibrium and this results in the rapid annealing of defects. At lower 

temperature processes, like in Plasma Enhanced Chemical Vapor Deposition (PECVD), 

formation of defects during the process are very common. On the other hand, irradiation of 

graphene with ions or electrons can produce point defects due to ballistic ejection of carbon 

atoms [27] and the atoms can be sputtered from graphene or adsorb on the sheet and migrate 

on its surface as an adatom. Finally, chemical treatment can induce defects in graphene 

structure. Since graphene is highly inert (except of the edges that are highly reactive) there is 

a small number of possible reactions at room temperature. A common chemical treatment is 

oxidation of graphene with strong oxidants that result in the attachment of oxygen, hydroxyl 

(OH) or carboxyl (COOH) groups to graphene. This material is called graphene oxide.  

 

 

 

 

 

 

Figure 10. Different edge reconstructions in graphene (a) reconstructed zigzag (b) 

armchair edge (c) reconstructed armchair edge (d) zigzag edge [26]. 
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Graphene oxide 

Graphene oxide (GO) is in fact a defective form of graphene consisting of different oxygenated 
functionalities. This form can be produced by the treatment of graphite with strong oxidizing 
agents. Despite the fact that the layer structure of graphite oxide has many similarities with 
that of graphite, the irregular spacing in GO is of high amount [28].  

There is a vast literature on the production of graphene oxide and reduced graphene oxide 
[29,30]. In general GO is synthesized by three methods, each of which involve the oxidation 
of graphite: Brodie [31], Staudenmaier [32] and Hummer method [33], which is the most 
widespread. Variation of these methods has also been used. Brodie and Staudenmaier used a 

mixture of nitric acid (𝐻𝑁𝑂3) and potassium chlorate (𝐾𝐶𝑙𝑂3) for the oxidation of graphite. 
In Hummers method, graphite is treated by sulfuric acid (𝐻2𝑆𝑂4), sodium nitrate (NaNO3) and 
potassium permanganate (𝐾𝑀𝑛𝑂4). An eco-friendly approach of the last one does not involve 
the toxic NaNO3 in the synthesis process of graphene oxide [34]. Moreover, after oxidation 
the material becomes hydrophilic. Hydrophilicity enables the graphite oxide to be exfoliated 
in many solvents and to disperse particularly well in water, resulting in graphene oxide layers. 
Methods of reduction such as thermal treatment [35], electrochemical reduction [36] and 
chemical reduction [37] have been reported. Nevertheless, the detailed chemistry of both 
oxidation and reduction is not yet fully understood. 

Synthesis of graphene oxide using PECVD has also been reported [38]. In this work, Liu et al. 
has synthesized large scale GO at temperature lower than 500˚C on a 6mm x 12mm Cu foil. In 
this method, the oxygen-containing group is introduced as impurities of the precursor gas. In 
other studies related to plasma processing of graphene, the reduction of graphene oxide films 
from ammonia and hydrogen discharges [39],[40] and the repairing  of defects through 
methane plasma at 575 ˚C [41], are reported. 

 

 

The structure of graphene oxide can be described as a graphene sheet bonded with some 
functional groups such as phenol, epoxide groups, hydroxyl (-OH) and carbonyl (C=O). In 
addition, depending on the method used for the oxidation of graphite, different impurities 
may be found. For instance, after treatment with sulphuric acid, impurity of Sulphur may also 
be found in graphene oxide. In general, its properties and structure depend on strongly 
synthesis method, degree of oxidation and purification procedures [42]. Dimiev et al. 
mentioned that the structure depends strongly on the purification procedures, rather than in 
oxidation protocol and the type of graphite used [43]. The layer structure is similar to that of 
graphite, but there is an irregular packing of layers, the interlayer spacing is about two times 
larger (~0.7 nm) and each layer is about 1.1 ± 0.2 nm thick [44]. Moreover, studies using SEM 
indicate that the high ratio of 𝑠𝑝3 C-O bonds induces structural distortions and as a result it is 
suggested that the graphene oxide sheet should be considered as a mostly amorphous 2D 
sheet of carbon atoms with oxygen groups bonded to them [45]. As a result, the detailed 
structure cannot be fully understood. Figure 11 shows a proposed structure of graphene oxide 
called Lerf-Klinowski model [46]. 
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Figure 11. A proposed schematic model of graphene oxide called Lerf-Klinowski [46] where the carbon 

atoms are bonded with various functional groups. 

 

As of its properties, graphene oxide shows significant differences in comparison to graphene 
because of the oxidation effect. In comparison to graphene that is a great conductor, the 
conductivity of graphene oxide depends strongly on the degree of oxidation. While it will 
hardly be an insulator, it's conductivity is not very high. Reduction of the oxide results to 
higher conductivity, but cannot reach the conductivity of pristine graphene. Venugopal et al. 
have investigated the high-temperature electrical transport properties of graphene-oxide thin 
films. In their work, the resistance versus temperature (R–T) measurement revealed a metallic 
behavior when the temperature is raised. Characterization of the films after annealing showed 
that the functional groups had been removed and the nature of GO found to be similar to that 
of rGO (reduced graphene-oxide) [47]. In addition, it is well known the Young’s modulus of 
pristine graphene is 1 TPa and its fracture strength 130 GPa.  AFM measurements showed that 
by reducing graphene oxide with a hydrogen plasma, GO exhibits a mean elastic modulus of 
0.25 TPa with a standard deviation of 0.15 TPa [48]. One the other hand, Lin et al., found that 
typical GO is not as good heat conductor as defect-free graphene and the thermal conductivity 
drops sharply to 17% of the pristine graphene value for a 1% O:C ratio, and to 1.5% for a typical 
GO with 20% O:C ratio [49]. Simulations showed that thermal conductivity reduces due to two 
reasons:  surface oxidation suppresses the density of state of the phonon mode due to C–C 
bonds reducing the phonon specific heat of this mode and the phonon-defect scattering at 
the oxidized groups reduces the intrinsic mean free path of GO. As of its optical properties, 
Lundie et al., predicted that by controlling the deoxidation of GO they could tune the optically 
active gaps, in the wide range from ∼6.5 eV to ∼0.25 ev [50].Moreover, GO is fluorescent due 
to its heterogeneous nature. 

By functionalize GO we can fundamentally change its properties so that we can use it in a 
variety of applications [51]. For example, while GO is electrically an insulator, after reduction 
the rGO (reduced graphene oxide) formed resembles graphene but contains residual oxygen 
and other heteroatoms as well as structural defects that still downgrade its conductivity. 
Nevertheless, because of its moderate electrical conductivity GO is a potential candidate for 
use in electronics, such as in FETs [52]. In addition, GO and rGO have been used as energy 
storage devices, for instance as an anode and cathode material in Li-ion batteries [53], 
biosensors for sensing biomolecules like glucose [54] and amplified DNA [55]. Moreover, 
graphene oxide based composites have been used for application in drug delivery [56,57]. 
Graphene oxide can also be used for biosensing, for early disease detection such as 
Alzheimer’s Disease [58] and even for detection of cancer cells [59]. Graphene based materials 
such as graphene oxide have also been used in polymer composites. Graphene oxide as a 
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ceramic material, exhibits higher stiffness and ultimate strengths than polymers. GO 
monolayers have a Young modulus of 40 GPa, whereas most polymers have a Young modulus 
less than 4.5 GPa. As a result, graphene oxide-based filler in polymer matrix composites can 
improve some properties of the initial structures. Remarkable is that even at low loadings of 
filler, improvements can be observed due [60]. 
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1.2 Plasma Enhanced Chemical Vapor Deposition technique (PECVD) 

 

 1.2.1 Introduction to PECVD 

 

Plasma-enhanced chemical vapor deposition (PECVD) is a method used for the deposition of 

thin films on different substrates at low temperature. PECVD uses electrical energy, which is 

transferred into a gas mixture in order to generate a glow discharge (plasma).  After plasma 

ignition, chemical reactions take place and produce reactive species like radicals, ions, neutral 

atoms, molecules and other highly excited species. The interaction of all these species with 

the substrate results either in etching of the surface or in film deposition at a low temperature. 

Depending on the frequency of the power source that is used for the energy transfer to the 

gas, plasma processing can be classified into three types microwave plasma (MW) a type of 

high frequency electromagnetic radiation in the GHz range, radio frequency plasma (RF) with 

the excitation frequency in MHz range and direct current plasma (dc).  

Despite the fact that there are many different experimental setup for PECVD, there are three 

main parts in every PECVD process: the gas feeding system, the vacuum chamber and the 

plasma generator. Figure 12 shows an experimental setup for the PECVD technique [61]. 

  

 

 

PECVD technique is a complex method due to the complicated gas phase chemistry. In order 

to understand fully the plasma-enhanced deposition process series of theoretical and 

experimental studies are required. In a more detailed description, the process can be defined 

as follows: during the plasma-enhanced process, the source gas is activated by the energetic 

electrons generated in the plasma. Ionization proceed via interactions between energetic 

electrons and gas molecules. Then, the high-energy ions generated in ionization processes 

react with source gas molecules.  Finally, various radicals are formed via various dissociation 

reactions. These radicals that are highly reactive diffuse towards the reactors walls and enable 

the formation of deposited material [61]. 

 

Figure 12. Schematic illustration of an experimental setup for PECVD technique [61]. 
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There are three categories of materials processing involving thermodynamically non-

equilibrium or ‘cold’ plasma, based on the choice of the precursors and the discharge 

conditions: a) PECVD of inorganic thin films (oxides, nitrides and carbides of metals or 

semiconductors) and organic thin films (soft materials or ‘plasma polymers’, hard carbon 

films, crystalline diamond), b) plasma etching or sputter-etching and c) surface modification, 

during which the composition and structure of the surface is controllably modified by plasma 

exposure. Since these three processes are often in competition, the dominance of one of them 

can be controlled by adjusting the external macroscopic plasma parameters are: (a) pressure 

(p), (b) gas flow, (c) discharge excitation frequency (f) and (d) power (P). The adjustment of 

these parameters has a strong impact on a number of plasma microscopic parameters as: (a) 

the electron plasma density ( 𝑛𝑒), (b) the electron energy distribution function ( 𝑓𝑒(𝐸) or 

EEDF), (c) electrical potentials and (e) fluxes of different species toward the surfaces exposed 

to plasma. The gas-phase chemical reactions and plasma-surface interactions determine the 

microstructure of the film and surface morphology. 

Gas-phase interactions 

During deposition process, several gas-phase reactions take place and many new species are 

created. The rate at which these species are created can be controlled by adjusting the bulk 

plasma parameters. In general, the detailed modeling of PECVD and the determination of the 

reaction rates are difficult tasks, since even for a few precursors, many gas-phase reactions 

take place. A schematic illustration of the basic reactions in PECVD is shown in Fig.13. The 

electron energy distribution function (EEDF) is an important parameter in PECVD, since it 

corresponds the number of electrons available for numerous plasma reactions, such as, 

electron-impact dissociation that produces free radicals, ionization and others. The 

interaction between the radicals and the surface result in film formation. 

The discharge field frequency, 𝑓 = 𝜔 2𝜋⁄  has a great impact on the EEDF and plasma 

processes. High-frequency plasmas (> 1 MHz) are, generally, the International 

Telecommunications Union (ITU) approved industrial, scientific, and medical frequencies 

(13.56 MHz – radio frequency, RF; or 2.45 GHz –microwave, MW).  
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Plasma-surface interactions 

The discharge field frequency f has also a strong impact on plasma-surface interactions [62]. 

In each surface that is in contact with plasma, an electrically non-neutral interface, named the 

plasma sheath, is formed. An electrically isolated surface is at a floating potential 𝑉𝑓 in relation 

with the plasma potential, 𝑉𝑝., 𝑤ℎ𝑒𝑟𝑒 𝑉𝑓 < 𝑉𝑝. As a result, positive ions are accelerated from 

the plasma to the surface and some electrons are repulsed. The thickness of the sheath under 

steady-state conditions, 𝑑𝑠,is a few times the Debye length, 𝜆𝐷, and increases with increasing 

average electron energy and decreasing 𝑛𝑒 . The Debye length, 𝜆𝐷, is the length in which 

mobile charge carriers screen out the external electric field and is equal to (
𝜀𝑜𝑘𝑇

𝑛𝑒𝑒
2)

1
2⁄
. 

Considering, for simplicity, Maxwellian EEDF and plane surface, the potential difference across 

the sheath can be approximated by the equation: 

 𝑉𝑝 − 𝑉𝑓 = (
𝑘𝛽𝑇𝑒

2𝑒
) ln (

𝑚𝑖

2𝜋𝑚𝑒
)     (1) 

where 𝜅𝛽is the Boltzmann constant, 𝑇𝑒the electron charge, and 𝑚𝑖 and 𝑚𝑒, are the masses of 

ions and electrons. Furthermore, the ion energy can be approximated by the equation: 

 𝐸𝑖 = 𝑒(𝑉𝑝 − 𝑉𝑓)            (2) 

Figure 13. Reactions that take place in plasma (R: radical, S: surface, g:gas ) [62]. 
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The maximum kinetic energy of an accelerated positive ion that diffuses to the sheath region 

is: 

𝐸𝑖,𝑚𝑎𝑥=𝑒( 𝑉𝑝 − 𝑉𝐵) + 𝛥𝛦/2      (3) 

, where the term 𝛥𝛦/2 is related to the periodic modulation of the sheath voltage and 𝑉𝐵  a 

potential in relation to 𝑉𝑝 . In the case of low excitation frequency 𝛥𝛦 ≈ 2𝑉𝑎𝑐, but for higher f 

values ΔΕ becomes proportional to the number of RF cycles needed for the ion to pass through 

the sheath. This leads to differences in the maximum energy that ions can gain in the sheath 

and as a result light ions acquire almost two times higher energy compared to the heavy ones. 

 

 

1.2.2 PECVD technique for the synthesis of graphene layers 

 

PECVD is a very promising technique for synthesis of graphene and its derivatives. In the past, 

it has been used in many cases for synthesis of diamond-like carbon (DLC), graphite, 

monolayer graphene, multilayer graphene and graphene oxide. Its main advantage is the fact 

that the process takes place in low temperature and directly on the desired substrates like 

glasses without metal catalysts [63,64]. 

Plasma enhanced chemical vapor deposition of graphene layers on transition metal substrates 

such as Ni and Cu have been studied by various groups (65-70). Woo et al., synthesized 

uniform graphite films on Ni foils at 850˚C by remote RF-PECVD, using ethylene as the carbon 

source [65]. Different ratios of G and 2D peak at different positions indicate the change in the 

number of layers. High quality graphite films were synthesized on polycrustalline Ni films at 

lower temperature, 380˚C,  by Cheng et al. , while defective graphite films observed at 

temperatures as low as 200˚C, as shown in Fig. 14 [66]. 

 

 

Figure 14. Raman spectra of graphite films deposited on polycrystalline Ni films at different 

temperatures. At 200˚C the intensity of D peak is higher. [66]. 
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Kim et al., demonstrated a low-temperature synthesis of monolayer graphene on 

polycrystalline Ni foils by microwave PECVD [67]. In their work, high quality centimeter scale 

1LG is synthesized on polycrystalline Ni foils under various ratios of hydrogen and methane 

with growth temperature from 450˚C to 750 °C, as shown in Figure 14a,b. By optimizing the 

growth parameters like the gas mixture ratio, the number of layers of the as-grown graphene 

is decreased. When the ratio of hydrogen and methane is 10:1, six layers of graphene are 

grown on the Ni foils, as shown in Figure 15a.  At low temperature the structure of graphene 

becomes more defective and the D peak arises, as shown in figure 15b. 

 

 

 

 

On the other hand, in the work of Peng et al., it is described the typical dissolution 

precipitation mechanism is the dominant mechanism at substrates with high carbon solubility 

such as Ni during PECVD [68]. The threshold carbon dissolution temperature on Ni for 

synthesis of few-layer graphene is as low as 475˚C. A hydrogen free process was used for the 

growth of few layer graphene and the influence of parameters such as substrate temperature, 

Ni film thickness and deposition time were investigated. Below that temperature no graphene 

layers were growth as shown in figure 16,a. Moreover, the dependence of nickel thickness on 

the amount of dissolved carbon species was investigated (figure 16,b) . 

a) 

Figure 15. Raman spectra of graphene synthesized on Ni foils a) at various methane/hydrogen ratios 

b) at different temperatures [67]. 

b) 
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Copper foil has been also used as substrate for the growth of high-quality monolayer graphene 

over large area by chemical vapor deposition, due to its catalytic nature. The loss of catalytic 

Cu surface after the first graphene layer prevents the further deposition of graphene layers 

on the substrate. On the other hand, in PECVD the dissociation of the precursors on Cu surface 

is enhanced by plasma and as a result, the reactive carbon radicals contribute to the formation 

of successive layers at a relatively higher rate [69]. Low temperature growth of graphene films 

on Cu using plasma assisted thermal chemical vapor deposition was carried out at 600˚C by 

Chan et al [70]. In this work, monolayer films were synthesized under various gas 

mixture 𝑜𝑓 𝐻2 𝑎𝑛𝑑 𝐶𝐻4. As shown in Fig.17, higher hydrogen concentration enhances the 

quality of graphene. 

 

 

 

 

Figure 16. Raman spectra of graphene films growth on Ni films a) at different temperature 

b) at different Ni film thickness [68]. 

Figure 17. Raman spectra of graphene films deposited on Cu foil at various 𝐻2 flow rates [70]. 
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In summary, the experimental work in literature shows the potential of Plasma Enhanced CVD 

in the synthesis of graphene layers on every substrate. By adjusting the experimental 

parameters, it can be possible to form large area and high quality graphene layers even at low 

temperature. However, the synthesis of high quality graphene during PECVD process still 

remains a challenge since phenomena like the ion bombardment effect may result in defective 

forms.  

 

1.2.3  𝐶𝐻4/𝐻2 RF Glow Discharges  

 

Ιn this work, the synthesis of graphene layers was accomplished using CH4/H2 RF glow 

discharge. A more detailed description of the gas-phase reactions, mass transport and surface 

reactions in a methane discharge follows below.  

Gas-phase reactions 

Methane is one of the most common precursors used in thermal and plasma CVD for the 

deposition of hydrocarbon films. Gas phase chemistry of methane is rather complicated, thus 

the film deposition mechanism can be only understood if a detailed study of reactions that 

take place and the main precursors that are formed, is performed. 

The main gas-phase reactions in a 𝐶𝐻4 plasma, which include primary electron impact, 

neutral-neutral, and ion-molecule reactions are listed in Tables I, Table II and Table III, along 

with the respective reaction rate coefficients [71]. As one can see in the Tables I & II, the most 

abundant neutral radical in the plasma are considered 𝐶𝐻3 and 𝐶2𝐻5, while the most 

abundant ionic species are 𝐶𝐻5
+, 𝐶2𝐻5

+, 𝐶𝐻3
+ and 𝐶𝐻4

+.  

 

TABLE I. Electron-impact reactions in a methane plasma. 

                    Reaction Rate coefficient (𝟏𝟎−𝟏𝟎𝒄𝒎𝟑/𝒔 ) 

𝐶𝐻4 + 𝑒 → 𝐶𝐻3 + 𝐻 + 𝑒 450 

𝐶𝐻4 + 𝑒 → 𝐶𝐻2 + 𝐻2 + 𝑒 73 

𝐶𝐻4 + 𝑒 → CH +𝐻2 + 𝐻 + 𝑒 37 

𝐶2𝐻6 + 𝑒 → 𝐶2𝐻5 + 𝐻 + 𝑒 1700 

𝐻2 + 𝑒 → 𝐻 + 𝐻 + 𝑒 200 

𝐶𝐻4 + 𝑒 → 𝐶𝐻4
+ + 2𝑒 340 

𝐶𝐻4 + 𝑒 → 𝐶𝐻3
+ + 2𝑒 320 

 

 

 

TABLE II. Neutral-neutral reaction in a methane plasma. 

Reactions Rate coefficient (𝟏𝟎−𝟏𝟎𝒄𝒎𝟑/𝒔 ) 

𝐶𝐻3 + 𝐶𝐻3 → 𝐶2𝐻6 0.4 
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𝐶𝐻3 + 𝐶𝐻2 → 𝐶2𝐻4 + 𝐻 0.3-1.0 

𝐶𝐻3 + 𝐻 → 𝐶𝐻2 + 𝐻2 0.33 

𝐶𝐻2 + 𝐶𝐻4 → 𝐶2𝐻6 0.17 

𝐶𝐻2 + 𝐶𝐻2 → 𝐶2𝐻2 + 𝐻2 0.53 

𝐶𝐻2 + 𝐻 → 𝐶𝐻 + 𝐻2 2.7 

𝐶𝐻 + 𝐶𝐻4 → 𝐶2𝐻5 1.0 

 

 

 

TABLE III. Ion-molecule reactions in a methane plasma. 

Reaction Rate coefficient (𝟏𝟎−𝟏𝟎𝒄𝒎𝟑/𝒔 ) 

𝐶𝐻4
+ + 𝐶𝐻4 → 𝐶𝐻5

+ + 𝐶𝐻3 15 

𝐶𝐻3
+ + 𝐶𝐻4 → 𝐶2𝐻5

+ + 𝐻2 12 

𝐶𝐻5
+ + 𝐶2𝐻6 → 𝐶2𝐻5

+ + 𝐶𝐻4 + 𝐻2 5.0 

 

 

As one can see in Tables I,II &III , the loss process of 𝐶𝐻3  radical in gas phase is mainly through 

the 𝐶𝐻3 recombination reaction into 𝐶2𝐻6 molecules, which are then decomposed into  𝐶2𝐻5  

by electron impact. The 𝐶𝐻2 radicals rapidly convert to CH radicals through reactions with H 

atoms. The CH radical can quickly produce 𝐶2𝐻5 radicals through reactions with 

𝐶𝐻4 molecules. Considering these reaction sequences, it can be concluded that both the 

𝐶𝐻3 and 𝐶2𝐻5  radicals have long lifetimes and are candidates for film deposition. 

The main ionic species in the methane plasma are the  𝐶𝐻3
+, 𝐶𝐻4

+, 𝐶𝐻5
+, 𝑎𝑛𝑑 𝐶2𝐻5  

+ ions. 𝐶𝐻3
+ 

and 𝐶𝐻4
+ ions are produced by electron impact and their reaction with the methane molecules 

produces 𝐶𝐻5
+ and 𝐶2𝐻5

+. The relative abundance of these ionic species in the plasma is 

considered to be dependent on the gas pressure [68]. At low pressures, the major species are 

the 𝐶𝐻3
+  and 𝐶𝐻4

+ ions, while by increasing gas pressure, the densities of these two ions 

diminish and 𝐶𝐻5
+ and 𝐶2𝐻5

+ densities increase. The critical pressure condition, at which the 

densities these ion groups become comparable is considered to be 2mTorr in a 17MHz 

methane plasma [72].  

 

Transport  

In transport phenomena, active species leave the gas phase in order to react with the surface 

[73]. The residence time can be calculated by the equation: 

τ = 
𝛬2

𝐷
  (4), 

where the diffusion length Λ is the average length a carrier moves between generation and 

recombination and is calculated using a formulation developed by Chantry [74]. By using the 

classical Langevin theory, we can calculate diffusion coefficients for neutrals assuming that 

the temperature is 300K [75]. The diffusion constant (𝑐𝑚2/𝑠) for charged species can be 

approximated by the ambipolar diffusion formula:  
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𝐷𝑎 = 𝐷𝑜 (1 +
𝑇𝑒

𝑇𝑖
)  (5), 

where 𝐷𝑜 is the zero field diffusion coefficient, 𝑇𝑒is the electron temperature and 𝑇𝑖 is the 

positive ion temperature. We can also estimate 𝐷𝑜 (the zero field diffusion coefficient) 

considering the Langevin theory: 

𝐷𝑜 = 𝜇 (
𝜅𝛵𝜄

𝑒
) (6), where 𝜇 = 𝜇0

𝑃𝑂𝑇

𝑃𝑇𝑂
  and 𝜇𝜊 =

35,9

(𝛼𝛭𝑟)
1/2  (7), 

and a is molecule’s polarizability (2.75 A˚3 for methane) and Mr is the reduced mass. In Table 

IV we can find the diffusion coefficients for different species in methane plasma. Another 

important parameter is the sticking coefficient that corresponds to all the particles from gas 

phase that are incorporated into the deposited film or recombine at the surface. Cooke and 

Harris suggested that S depends on the ratio 
𝜏𝑑

𝜏𝑠 
 ( 𝜏𝑑 the mean desorption time and  𝜏𝑠 the 

mean settling time), since the deposition rate is limited by the supply of the particles to the 

surface. If desorption is characterized by an activation energy 𝐸𝑑  and settling by an activation 

energy   𝐸𝑠, S may be written [76]: 

S=
1

1+exp [
(𝐸𝑠−𝐸𝑑)

𝑘𝑇
]
 (8), 

 

Because of their recombination at the walls, the sticking coefficient is considered 1 for all ions. 

 

Table IV 

Species  Diffusion Coefficients 

(𝒄𝒎𝟐𝒕𝒐𝒓𝒓𝒔−𝟏) 

𝐶𝐻3 140 

𝐶𝐻2 143 

                       CH 145 

𝐶2𝐻5 94 

                        H 879 

𝐶𝐻4
+ 2.58 104 

𝐶𝐻3
+ 2.58 104 

𝐶𝐻5
+ 2.58 104 

𝐶2𝐻5
+ 2.58 104 

 

 

Surface reactions 

 

According to detailed analyses, the main surface reactions that take place during graphene 

deposition by capacitively coupled 𝐶𝐻4/𝐻2 RF glow discharge in low pressure are: 

1)𝐶𝐻3 → 𝐶𝐻 (𝑑𝑒𝑝𝑜𝑠𝑖𝑡) + 𝐻2(𝑔𝑎𝑠) 

2)𝐶2𝐻5 → 𝐶2𝐻(𝑑𝑒𝑝𝑜𝑠𝑖𝑡) + 2𝐻2(𝑔𝑎𝑠) 
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3)𝐶𝐻4
+ →C (deposit) + 2𝐻2(𝑔𝑎𝑠) 

4)𝐻 → 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑜𝑟 𝐻2(𝑔𝑎𝑠) 

This is a simplified chemistry model by Nagayama et al. [77,78], that is based on the work of 

Kline et al. [79]. The surface reactions include the major neutral species  𝐶𝐻3 and 𝐶2𝐻5, the 

𝐶𝐻4
+ ions and hydrogen. 

The process of graphene deposition at low temperature can be described as follows: at first, 

the nude metal surface is exposed to hydrogen by hydrogen plasma treatment, so the first 

step is the dissociative chemisorption of 𝐻2  on the surface. After this initial step, methane 

molecules are introduced in the chamber and the carbon sources undergo adsorption on the 

substrate. Van der Waals interactions between the neutral species and the growing film result 

in their physisorption and then are two possibilities: the neutral species will be either 

chemisorbed or will return to the plasma bulk by thermal desorption, which depends on the 

substrate temperature T and the desorption energy 𝐸𝑑𝑒𝑠. The Frenkel equation for the 

residence time on the surface is: 

𝜏𝑟 = 𝜏0𝑒
𝐸𝑑𝑒𝑠

𝑘𝑇𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝑠    (9), 

where, 𝜏0 is the minimum residence time for the physisorbed molecular vibration period [80]. 

An important factor in the adsorption of the carbon sources on the substrate is the sticking 

probability. The sticking probability increases with the number density of the dangling bonds 

on the surface [80]. When the top of the reactive surface is covered with hydrogen, the 

dangling bonds can be created through H-elimination reactions such as: 

i) 𝐶 − 𝐻 + 𝐶𝐻3 → 𝐶 − + 𝐶𝐻4   

ii) 𝐶 − 𝐻 + 𝐻 → 𝐶 − + 𝐻2 

These reactions, however, play only a small role in the generation of dangling bonds, because 

the difference between the H-H bond (104.2 kcal/mol) and C-H (98.8 kcal/ mol) bond energies 

is very small [71]. Sputtering of hydrogen by ion bombardment is considered to be the 

generator of dangling bonds on the surface. The generation rate of the dangling bonds 

depends on the ion kinetic energy 𝛦𝜄 and ion flux density 𝛷𝜄 in the plasma, since the sputtering 

yield increases linearly with the ion kinetic energy, up to values of 1keV [81]. Since the 

spontaneous sticking probability of neutral radicals is very small, the adsorption rate of 𝐶𝐻3 

and 𝐶2𝐻5 depends strongly on the generation rate of the dangling bonds by ions. In general, 

the sticking probability is assumed to be 0.1 for the radicals and 1 for ions, since ion’s 

translational energy is sufficient to overcome the surface barrier for a chemical reaction. 

The deposition of 𝐶2𝐻 (reaction 2) leads to the formation of C=C bonds with 𝑠𝑝2 hybridization. 

In addition, deposited CH monomers on the surface contribute to graphene nucleation, since 

dimer formation reactions by simultaneous dehydrogenation such as 𝐶𝐻𝑥(𝑠) + 𝐶𝐻𝑋−1(𝑠) 

𝐶2𝐻𝑍(𝑠) + 𝑛𝐻 (𝑠)   are favorable from an energetic point of view [82]. In the work of Riikonen 

et al. [83], it is mention that the formation of carbon dimers on Cu(111) is  exothermic and 

that the migration barrier for the dimmer on surface is small (Ea = 0.27 eV). As a result, the 

migration of the dimmer is preferable from an energetic point of view, since its dissociation 

requires more energy. After dimerization, aromatization takes place leading to the formation 

of graphene nuclei. Then, further graphene growth can be achieved by the attachment of the 

reactive carbon species onto graphene edges [82]. 
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1.3 The purpose of this master thesis 

 

The object of this research is the synthesis of graphene layers by Plasma Enhanced Chemical 

Deposition at low temperature, below 300 ˚C, on both nickel and copper foil. The 

experimental work is mainly focused on the adjustment of the experimental parameters like 

temperature, pressure, gas mixture ratio, deposition time and power in order to produce 

graphene layers with low defect density on nickel foil. At first, we use Raman spectroscopy to 

characterize the deposited materials since it is a very valuable tool in the characterization of 

carbon nanomaterials. Furthermore, in order to produce images of the deposited films, 

scanning electron microscope (SEM) measurements took place and for further investigation 

of the surface of the deposited graphene layers, Atomic Force Microscope (AFM) 

measurements where performed on nickel foil before and after deposition. Finally, to further 

verify the growth of 𝑠𝑝2carbon and the amount of oxygen in our samples, XPS experiments 

were carried out.  In the case of copper substrates, Raman spectroscopy is used in order to 

characterize the deposited films at different growth temperature. 
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Chapter 2. Experimental part 

 

2.1 Experimental setup.  

 

The experiments of the present study were carried out in a capacitively coupled plasma 

reactor (CCP) operating at 27.12 MHz as shown in figure 1,a. The reactor was designed in the 

Plasma Technology Laboratory and assembled in Italy by the company Sistec, with the ability 

to supply both liquid and gas precursors. 

 
The system consists of two chambers: the main chamber that is a cylindrical shaped tube 
made of stainless steel and a smaller one, connected to the first one. The setup is illustrated 
in Figure 2. The smaller chamber connects the main chamber to a turbo pump via a gate valve. 
The reactor has two quartz windows that allow the observation of the chamber during the 
deposition process. Also, the reactor consists of two parallel electrodes. The top one is a 
stainless steel RF electrode with a diameter of 22cm that is used as a showerhead from where 
the precursors are fed into the chamber. The other one is grounded. It is a copper disc with a 
nickel coating and diameter of 20cm that is used as the base for the substrates. The gas 
transmission lines are made of stainless steel and have a diameter of ¼’’. The distance 
between the two electrodes is set at 2 cm in our process, but the RF electrode can be moved 
in order to adjust the distance of the two electrodes. 
 
The operation of the system is automated and is accomplished by the program LOOKOUT 5 of 
National Instruments. The heating system consists of two lamps, each one of 1000 Watt, that 
are based under the grounded electrode as shown in figure 3. Moreover, in order to measure 
the temperature there is a thermocouple in contact with the grounded electrode. As for the 
vacuum system, it consists of two primary vacuum pumps: a rotary vane pump, PASCAL 2015 
C2 and an Alcatel R601B roots pump, that has a supportive role to the rotary vane pump. The 
turbo pump was not used in our process. The chamber with the help of the two primary 
vacuum pumps can be evacuated to 1 ∗ 10−3𝑚𝑏𝑎𝑟 and the pressure regulation during this 
process is accomplished by a throttle valve. Finally, the opening and closing of the valves and 
the chamber is accomplished pneumatically with the use of a compressor of the company 
TREND, in 6bar pressure. 
 
The RF supply system consists of three parts: a 27.12 MHz radio frequency plasma generator, 
two coaxial cables that are used for the assembly of the system and a matching network of 
electrical impedance that is an electronic filter of type L, consisting of two capacitors and a 
coil. The use of the matching network is to adapt the output resistance of the generator (50Ω) 
to the impedance of the circuit reactor-discharge, which depends on the geometry of the 
chamber, the pressure, the power and the composition of the gas. 
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Figure 1. a) Photograph of the CCP reactor during the deposition process, b) photograph of the nickel and 

copper foil that were used in the experiments. 

a) b) 

Figure 3. The heating system that is based under the grounded electrode. 
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2.2 Description of the synthesis process. 
 
 
Graphene layers were deposited on a 25μm thick copper foil (puratronic, 99.9999%, Alfa 
Aesar, item no. 10950) and a 0.1mm thick nickel foil (purity of 99.5%, Alfa Aesar, item no. 
44821) that are shown in figure 2,b. At first, the foils were placed in a chamber that was 
evacuated to 1 ∗ 10−3𝑚𝑏𝑎𝑟. After evacuation, the suitable substrate temperature of the 
process was reached by heating for about an hour. When the desired temperature was 
reached, the foils were exposed to 80 sccm hydrogen plasma at a power of 40 Watt and at a 
pressure of 1.1mbar for 20mim. Plasma treatment was performed in order to clean the 
surface from organic contaminations and for its chemical reduction. After treatment the 
graphene layers where grown by introducing methane and hydrogen in the chamber at 
various gas mixture ratios. Pressure was varied between 0.37mbar and 2.6 mbar for the 
different experiments, the deposition time between 5min to 60min, the plasma power 
between 30watt to 110watt and the temperature between 250˚C and 380˚C.  All temperatures 
mentioned in this work are the actual growth temperature calibrated using temperature 

Figure 2. Schematic diagram of the Capacitively Coupled Plasma Enhanced Chemical Vapor 

Deposition (CCP) system that was used for the synthesis of graphene layers [1]. 
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indicating liquids by OMEGALAQ. After deposition, the reactor was evacuated and the samples 
were cooled down to room temperature for about 2 hours in the evacuated chamber. The 
process parameters are mentioned in Table 1. 

 
 

Table 1. Process parameters for the growth of graphene layers 

PRESSURE POWER TIME 𝑯𝟐 FLOW 𝑪𝑯𝟒 FLOW TEMPERATURE 

0.37-2.6mbar 40-110Watt 5-60minutes 0-80sccm 5-40sccm 250-380˚C 

 

For further characterization of the sample’s surface, after deposition, the graphene layers 

were transferred to quartz substrate using the PMMA/wet-etching method. Using this 

method, after the spin-coating of a layer of PMMA onto graphene, the PMMA/graphene stack 

is transferred to another substrate by removing the metal catalyst with 𝐹𝑒𝐶𝑙3. To complete 

the graphene transfer, solvents were used to remove the PMMA. 

 

2.3 Characterization techniques. 

 

In order to fully characterize the deposited materials different measurements took place. 

Raman measurements confirmed that graphene layers were deposited over most of the 

substrate’s surface, however the synthesized graphene films showed a relatively high density 

of defects. X-ray Photoelectron Spectroscopy (XPS) measurements carried out in order to 

further verify the growth of 𝑠𝑝2carbon and to count the amount of oxygen in the synthesized 

layers. Finally, Atomic Force Microscope (AFM), Scanning Electron Microscope (SEM) and 

Profilometer measurements took place for the further investigation of the deposited 

graphene layers and for the measurement of their thickness. A more detailed description of 

these characterization techniques is presented below. 

 

Raman spectroscopy  

Raman spectroscopy is a spectroscopic technique commonly used in chemistry to determine 
the identity of the molecules [2] and it relies on inelastic scattering of light. Inelastic scattering 
was first presented by Smekal in 1923 [3] and was experimentally observed in 1928 by Raman 
and Krishnan [4] during the interaction between a laser light and matter.  

In general, when photons interact with a material, they may be scattered or absorbed, or may 
not interact with the material. The behavior of this interaction depends strongly on the 
similarity of the energy of the incoming photon and the energy gap between the ground state 
of a molecule and an excited state. Inelastic scattering means that when light interacts with 
photons or molecular vibrations, the energy of the scattered photon is shifted up or down and 
this shift in energy is equal to that between the initial and final excited states of the molecule, 
so that the total energy of the system remains constant. In inelastic scattering, when the 
scattered photon is shifted to a lower frequency (lower energy) this shift is called downshift 
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or a Stokes shift. When it is shifted to a higher frequency, this shift is called upshift or an anti-
Stokes shift. On the other hand, in elastic scattering or Raylight, scattered photon has the 
same energy as the incoming photon.  A diagram of the Rayleigh, Stokes and anti-Stokes shifts 
are shown in fig.4. 

In order to obtain a Raman spectrum, a sample is illuminated with a monochromatic source 
of photons usually in the visible range (near infrared or near ultraviolet range is also possible), 
and we measure the light intensity at the frequencies of the scattered light. The number of 
photons that are scattered inelastically is less than that in Raylight scattering and so filters are 
necessary in order to suppress the Rayleigh component and a sensitive detector is needed in 
order to detect weakly scattered Raman photons. Moreover, the energy of the exciting 
photons is 6 to 200 times higher than that of the fundamental vibrations of most chemical 
bonds. The most often used exciting frequencies are the 514.5 and 488 nm lines from an argon 
ion laser [5]. 

A typical Raman system consists of the four basic parts: a) a visible-light laser, b) optics for 
illumination and collection of sample-scattered light, c) a monochromator and d) a signal 
processing system. The schematic illustration in Figure 5 shows the various components of a 
common Raman spectrometer. 

 

 

 

 

 

 

 

 

 

 

Figure 4. A diagram of Raman and Raylight scattering processes. At the foot is the 

lowest energy vibrational state m and states of increasing energy above it. The 

scattered energy (downward arrows) and the low energy (upward arrows) 

correspond to much larger energies than the energy of a vibration [2]. 

Figure 5. Schematic illustration of a conventional Raman system [5]. 
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Raman spectroscopy is the most useful tool for the characterization of graphenic carbon 

materials since it contains characteristic bands which can be used to distinguish the number 

of graphene layers, to determine the quality of the film and to study the spatial uniformity 

over the substrate. There is a vast literature in the optical phonon spectrum of graphene [6,7].  

Figure 3 shows the comparison of Raman spectra between monolayer, bilayer, three-layer 

and four-layer graphene on Si𝑂2/Si substrate [8]. In general, the Raman spectra of graphene 

layers includes three characteristic peaks: the D peak, located at ~1350 𝑐𝑚−1 ,the G peak  

located  at   ~1580 𝑐𝑚−1 and the 2D  peak  at  ∼2700 𝑐𝑚−1. The D peak indicates structural 

defects present in graphene films while the G peak is associated with the formation of the 

𝑠𝑝2hybridized carbon network and originates from the doubly degenerated phonon 

vibrations at the Brillouin zone center. The 2D peak is sensitive to the c-axis stacking of 

graphene layers and is generated by second order zone boundary phonon scattering. 

The shape, position and width of the characteristic 2D peak in a Raman spectrum is used to 

distinguish the quality of graphene and to determine the number of the deposited layers. Ιn 

Figure 6, 2D peak is shifted to higher wavenumber values and its width becomes larger as the 

number of layers increases [8].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Raman spectra of monolayer, bilayer, three-layer and four- layer graphene [8]. 
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In addition, compressive strain in graphene results in the shifting and splitting of Raman 

modes [9]. Finally, the intensity ratio of the D band to the G band (
𝐼𝐷

𝐼𝐺
) or R value can be used 

to investigate the level of disorder in graphene layers. [10,11].  

The structure of the deposited graphene layers in our work was analyzed using a Renishaw 

Raman spectroscopic system with the laser excitation energy of 514nm as shown in figure 5. 

In order to avoid local laser overheating, the laser power was remained constant at 1Mw. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Raman spectra of graphene layers with different number of layers and laser excitation 

energy a) of 514 nm and b) of 633nm [6]. 

Figure 8. Renishaw Raman spectroscopic system. 
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X-ray Photoelectron Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) or Electron Spectroscopy for Chemical Analysis (ESCA) 

is a surface sensitive technique (analysis depth < 5 nm), commonly used in material science 

for the compositional analysis of thin films, since it provides important information about the 

depth and the distribution of the elements [12]. In XPS measurements, mono-energetic Al kα 

x-rays excites a sample surface and this leads to the emission of photoelectrons from the 

surface. An electron energy analyser measures the emission and a photoelectron peak is 

recorded. From the binding energy we can determine the chemical state, elemental identity 

and quantity of the detected element.  

Physical Principles 

In XPS, the absorption of a photon’s energy by an atom leads to ionization and emission of a 

core or inner shell electron. The kinetic energy (K.E.) that remains on the electron after 

emmision is the quantity measured and is a function of the electron binding energy (B.E.), 

which is a distinguishing feature of elements and is associated with each core atomic orbital. 

The kinetic energy distribution of the emitted photoelectrons is measured by an electron 

energy analyser and a photoelectron spectrum is recorded. Despite the fact that 𝐾. 𝐸.𝑋𝑃𝑆  is 

the quantity recorded in XPS, the energy spectrum is constructed by the derived   𝐵. 𝐸.𝑋𝑃𝑆, 

since it is independent on the X-ray energy. The characteristic photoelectron spectrum 

provides use with information about the identity of the elements and their concertation. In 

order to calculate 𝐾. 𝐸.𝑋𝑃𝑆 and the  𝐵. 𝐸.𝑋𝑃𝑆, we use the expression:  

𝐾. 𝐸.𝑋𝑃𝑆 = 𝐸𝑝ℎ − 𝜑𝑋𝑃𝑆 − 𝐵. 𝐸.𝑋𝑃𝑆 , (1) 

where 𝐸𝑝ℎ is the photon energy and  𝜑𝑋𝑃𝑆  is the work function of the instrument [12]. Mg Kα 

radiation (1253.6 eV) and Al Kα radiation (1486.6 eV) are the most commonly used radiations 

in XPS. 

 

A basic XPS system is illustrated in Fig. 9. Its main parts are: a) the source of radiation, b) the 

electron energy analyser, which can disperse the emitted electrons with regard to their kinetic 

energy and c) a high vacuum chamber in order to avoid gas phase collisions. 
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The photoemission experiments in our work took place in an ultra-high vacuum system ( 

1×10−9 mbar) consisting of a sample preparation, a fast entry specimen assembly and an 

analysis chamber. In all XPS measurements Unmonochromatized AlKα line at 1486.6 eV and 

an analyzer pass energy of 36 eV, giving a full width at half maximum (FWHM) of 0.9 eV for 

the Au 4f7/2 peak were used. In order to analyse the XPS core level spectra we use a fitting 

routine, which decompose each spectrum into individual mixed Gaussian-Lorentzian peaks 

after a Shirley background subtraction. Finally, the analyzer’s kinetic energy scale is calibrated 

in line with ASTM-E 902-88. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Schematic illustration of an XPS system. 
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Profilometer 

Surface profilometry took place for the measurement of the thickness of the deposited 

graphene layers on nickel foil after they were transferred on a quartz substrate. Profilometer 

is a widely used instrument in the measurement of thin film thickness, surface roughness and 

stress. Its two main parts are the detector, that defines the position of the points on the 

sample and the sample stage. Whether or not the detector and the sample stage can be 

moved, depends on the system. There are two types of profilometers: stylus and optical. In 

stylus profilometers a physical probe is used to scan the surface, while in optical profilometers 

the probe is replaced by light.  

Stylus profilometers use a probe that is in contact with the surface and measures the 

topography of a surface. The radius of the stylus is in the range of 20nm to 50μm. The 

measurement is accomplished mechanically with a feedback loop that monitors the force 

between the probe and the sample. The stylus tracking force can range from less than 1 to 50 

milligrams. During measurement the stylus scans the surface and differences in z axis generate 

an analog signal that is converted into a digital one which is stored, analyzed, and finally 

displayed. Scan speed can control the horizontal resolution. Since Stylus profilometry requires 

force feedback and a physical contact with the surface, it is very sensitive to soft surfaces and 

the probe can be affected by contaminates.  

 

 

 

 

 

 

 

 

 

 

 

The apparatus that was used in our experiments is Bruker's DektakXT Stylus Profiler (figure 

11) that enables resolution of 4 Å repeatability. 

 

 

 

Figure 10. Schematic illustration of working principle of Stylus 

Profilometer [14]. 



46 
 

 

 

 

 

 

 

 

 

 

 

Atomic Force Microscopy 

Atomic-force microscopy (AFM) or scanning-force microscopy (SFM) is a type of scanning 

probe microscopy (SPM). Its operation relies on principles similar to that of profilometer that 

were mentioned above. A probe is lightly touching a surface and the gathered information 

about the surface’s height depend on the forces between the sharp tip and the sample. In 

order to achieve precise movements, piezoelectric elements are used. Despite the fact that 

the lateral resolution of AFM is low (~30nm), the vertical resolution can be up to 0.1nm. The 

main parts of an AFM are: a) the AFM probe, b) the optical lever that measures the cantilever 

deflections, c) the feedback loop that allows for monitoring the interaction forces between 

the tip and the surface, d) the piezoelectric scanner that enables the movement of the tip in 

a 3D pattern and e) the conversion system from raw data acquired by the instrument into an 

image. A schematic illustration of the principle of AFM is shown in figure 12. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Bruker's DektakXT Stylus Profiler. 

Figure 12. Schematic diagram of the principle of AFM. 
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Atomic force microscopy measurements took place in order to investigate the roughness of 

the deposited graphenic films on nickel foil before and after transfer on a quartz substrate. 

Our experiments were carried out by a Brucker Dimension Icon FastScan microscope that is 

shown in figure 13. The thickness of a single layer graphene (0.34-1.2nm) can also be 

measured by AFM [15]. An AFM image of a graphene is shown in figure 14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Brucker Dimension Icon FastScan microscopy. 
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Scanning Electron Microscope 

Scanning electron microscope (SEM) is a type of microscope that uses a focused beam of 

electrons to scan a surface in order to produce images [16]. Signals that are produced by the 

interaction between the beam and the surface include useful information about the sample's 

surface morphology, composition and topography [17]. These signals include reflected or 

back-scattered electrons (BSE), secondary electrons (SE), Auger electrons, characteristic X-

rays and cathodoluminescence (CL), as shown in figure 15. 

The scanning electron microscope consists of two major parts, the SEM column and the 

control console that are illustrated in figure 16. The column is the extension that the electrons 

traverse from their emission until they reach the sample, where the installed detectors will 

capture the scattered signals resulting from the interaction between the electrons and the 

sample. The console has electronic systems able to quantify the electrical signals sent by the 

detectors and turn them into analyzable information such as images and graphs.  

The electron column consists of an electron gun, where electrons are emitted from a heated 

filament and electron lenses, which influence the paths of electrons traveling down an 

evacuated tube. The electron lenses are condenser lenses, objective lenses, and scanning 

lenses. The lenses nearest to the electron gun are called condenser lenses, while lenses 

nearest to the sample are called objective lenses. The condenser lenses are magnetic lenses 

located below the electron gun that are used to reduce the electron beam to a small cross-

section of 5–50 nm in diameter from an initial cross-sectional diameter more than 1000 times 

greater. The objective lenses alter the vertical position of the vertex and allow focusing 

through the different vertical positions of the sample. Finally, the scanning lenses deflect the 

electron beam in both directions over the sample surface, causing the electron beam to hit 

and interact with an array of sample point. The base of the column is in a vacuum of about 

10−4 𝑃𝑎𝑠𝑐𝑎𝑙. High-vacuum is necessary in order to avoid the collision between electrons that 

are accelerated towards the sample with gas molecules. Typically, the vacuum is produced 

through a turbomolecular pump backed by a mechanical rotary pump. The sample chamber 

connected to the vacuum line is located  just  below  the  objective  lenses. Furthermore, the 

moving sample stage, electron signal detectors, and X-ray detectors are located within the 

chamber. 

 

 

Figure 14. AFM image of graphene containing grain boundaries and wrinkles by 

the group of Muneer Ahmad at the Graphene Research Institute in South Korea. 
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SEM is 

widely used for the characterization of carbon materials. A SEM image of an individual 

hexagonal graphene crystal is shown in figure 17. The electronic microscope that was used in 

our experiments for the characterization of graphene layers on nickel foil is a JEOL 6300 

microscope equipped with X-ray Energy Dispersive Spectrometer (EDS) that is shown in figure 

18. 

 

 

 

 

 

Figure 16. Schematic illustration of Scanning Electron 

Microscope (SEM) [17].  

Figure 15. Main signals emitted as a result of the interaction between the 

electron beam and the sample. 
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Figure 17. SEM images of an individual hexagonal graphene crystals [19]. 

Figure 18. The JEOL 6300 microscope equipped with X-ray Energy Dispersive 

Spectrometer (EDS) in the Laboratory of Electron Microscopy and Microanalysis 

(L.E.M.M.) of University of Patras. 
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Chapter 3. Experimental results and discussion 

 

In this chapter we will present the experimental results. First, there will be a presentation of 

the as deposited materials on nickel foil and then on copper foil. Finally, there will be a further 

discussion on the results and on the deposition mechanism. 

 

3.1 As deposited materials on Nickel foil. 

 

Figure 1 a,b shows the Raman spectra of graphene layers synthesized on a thin nickel foil as a 

function of growth time at substrate temperature of 330˚C. The graphene layers are deposited 

by a methane/ hydrogen mixture at a flow rate ratio of 80 :10 sccm. In Fig.1,a the plasma 

power is 110 Watt and the pressure 2.2 mbar pressure, while in Fig.1,b the plasma power is 

60Watt and the pressure 0.66mbar. In both cases, the deposition of the graphene layers is 

similar. After a 5min deposition time, Raman spectrum involves both D and G Raman peaks 

around 1350𝑐𝑚−1 and 1600𝑐𝑚−1 , respectively and show the formation of amorphous carbon 

on the nickel surface. The D peak is associated with the structural defects present in graphene 

films while the G peak corresponds to the formation of the 𝑠𝑝2hybridized structure and is 

related to the doubly degenerated phonon vibrations at the Brillouin zone center [1,2]. For 

deposition times longer than 5min, 2D peak at around 2700 𝑐𝑚−1 starts to appear along with 

a low density peak at around 2940 𝑐𝑚−1, referred as the D+G peak, which is believed to be 

associated with the presence of defective 𝑠𝑝3 sites. The 2D peak is related to the second order 

zone boundary phonon scattering and is sensitive to the c-axis stacking of graphene layers 

[1,2]. For longer deposition time, above 40min, Raman spectrum shows that the quality of the 

structure is diminished. We attribute this to the fact that for longer deposition times the 

thickness of the deposited material is increased by the adsorption of incoming radicals on 

carbon defects such as dangling bonds that are very reactive. Moreover, the intensity ratio of 

the D band to the G band (
𝐼𝐷

𝐼𝐺
) is above 1 in all the samples. For spectral analysis each peak was 

fitted to a single Lorentzian using the peak-o-mat curve fitting program. The fact that 2D peak 

is quite weak and the D peak is high lead us to the conclusion that the deposited graphene 

layers are highly defective.  
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Figure 2 shows Raman spectra of graphene layers synthesized on Ni foils at 330˚C, 𝐻2: 𝐶𝐻4 

ratio of 80:10 sccm, plasma power of 110 W and 10 min deposition time, at various plasma 

pressures. The effect of gas mixture pressure on our experiment shows small differences in 

the structure of the deposited graphene layers, expect of the case of 0.66mbar, where a 

multilayer graphene nanosheet was synthesized, as shown in figure 3. 𝐼𝐺/𝐼2𝐷 ratio is 1.85 and 

the full width at half maximum (FWHM) of 2D peak is 66𝑐𝑚−1 indicating the formation of 3-

12 graphene layers [3].  FWHM, as shown in figure 4, is the width of a spectrum curve 

measured between those points on the y-axis which are half the maximum amplitude. The 

FWHM of 2D peak is used to distinguish the quality of the deposited forms and the number of 

layers [4]. However, there were no other multilayer graphene nanosheets on the nickel foil in 

this experiment and this result could not be verified by other experiments. As a result, we 

consider it to be a random occurrence. Finally, the intensity ratio of the D band to the G band 

(
𝐼𝐷

𝐼𝐺
) is below 1 in all samples, except of the case of 2.2mbar, indicating structures with low 

defects. 

 

 

Figure 1. Raman spectra of graphene layers grown on Ni foil at a growth temperature of 330˚C 

using the 𝐻2: 𝐶𝐻4 ratio of 80:10 sccm as a function of time deposition a) at a plasma pressure 

of 2.2mbar and a plasma power of 110W and b) at a plasma pressure 0.66mbar and a plasma 

power of 60W. 
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Figure 2. Raman spectra of graphene layers synthesized on Ni foils at 330˚C, 𝐻2: 𝐶𝐻4 ratio of 80:10 sccm, 

plasma power of 110 W and 10 min deposition time, at various plasma pressures. 

Figure 3. a) Microscope picture of multilayer graphene nanosheet deposited on Ni foil (black area) b) Raman 

spectra of the multilayer graphene nanosheet. 
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Figure 5 shows the Raman spectra of graphene layers grown for 10 min on nickel foil as a 

function of plasma power at a growth temperature of 330˚C. The graphene layers are 

deposited using a methane/hydrogen mixture at a flow rate ratio of 80 :10 sccm and a 

pressure of 0.66mbar. The plasma power in our experiment varies from 40watt to 110watt. 

The deposited films show both D and G Raman peaks at around 1350𝑐𝑚−1 and 1600𝑐𝑚−1 , 

respectively, while 2D peak starts to appear at 60watt plasma power. Our results indicate that 

70watt plasma power leads to better structures, since the R value (
𝐼𝐺

𝐼𝐷
)   in this case is the 

lowest. In 40watt plasma power, the uniformity of the deposited material was poor. 

In literature, it is well known that dissociation of methane is thermodynamically feasible when 

RF power is higher than 10 watt [5]. However, in many reports, it is believed that low plasma 

power is beneficial in the PECVD synthesis of graphene layers, due to the reduction of 

structural defects that are induced by ion bombardment. Kim et al. suggested that for higher 

plasma power, the grain size increases due to the enhanced methane dissociation into carbon 

hydride radical. On the other hand, higher plasma powers can impact the graphene quality by 

damaging the structure due to hydrogen ions sputtering effects [6]. In addition, in the work of 

Cheng et al. the synthesized graphene films were degraded when the plasma power increased 

from 50 to 150watt [7].  In our experiments, as the Raman spectra shows, plasma powers 

above 60watt favors the growth of graphene layers, since the 2D peak starts to appear at 60 

watt and below that power the structures are degraded. 

 

 

Figure 4. Full Width at Half Maximum of a spectrum 

curve. 
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The Raman spectra in figure 6 shows the effect of hydrogen plasma treatment on Ni foil before 

deposition on the synthesized graphene layers. Graphene layers were synthesized on Ni foils 

at a growth temperature of 330˚C, plasma pressure of 2.2mbar and a plasma power of 110W 

using 𝐻2: 𝐶𝐻4 ratio of 80:10 sccm. Before deposition the Ni film was exposed to 𝐻2 plasma 

with a plasma power of 40watt for 20min at a total pressure of 1,1mbar. All our results 

indicate that the 𝐻2 treatment is an important and necessary step in the deposition of 

graphene layers, since the process is strongly affected by the morphology of the substrates. 

In particular, the  𝐻2 plasma treatment on foils before deposition results in hydrogenation of 

the surface. When the top of the reactive surface is covered with hydrogen, the dangling 

bonds can be created either through H-elimination reactions such as: 

i) 𝐶 − 𝐻 + 𝐶𝐻3 → 𝐶 − + 𝐶𝐻4   

ii) 𝐶 − 𝐻 + 𝐻 → 𝐶 − + 𝐻2 

or by the sputtering of hydrogen on the substrate surface due to ion bombardment, which is 

assumed as the main source of dangling bonds. Then surface reactions result in the graphene 

nucleation as discussed in Chapter 1. Our Raman results show that when the hydrogen plasma 

treatment was skipped, we were unable to synthesize graphene layers. 
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Figure 5. Raman spectra of graphene layers synthesized on Ni foils at 330˚C, 𝐻2: 𝐶𝐻4 ratio of 80:10 

sccm, plasma pressure 0.66mbar and 10 min deposition time as a function of plasma power. 
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Figure 7 shows the Raman spectra of graphene layers synthesized on Ni foils at different 

growth temperature using 𝐻2: 𝐶𝐻4 ratio of 80:10 sccm, plasma power of 60watt and 10 min 

deposition time. We were able to synthesize graphene layers at temperature as low as 330˚C. 

Similar structures were synthesized at 380˚C, while at lower temperature, at 250˚C, we were 

unable to form graphene layers. In all our results, the relatively strong and broad D and G 

bands, at around 1350𝑐𝑚−1 and 1600𝑐𝑚−1 , respectively, along with a weak 2D peak at 

around 2700𝑐𝑚−1 indicates the formation of highly defective structures. It is well known that 

in order methane molecules to adsorb and dehydrogenate on the surface, a minimal thermal 

energy supply is required. The fact that the temperature in our process is very low, downgrade 

the structure of the deposited material by preventing the initial stage of chemical adsorption 

of carbon on the foils. Generally, the effect of the temperature on the growth of graphene 

layers has been studied by various groups [7,8,9]. The lowest temperature that high quality 

monolayer graphene was synthesized by PECVD is 450˚C by Kim et al. [8]. Peng et al., 

considered that 475˚C is a threshold temperature for the synthesis of graphene layers, since 

carbon dissolution is negligible below that temperature [9]. It is true that the typical 

dissolution precipitation occurs on transition metals with high carbon solubility such as nickel 

during PECVD process at high temperatures. For instance, in thermal growth of graphene on 

Ni [10], the relatively high carbon solubility of 2.7 at% at a temperature of ~ 1000˚C is 

responsible for graphene precipitation, while at temperatures as low as 450˚C, it is known that 

the carbon solubility on Ni drops to 0 at%. As a result, at lower temperatures the mechanism 

Figure 6. Raman spectra of graphene layers synthesized on Ni foils at a growth temperature of 

330˚C, plasma pressure 2.2mbar and a plasma power of 110W using 𝐻2: 𝐶𝐻4 ratio of 80:10 sccm  as 

a function of 𝐻2 plasma treatment before deposition. 
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must be different. The results of this work are in agreement with that of Cheng et al. who 

claimed that the dominant mechanism for graphene growth at temperatures below 475˚C is 

nucleation and growth of incoming carbon radicals at graphene edges [7]. The detailed 

mechanism has been discussed in Chapter 1. 

 

Figure 7. Raman spectra of graphene layers synthesized on Ni foils at different growth temperature using 

𝐻2: 𝐶𝐻4 ratio of 80:10 sccm, plasma power of 60watt and 10 min deposition time. 
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Figure 8 shows the Raman spectra of graphene layers synthesized on Ni foils at 330˚C, plasma 

pressure 0.66mbar, plasma power 60W and 10 min deposition time, at various flow rate 

ratios. As shown in the spectra, when the hydrogen/methane flow rate ratio is 80:10 sccm and 

80:40 sccm the 2D peak arises, but the R value (𝐼𝐷/𝐼𝐺 ratio) is higher when the flow rate ratio 

is 80:40sccm, implying highly defective structures. The Raman spectra shows that different 

flow rate ratios in our experiment cause negligible changes in the structure of the deposited 

graphene layers. However, in the work of other groups the layer number of the as-grown 

graphene depends strongly on the gas mixture ratio. For instance, Kim et al., synthesized 

monolayer graphene when the ratio of hydrogen and methane is 80:1 [8]. The fact that in our 

process changes in plasma cause neglicable changes in the as-grown graphene layers will be 

further discussed below. 

 

 

Furthermore, in order to produce images of the deposited films, scanning electron microscope 

(SEM) measurements took place. Figure 9 shows scanning electron microscope (SEM) images 

of the cross-section of the as-deposited graphene layers on the nickel foil in different scales. 

The graphene layers in images of fig.8 are synthesized on Ni foils for 10min deposition time, 

at a growth temperature of 330˚C, plasma pressure 0,66mbar and a plasma power of 60W 

using 𝐻2: 𝐶𝐻4 ratio of 80:10 sccm.  
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Figure 8. Raman spectra of graphene layers synthesized on Ni foils at 330˚C, plasma pressure 0.66mbar, 

plasma power 60W and 10 min deposition time, at various hydrogen/methane ratios. 
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In addition to SEM images, for further investigation of the surface of the deposited graphene 

layers, Atomic Force Microscope (AFM) measurements where performed on nickel foil before 

and after deposition as shown in figure 10 and figure 11 respectively. The graphene layers 

were also transferred to quartz substrate using the PMMA/wet-etching method for further 

characterization of the sample’s surface by AFM and for the measurement of the film’s 

thickness by profilometer. Figure 12 shows the AFM picture of the film after the transfer, while 

figure 13 shows the thickness of the transferred film as measured by profilometer. The 

average thickness of the deposited graphene layers after the transfer was measured by 

profilometer ~ 200nm for 10min deposition time. We believe that the fact that there are many 

defective forms on the structure such as dagling bonds and grain boundaries that react with 

incoming radicals, contribute to the increase of film thickness. The continuous adsorption of 

incoming carbon radicals on highly reactive carbon defects, such as grain boundaries or 

dangling bonds and graphene edges contribute to the increase of graphene domain size and 

film thickness. Moreover, the results indicate that graphene layers have the same rms 

roughness as the nickel foil. 

 

Figure 9. Photographs of the as-deposited graphene layers on nickel foil where a layered structure is 

distinguished. 
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Figure 10. 3D image of the nickel foil before deposition. The rms roughness of the metal foil is measured 

by AFM  ~62nm. 
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 Figure 13. The thickness of the deposited film as measured by profilometer after transfer.  

Figure 12. a) 3D image of the surface of the deposited film after transfer to quarz substrate, b) the rms 

roughness is measured by AFM  ~60nm. 

 

a) b) 

Figure 11. a) AFM image of the deposited film on the nickel surface, b) rms roughness in an area of 

4.8um is measured ~ 12nm by AFM. 

a) b) 
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To further verify the growth of 𝑠𝑝2carbon, XPS experiments were carried out. Figure 14a,b,c 

show the XPS spectra of graphene layer synthesized on Ni foil at 330˚C, plasma pressure 

0.66mbar, plasma power 60W, 10 min deposition time and hydrogen/methane ratio of 80:10 

sccm. The core level peaks that were recorded in detail and presented here are: O1s , C1s and 

Ni2p. Figure 14a,b show the C1s peak and O1s peak that are analyzed into five and three 

components respectively [11]. The C1s peak is analyzed into the following five components: 

C−C 𝑠𝑝2and defective 𝑠𝑝3 bonds at binding energies of 284.5eV and 285.4 eV, respectively, 

carbon−oxygen components at 286.3 eV assigned to both hydroxyl and epoxides -(C−OH, 

C−O− C), carbonyls (C=O) at 288.3eV, and carboxyls (O-C=OH) at 289.1eV. In an analogous 

manner, the O1s peak is analyzed into three components assigned to carbon−oxygen bonds: 

at binding energy 531.0eV (C=O bonds) and 532.6 eV (C−O bonds) and a small contribution of 

NiO at 528.0eV. Moreover, figure 14,c shows the Ni2p peak. The binding energy is at 852.8eV 

assigned to metallic Nickel. Finally, the % average relative atomic concentration in the 

analysed region was determined (within experimental error 10%) and the results are shown 

in table 1. The ratio C/O is 5,6 in our sample and this indicates that we have obtain graphene 

oxide layers [12,13], since the ratio C/O is below 10. The presence of residual oxidizing species 

during the growth process leads to the oxidative etching of graphene, forming multilayer 

graphene oxide films. The fact that our process is exposed to oxygen-containing species will 

be further discussed below. 

 

 

 

Table 1: % atomic oxygen and carbon on the carbon samples  

Sample  % atomic O % atomic C 

Graphene layers on 

nickel foil 
15.0 85.0 
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Figure 14. a) C1s spectra of the XPS analyses, b) O1s spectra of the XPS analyses, c) Ni2p spectra of the XPS 

analyses. 
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3.2 As deposited materials on copper foil. 

 

Unlike the synthesis of graphene layers on nickel foil, where large area films where 

synthesized, on copper foil only graphenic nanosheet films (the term ‘’nanosheet’’ refers to 

the lateral dimension of the sheet [14] ) were synthesized as shown in figure 15. Even by 

adjusting the growth parameters we were unable to form large area graphene layers. The 

Raman spectra in figure 16 shows graphenic nanosheets synthesized on Cu foils at different 

growth temperature using 𝐻2: 𝐶𝐻4 ratio of 80:10 sccm, plasma power of 60watt and 10 min 

deposition time. We were able to synthesize graphenic nanosheets at temperature below 

300˚C. In all our results, the relatively strong and broad D and G bands, at around 1350𝑐𝑚−1 

and 1600𝑐𝑚−1 , respectively, along with a weak 2D peak at around 2700𝑐𝑚−1 indicates the 

formation of highly defective forms.  

 

  

Figure 15. Microscope image of the graphenic nanosheets (black spots) synthesized on copper foil. 
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Figure 16. Raman spectra of graphenic nanosheets synthesized on copper foil at different growth temperature 

using 𝐻2: 𝐶𝐻4 ratio of 80:10 sccm, plasma power of 60watt and 10 min deposition time. 
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3.3 Further discussion on the experimental results. 

 

Growth mechanism 

First of all, there will be a further discussion on the growth mechanism of graphene layers on 

both nickel and copper foil. As for the graphene growth on transition metals with high carbon 

solubility such as nickel, it is considered that the typical dissolution precipitation takes place 

during the PECVD process at high temperatures. This mechanism involves the dissolution of 

carbon atoms in the interstices of nickels atoms, their precipitation and finally their 

arrangement into hexagonal ring structures during cooling process, as shown in figure 17.  Due 

to the ultra-low solubility of the carbon atoms in nickel film, the threshold temperature for 

this growth mechanism is 475˚C, since under this temperature the carbon solubility on Ni 

drops to 0 at% [9]. Below that temperature, it is considered that the dominant mechanism is 

nucleation.  

On the other hand, the catalytic behavior of copper surface results in the dissociation of 

hydrocarbons into the activated carbon species. It is widely reported that Cu is an effective 

graphene catalyst since carbon’s solubility in copper is poor. Carbon’s poor solubility in copper 

is related to their low chemical affinity since Cu has complete d-electron shell. In particular, 

𝐶𝐻4 is catalytically decomposed (dehydrogenated as shown in figure 13) on the Cu surface. 

The reaction is 𝐶𝐻𝑋(𝑆)⬄𝐶𝐻𝑋−1(𝑆) + 𝐻𝑆 [15]. This process ease surface migration and 

monolayer graphene growth. However, the catalyzed dissociation process does not take place 

at temperature below 600 ˚C. At lower temperature, the growth process of graphene on Cu 

surface is facilitated by activated carbon radicals generated by plasma. In this temperature 

range, the graphene growth process is dominant by nucleation and coalescence of graphene 

patches with size of few nanometers [16].  

 

 

Copper Nickel 

Figure 17. Growth kinetics of CVD graphene on different catalyst: Case of 

𝐶𝐻4 on Ni and Cu [15]. 
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So, in the nucleation and coalescence mechanism, which is the dominant mechanism in low 

temperature deposition and on metal with low carbon solubility, graphene nanosheets 

nucleate on the surface of the foil.  Graphene nanosheet should be enlarged by edge growth 

rather than nucleation in order to obtain high-quality graphene films as shown in figure 18. 

The presence of 𝐻2 in plasma is beneficial since it removes macrostructural defects by etching 

and restores the hexagonal configurations at the edges. The progress of graphene deposition 

can be described as follows and is illustrated in figure 19: a) methane molecules are 

introduced in the chamber, b) the carbon sources undergo adsorption on Ni or Cu surfaces 

and  through catalytic dehydrogenation at low temperature highly reactive hexahydric ring 

species are formed, c) chemical active graphene nuclei are formed, d) hexahydric ring 

structures are incorporated into the edges of graphene nuclei and this results to the continual 

growth of graphene. An analytic description of the reactions that take place during graphene 

deposition both in gas phase and on substrate can be found in Chapter 1. 

We should now consider the role of hydrogen in this process. It has been widely reported that 

hydrogen’s role as etchant is very important in the formation of large-scale graphene, since it 

etches away the weak amorphous carbon and the oxidized carbon bonds on the carbon 

network. In the work of Adhikari et al., it was mentioned that hydrogen had a significant role 

in the synthesis of graphene on silicon substrate and more specifically, the quality of graphene 

was improved when the hydrogen flow rate increases from 0 to 25sccm [17].  However, our 

Raman results show small changes in the structure of the deposited graphene layer by 

increasing the flow rate of hydrogen (figure 7). In additional to that, the effect of hydrogen 

plasma in the graphene synthesis on dielectric substrates at low temperature was presented 

in detail by Wei et al. [18]. Wei et al. suggest that hydrogen plasma etching results in the 

removal of structural defects at the edges facilates the continual growth of graphene.  

The activation of the edges in order the nucleation process to continue is very important in 

every PECVD method for graphene synthesis, since reactive 𝐶𝑥𝐻𝑦 species are considered to 

form structural defects on the edges that terminate the crystal growth. Finally, Chen et al. 

presented a mechanism analysis of the thermodynamics and kinetics during the graphene 

growth by methane plasma. Their results indicate that carbon materials may be deposited 

without hydrogen, but at very slow rates since in the gaseous reactions of methane the rate 

constant is five magnitudes lower than the reactions in methane/hydrogen mixtures.  To be 

more specific, in their calculations the primary reaction pathway in the absence of hydrogen 

is 𝐶𝐻4 → 𝐶𝐻3 + 𝐻, while with hydrogen is 𝐶𝐻4 + 𝐻 → 𝐶𝐻3 + 𝐻2 and the activation energy 

for these reaction is 440,49 KJ 𝑚𝑜𝑙−1 and 358,99 KJ 𝑚𝑜𝑙−1, respectively [5]. To sum up, all 

these studies show that hydrogen plays a major role in the synthesis of graphene by PECVD, 

since it affects not only the nucleation process but also the decomposition of methane in 

plasma.  
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The role of oxygen particles in our deposition process 

Another important issue is the high amount of oxygen in our deposited graphene layers. XPS 

measurements showed that the ratio C/O is 5,6 in our sample. The fact that our process is 

exposed to trace amounts of oxygen like 𝐻2𝑂 and 𝑂2 is due to the fact that our experiments 

were carried out in a low pressure reactor, where the base pressure is in the mtorr region. 

These leads to the inevitable presence of residual oxidizing species during the growth process 

and the oxidative etching of graphene, forming multilayer graphene oxide films on nickel foil. 

Similar results are presented in the work of Liu et al., where graphene oxide films are produced 

by PECVD on copper foil and the oxygen-contained groups in the GO are introduced through 

the residual gas of methane since its purity is 99.9% [20]. It is suggested that since oxygen 

containing impurities such as 𝐻2𝑂 and 𝑂2 have the lowest dissociative energy by electron 

impact in gas discharge (Table I) and are highly reactive with Cu substrate, they will be 

adsorbed on the substrate. This is something that we believe happens in our process too and 

is responsible for the fact that even by adjusting the growth parameters in plasma (power, 

pressure, flow rate ratios, deposition time) negligible differences are shown in the Raman 

Figure 18. Schematic illustration of the mechanism of nucleation growth on metal foils. 

Figure 19. Schematic illustration of the Plasma Enhanced Chemical Vapor Deposition of graphene 

layers on metal substrates where methane is used as the carbon source [19]. 
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spectra of the deposited graphene layers. By negligible we mean that we were unable to form 

few-layer graphene films and despite the fact that R values (
𝐼𝐷

𝐼𝐺
 ratio) in Raman spectrum are 

in some samples below 1, the high D peak indicates highly defective forms and high amount 

of 𝑠𝑝3configurations. In figure 20 there is a schematic illustration of the gas-phase reactions 

in a methane/oxygen discharge by Matin et al. [21]. Oxygen-contained groups such as CO, 

𝐶𝑂2, 𝐻𝐶𝑂 𝑎𝑛𝑑 𝐶𝐻3𝑂2 that interact with nickel substrate during our experiments result in 

graphene layers with high amount of carbonyl and hydroxyl groups as shown in the XPS 

analyses. 

 

Table I. Dissociation energy of gases by electron impact by Liu et al [20]. 

Bond Gas Dissociation Energy (ev) 

H-H 𝐻2 15-16 

O=O 𝑂2 6-8 

𝑁 ≡ 𝑁 𝑁2 10-12 

𝐻3𝐶 − 𝐻 𝐶𝐻4 9-12 

HO-H 𝐻2𝑂 4.59 

 

 

 

 

Moreover, we believe that in our process, since oxygen species exist in plasma even before 

methane enters the camber, oxygen particles may be deposited on the surface of the foils in 

the initial stage of hydrogen plasma treatment and as a result, this may cause oxidation of the 

Figure 20. Schematic illustration of the chemical mechanism of plasma reforming of methane with oxygen 

by Matin et al. [20].  The blue boxes show the stable end products and the other coloured  boxes  represent 

important radical intermediates. 
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surface before deposition, resulting in the introduction of multiple and disordered carbon 

atoms during nucleation process. To exclude the possibility that oxygen comes from the 

impurity of nickel foil, we repeated the same experiment on a new nickel foil with purity of 

99,994% and the Raman results showed no differences in the structure of the deposited films 

(figure 21). 

 

 

 

Influence of plasma on the deposition mechanism 

 

We should now consider the influence of plasma parameters (power, flow rate ratio, pressure) 

on the deposition mechanism. First of all, as considered in Chapter 1, an important factor in 

the adsorption of the carbon sources on the substrate is the sticking probability S that is 

almost proportionate to the number density of the dangling bonds on the deposition surface 

[22].  Dangling bonds on the surface are created by the sputtering of hydrogen due to ion 

bombardment and as a results their generation rate depends strongly on the to the ion kinetic 

energy 𝛦𝜄 and ion flux density 𝛷𝜄 in the plasma. As a result, higher RF power (higher kinetic 

energy of ions) are expected to contribute to higher deposition rates.  On the other hand, 

power above a certain value is expected to have a negative impact on the deposited film. In 

many reports, it is suggested that higher plasma powers, can impact the graphene quality by 

damaging the structure due to hydrogen ions sputtering effects [6]. Moreover, in the work of 

Tachibana et al. [23], it is reported that the total dissociation rate (𝑘𝐷*𝑛𝑒) is nearly 

proportional to power, since 𝑛𝑒is almost proportional to W under constant pressure and 𝑘𝐷 

is constant at a fixed pressure. In our experiments, as the Raman spectra shows (figure 5), 

plasma powers above 60watt favors the growth of graphene layers and the best structure was 

deposited at 70watt, since at this power the R value was small. Below that power the 

structures are degraded. We conclude that in our deposition process power below 60 watt 

suspends the generation of the dangling bonds by reducing ion kinetic energy 𝛦𝜄. 
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Figure 21. Raman spectra of graphene layers synthesized on Ni foils of different purity but in the 

same growth conditions. 
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Moreover, different flow rates affect the deposited materials. In the work of Farouk et al. [24], 

when 𝐻2 flow rate increases with fixed 𝐶𝐻4 flow rate, lower 𝐶𝐻3 𝑎𝑛𝑑 𝐶2𝐻5 deposition rate 

occurs, since for high hydrogen addition, power is mostly consumed by electron-hydrogen 

collision and carbon-containing gas in plasma decreases significantly. On the other hand, 

electron density increase as 𝐶𝐻4  flow rate increases because the methane ionization is the 

major source of electrons. In our experiments, the Raman spectra shows that different flow 

rate ratios affect the structure of the deposited graphene layers and in particular when the 

hydrogen/methane flow rate ratio is 80:10 sccm, 2D peak arises and the structure is improved. 

We conclude that by increasing the hydrogen flow rate, the structure’s quality is improved 

since hydrogen can control the grains shape and dimension of graphene by etching away the 

weak amorphous and other oxidized carbon bonds. On the other hand, by increasing methane 

flow rate from 10sccm to 40sccm and as a result by increasing carbon-containing gas in 

plasma, we notice that the structure is degraded, something that can be attributed to the 

continuous adsorption of incoming carbon radicals on highly reactive carbon defects such as 

grain boundaries or dangling bonds. 

 

In the work of Bera et al. [25], the effect of reactor pressure on discharge for values from 

250mTorr to 1 Torr was studied.  For higher pressures, the neutral density in the reactor 

increases and that results in higher electron density due to the enhancement of gas ionization. 

In the work of Mutsukura et al. [26], the deposition rates increase, reach maximum values and 

then decrease with pressure. The pressures, at which optimum is found, occur at higher 

pressures for larger values of RF power input. Moreover, as mentioned in Chapter 1, the 

relative abundance of the ionic species in methane plasma is considered to be dependent on 

the gas pressure. At low pressures, the major species are the 𝐶𝐻3
+  and 𝐶𝐻4

+ ions, while by 

increasing gas pressure, the densities of these two ions diminish and 𝐶𝐻5
+ and 𝐶2𝐻5

+ densities 

increase. For instance, the critical pressure condition, at which the densities of these ion 

groups become comparable is considered to be 2mTorr in a 17MHz methane plasma [27]. In 

our experiments, the effect of gas mixture pressure on the deposited materials was studied, 

but differences in the structure of the deposited materials are quite small, expect of the case 

of 0.66mbar, where a multilayer graphene nanosheet of 3-12 graphene layers was 

synthesized. However, this result could not be verified by other experiments and we consider 

it to be a random occurrence. As a result, we are not able to come to a conclusion about the 

effect of the plasma pressure on the deposited materials, since in our pressure range 

differences in the structure are indistinct. 
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Influence of the substrate’s grain size and orientation on the deposited material 

 

Moreover, as shown in the experimental results, we were unable to form large graphene 

domains on copper substrates and we believe that responsible for that is the high roughness 

of the copper foil and the fact that annealing of the substrate before deposition did not take 

place. To be more specific, it is widely reported that for the formation of graphene domains 

on copper substrate the high temperature annealing (1000˚C) of the substrate before 

deposition is necessary in order to increase the copper’s grain size, remove the native oxide 

and smoothening of the copper’s surface. In the work of Wang et al. direct observation of the 

annealing of copper before deposition and graphene growth was accomplished by in situ SEM 

[28]. The results indicate that by increasing temperature up to 400˚C, the copper surface 

changes because of the desorption of adsorbed surface species and the removal of 

contaminants from surface. At higher temperature a surface reconstruction takes place which 

is followed by the formation of larger grains. This declares the importance of annealing in the 

synthesis of large graphene domains, since graphene grows primarily in registry with the 

underlying lattice and its quality is determined by the grain boundaries which are oriented 

along the surface lattice direction. For instance, it is possible to grow graphene on Cu(111) 

surface with a single rotational orientation, since both the Cu(111) surface and graphene have 

hexagonal symmetry and there is a low lattice mismatch between them ( only −3.5% , since 

they have similar lattice constants).  

One of the major issues in the synthesis of graphene on copper by chemical vapor deposition 

is that the deposited structures are polycrystalline graphene, since the Cu foils used in typical 

CVD growth are highly polycrystalline, containing small crystallite grains. This is not desirable, 

since reduces chemical mobility and mechanical strength of graphene. The most favorable 

structure is the single-crystalline graphene which is free from domain boundaries. To 

accomplish this, surfaces with larger grains and atomically flat terraces are desirable, not only 

in the case of copper, but on nickel foils too. Reina et al. reported that thermal annealing of 

nickel before deposition generates a nickel microstructure with single-crystalline grains of 

diameters up to 20um. In this way, the growth of graphene on the surface of individual Ni 

grains resembles the growth of graphene on the surface of a single crystal substrate [3]. 

However, since annealing did not take place in our experiments, nickel and copper foil 

remained polycrystalline with small grain sizes, high roughness and many impurities.  
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Influence of the surface’s roughness on the deposited material 

The effect of substrate roughness is of significant importance in the synthesis of graphene 

layers. Figure 22 shows the high roughness of both copper and nickel foil that are used in our 

experiments. The influence of Cu substrate roughness on the growth of graphene was studied 

by Wang et al. [29]. In this work, deposition process took place on both an unpolished copper 

surface and on a polished surface [30]. Optical microscope and SEM images indicated that in 

the case of polished Cu the nucleation took place on grain boundaries and along scratched 

areas of the substrate, while the nucleation was random in the case of unpolished copper with 

an average domain size of 5μm (Figure 23). As reported by Wang et al. [29] these defects act 

like nucleation centers due to a significantly lower nucleation barrier (lower Gibbs free energy, 

ΔG) during graphene growth. These observations are similar to that of Reina et al. [3]. To be 

more specific, point defects and step edges on copper surface are considered to have a higher 

catalytic activity in the decomposition of the hydrocarbon precursor and higher interaction 

with C atoms, since the Gibbs free energy of defects is lower. As a result, these sites are 

expected to facilitate nucleation at lower temperatures, as in our work.  

Apparently, all the above experimental research suggests that the substrate influences 

graphene nucleation and growth significantly. We believe that, in addition to the gas leakage 

of the chamber, we were unable to control the synthesis of graphene layers on copper and 

nickel foil because the annealing did not take place and that resulted in substrates with high 

roughness, small grain sizes and many impurities that go against the nucleation process. As 

the Raman results indicate, the absence of annealing of copper foil before deposition is more 

crucial, since in that case the density of nucleation is quite low and the deposited films are of 

small lateral dimensions (nanosheets). 
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a) 

Figure 22. Profilometer measurements of surface roughness of a) copper and b) nickel foil. 

b) 
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a) b) c) 

Figure 23. Optical microscope image of graphene that was synthesized on a) an unpolished Cu foil, b) on a 

polished Cu foil, c) SEM image of the graphene grown on Cu grain boundaries [23]. 
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                             4. Conclusions and future work 

 

4.1 Conclusions 

 

The goal of this project was to optimize graphene synthesis by PECVD at low temperature, 

below 300 ˚C. PECVD technique was selected as the synthesis technique for the deposition of 

graphene layers, since it is a promising method for the growth of graphene layers at low 

temperature and directly on the desired substrates like glasses without metal catalysts. Ιn this 

work, the synthesis of graphene layers was accomplished using CH4/H2 RF glow discharge on 

nickel and copper foil.  Methane is one of the most common precursors used in thermal and 

plasma CVD for the deposition of hydrocarbon films, while hydrogen’s role as etchant is crucial 

for the formation of large area graphene domains and also plays an important role in the 

decomposition of methane. Raman spectroscopy was the main tool for the characterization 

of graphene layers since it contains characteristic bands which can be used to distinguish the 

number of graphene layers, to determine the quality of the film and to study the spatial 

uniformity over the substrate. Furthermore, in order to produce images of the deposited 

films, scanning electron microscope (SEM) measurements took place and for further 

investigation of the surface of the deposited graphene layers, Atomic Force Microscope (AFM) 

measurements where performed. Finally, to further verify the growth of 𝑠𝑝2carbon and the 

amount of oxygen in our samples, XPS experiments were carried out.  

The experimental results suggest that the deposited films are graphene oxide layers, since C/O 

ratio is calculated 5,6 by XPS measurements. Moreover, the average thickness of the 

deposited graphene layers on nickel after the transfer was measured by profilometer to be 

200nm for 10min deposition time, indicating the formation of multilayer graphene oxide film. 

The presence of oxygen in our experiments is attributed to the fact that our experiments were 

carried out in a low pressure reactor and the base pressure of the system is in the mtorr 

region. These leads to the inevitable presence of residual oxidizing species during the growth 

process and the oxidative etching of graphene, forming multilayer graphene oxide films on 

nickel foil. Unlike the synthesis of graphene oxide layers on nickel foil, where large area films 

where synthesized, the density of nucleation on copper foil is quite low and the deposited 

films are of small lateral dimensions (nanosheets). Despite the fact that oxygen contained 

groups during deposition affect the deposited materials and the amount of 𝑠𝑝3 configuration 

of the films, we attribute the low uniformity of the deposited films on copper to the absence 

of thermal annealing of the substrate before deposition. The annealing step is crucial in the 

deposition of graphene layers on copper foil, since even by adjusting the plasma parameters 

(temperature, pressure, gas mixture ratio, deposition time and power) we were not able to 

form uniform graphene oxide layers on this substrate. 
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4.2 Future work 

 

 Although there is room for further development, our experimental results show the potential 

of the PECVD in the synthesis of uniform graphene oxide layers on nickel surface. In future 

work there will be a further understanding of the role of annealing in deposition process by 

replacing the existing thermal system with a new one that enables the heating of the 

substrates at higher temperature, so that we will be able to study in detail the influence of 

the substrate on the structure of the deposited graphene films. In addition to that, a turbo 

pump will be added to the vacuum system in order to achieve ultra-high vacuum conditions 

and to avoid the presence of residual oxidizing species during the growth process that 

contribute to the oxidative etching of graphene. We believe that by accomplishing these two 

steps we will be able to synthesize uniform graphene layers with low defects on both nickel 

and copper foil. 

 

 

 


