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ABSTRACT 

 

Graphene, a layer of carbon atoms arranged in a honeycomb-type structure, has attracted 

enormous interest since it was first isolated in 2004. Chemical vapor deposition (CVD) is 

one of the most common techniques to produce graphene but questions remain on how 

best to standardize its growth. Different designs of reactors, numerous sub-types of CVD 

(plasma-enhanced, low pressure…), catalytic metal foils that vary in surface chemistry and 

texture… these are all variables that are abundantly scrutinized in the literature. Despite 

the scattering of procedures and observations, it is rare to find comparative studies of 

graphene growth.  

In this thesis, two thermal CVD reactors were explored to grow single–layer graphene 

(SLG) on a 50 µm copper foil. These set–ups were very different, one being a 

“showerhead” cold–wall type whereas the other one had a tubular hot-wall chamber.  

Their inner volume, gas flow limits, and heating rates were other differentiating factors. 

The work had three critical steps: pre–growth treatment of the metal foil, growth step 

and SLG transfer. All required absolute control to obtain high quality, uniform and cm2–

scale SLG placed on a SiO2 substrate. Overall, and after standardizing the surface of the 

metal foil, it was possible to design a CVD recipe for the two reactors that differed only 

on the gas flow rates used. Thus, and contrary to an often-used argument in the literature, 

SLG growth recipes can be transferred amongst thermal CVD reactors.  
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Chapter 1 – Introduction 

1.1 Carbon allotropes 

Elemental carbon, the 6th element in the periodic Table with atomic number 6, has four 

valence electrons available to form covalent chemical bonds. Amazingly, carbon can 

combine with itself in different ways, creating what is known as allotropes. Carbon exists 

in two naturally available allotropes, diamond and graphite, which consist of extended 

networks of sp3 and sp2 hybridized carbon atoms, respectively.[1] Graphite and diamond 

were the only known carbon allotropes for a long time until, in 1985, fullerenes (see Fig. 

1.1) were reported by Kroto et al.[1, 2] This exciting discovery motivated scientists to 

develop the growing family of carbon allotropes. This included the synthesis of carbon 

nanotubes in 1991[3] and the discovery of graphene in 2004.[4] Keeping in mind the 

enormous potential of carbon materials and the number of scientists investigating this 

field, these developments have certainly not come to an end. Here, we will give a brief 

introduction to graphite (sp2–3D crystal) and graphene (sp2–2D crystal). 
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Figure 1.1 Model of different carbon allotropes.[5]  

1.1.1 Graphite 

At normal temperature and pressure, graphite is the most common and 

thermodynamically stable form of the carbon allotropes.[6] [7] Due to its softness, it has 

been used by Humankind for centuries such as in pencils and ceramic paints..[8] 

Structurally, graphite is a crystalline form of carbon, made up of van der Waals stacked 

layers of carbon atoms arranged in a honeycomb–lattice (see Fig. 1.2b). The number of 

layers can vary from the hundreds to the ten or a few tens seen in thin films of graphite. 

[4] 



24 
 

 

Figure 1.2 Crystal structure of graphite. a) Top view of the first layer, unit cell shaded in green. 

Hexagonal lattice defined by two unit vectors (u and v), lattice bases are two unequal carbon 

atoms represented in white and red with a distance of 0.142 nm, b) ABAB layered structure of 

graphite, each layer is separated by 0.335 nm.[9] 

In Fig. 1.2, the graphite’s structure is given. In the most common arrangement, carbon 

hexagons can be reduced to four atoms in the unit cell, the dimensions of this being  u = 

2.456 Å, and w = 6.696 Å,[9] with every other layer shifted in the horizontal plane. This is 

the well–known Bernal stacking (ABAB). Apart from this, there is also the rhombohedral 

ABC and the rare AA stacking (see Fig. 1.3). For both ABC and ABAB, there is a spacing of 

approximately 0.3354 nm between the graphene layers. [6, 10] [11]  
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Figure 1.3 Graphene sheets with a different stacking configuration.[12] 

1.1.2 Graphene 

The graphite building block is the single sheet of carbon, now known as graphene. This 

can be seen as an infinitely large aromatic molecule, the limiting case of the family of flat 

polycyclic aromatic hydrocarbons.[13] Hence, graphene is  a single flat layer of carbon 

atoms tightly packed into a two dimensional (2D) honeycomb lattice that can, 

furthermore, be wrapped up into 0D (fullerenes), rolled into 1D (nanotubes) or stacked 

into 3D (graphite) (see Fig. 1.4).[4] The term “graphene” was not used to describe the one 

single layer of graphite until 1987.[13] Previously, in 1966, researchers were not optimistic 

because theory suggested that graphene (a 2D crystalline material) was 

thermodynamically unstable and would rapidly decompose under room temperature and 

at atmospheric pressure.[13] It was thus surprising when, in 2004, Andre Geim and 

colleagues disproved this view by isolating a monolayer of carbon using scotch tape. For 

this, they were awarded the Nobel Prize of Physics in 2010.[4]  
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Figure 1.4 Graphene is the building block of all graphitic forms (fullerenes, nanotubes, 

graphite).[4] 

Structure: It is important to mention that the ‘graphene’ term strictly refers to a single 

sheet of carbon (SLG).[4] However, bi-layer graphene (BLG), tri–layer graphene (TLG) and 

few–layer graphene (i.e., with <10 layers, FLG) are mentioned in the literature as parallel 

terms of graphene.[14] The SLG exists in a rippled form, with no stacking. By contrast, the 

BLG, and the FLG have either AAA, ABA, or ABC stacking sequences (see Fig. 1.3). The 

hexagonal lattice has the carbon atoms connected with sp2 hybridized orbitals, at 120° of 

each other. For this, each atom has three sigma–bonds formed with three in-plane 

neighboring atoms, and a π-bond oriented out-of-plane giving graphene its unique 

electrical properties.[11, 13]  
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In term of its electronic structure, the hexagonal lattice can be viewed as two sub–

triangular lattices (see Fig. 1.5) with vectors a2 and a1 represented down in Eg. 1.1, where 

‘’a’’ is 0.142 nm (carbon-to-carbon distance). For the reciprocal lattice, its vectors are 

given in Eg. 1.2, with K, K’, M and Γ representing the corners, the edge and center, 

respectively, of the first Brillouin zone. The points K and K’ are the Dirac points with their 

points given in Eg. 1.3, in momentum space. [11]       
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Figure 1.5 Graphene lattice and its first Brillouin zone. Left: graphene lattice structure with 

triangular sub-lattices, a1 and a2 represent the lattice unit vectors. Right: the first Brillion zone, 

with reciprocal lattice base vectors b1 and b2.[11]  

Graphene has outstanding properties such as: optical transparency, electric conductivity, 

mechanical strength and thermal conductivity. 
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Electrical properties: With a reported mobility of 15,000 cm2·V−1·s−1 and, theoretically, 

able to reach 200,000 cm2·V−1·s−1,[4, 15] this characteristic of graphene is currently one of 

the most attractive topics of research in condensed matter physics. 

Mechanical properties: It is one of the strongest materials known; owing to its robust 

lattice bonds,[13] it has an intrinsic tensile strength of 130.5 GPa and a Young's modulus of 

1 TPa[16], besides a stiffness determined to be 0.5 TPa.[16]  

Thermal properties: Thermal conductivity measurements of suspended graphene 

reported an exceptionally large value of 5300 W⋅m−1K−1.[17] 

Optical properties: It has been found that single layer graphene absorbs 2.3% of incident 

white light with negligible reflectance (<0.1%).[6, 18] 

1.1.3 Synthesis of graphene 

Graphene was first isolated by exfoliating graphite[4]. Despite being a simple, low–price 

technique, the flakes produced by this method have a size of several microns, irregular 

shapes and their azimuthal orientation is not controlled, making it harder to study 

graphene properties.[19] Over the last decade or so, researchers have developed other 

methods to produce graphene such as chemical exfoliation[20], molecular assembly[21], SiC 

sublimation[22], hydrothermal self–assembly[23] and chemical vapor deposition (CVD)[24] 

(see Fig. 1.6). 
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Figure 1.6 Several graphene synthesis methods.[25] 

CVD is the most promising and popular technique.[26] It is relatively inexpensive and 

represents an accessible approach for deposition of reasonably high–quality graphene on 

transition metal foils (see Fig. 1.7).[26, 27] We will describe the CVD technique in detail as it 

was used for the current work. 

 

 

Figure 1.7 Several methods of mass–production of graphene and their cost. [27] 
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1.2 Chemical vapor deposition (CVD) 

CVD is a synthesis method in which the chemical constituents react in the vapor phase with a 

substrate of interest to form a solid deposit on its surface, under high temperature and a 

controlled gaseous environment.[28] The CVD process can be classified in different ways, 

depending on its operating conditions. For instance, atmospheric pressure CVD (APCVD) or low–

pressure CVD (LPCVD), as these work in the range of 0.001–100 mbar,[29] a hot wall (HW) CVD (i.e. 

when the chamber is heated with an external power source and radiates the heat to the substrate 

through the chamber walls) versus a cold wall (CW) CVD (i.e. when only the substrate is directly 

heated, either by passing current through the substrate holder, or a substrate in contact with a 

heater, keeping the chamber walls under low heat relative to the chamber). Other classifications 

are the type of energy source provided (thermal CVD or plasma CVD) and constituent gases used 

(e.g., metal–organic chemical vapor deposition, MOCVD). In this work, we used reactors with 

substrate heating classification: hot wall CVD and cold wall CVD. 

1.2.1 Graphene growth via CVD 

CVD is an indispensable method for graphene production since the technique was first 

reported in 2008/2009.[24, 30] The commonly used configuration to synthesise graphene is 

via thermal HW tubular CVD[31-33] when transition metal substrates such as Ni[34], Pd[35], 

Ru[36], Ir[37] or Cu[24] act as catalysts. Among these, the polycrystalline Cu foil is the most 

commonly used for SLG growth. It provides uniform deposition over large areas due to its 

very low C solubility (< 0:001%) and a relatively weak catalytic action on CH4, thus ensuring 

a low concentration of carbon atoms on the surface and, correspondingly, a thin carbon 

layer.[38] Furthermore, Cu foils are inexpensive and can be easily etched with solvents 
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available in most laboratories (Cu foils were used in this work). For SLG growth, the 

surface morphology of the Cu catalyst plays a significant role. For instance, it was found 

that the flatness of the substrate surface is a critical factor because it leads to improved 

homogeneity and optimizes the electronic transport properties of the resulting graphene 

film.[39] After considering a suitable catalyst, a carbon precursor can be chosen in the form 

of a gas, liquid or solid (C– and H–based compounds), the only condition being that it must 

be in gas phase before reaching the catalyst surface. Methane (CH4), acetylene (C2H2) and 

ethylene (C2H4),[40] are the most common precursors used for graphene growth. Here, the 

key parameters to take into account is the dehydrogenation energy of the precursor (CHx 

to CHx-1), as this defines the growth energy. Methane has the lowest dehydrogenation 

energy (methane = 410 kJ mol-1, ethylene = 443 kJ mol-1 and acetylene = 506 kJ mol-1 [40]). 

Another critical factor is the activator gas (H2), which is required for growth at 

temperatures above 1000 °C. Its presence maintains a reduced copper surface during 

growth[41] and yields high–quality graphene.[42]  In addition, H2 plays an important dual 

role, whether it originates from the carbon precursor (CH4) or the H2 used as activator gas: 

1) it helps in the formation of an active surface to bind the carbon species and 2) it etches 

out the weak C–C sp3 bonds. Therefore, the growth of graphene is affected by the 

competition between these two processes and the H2/CH4 concentration needs to be 

balanced to obtain the desired film thickness.[24, 41, 43-45] In addition to the activator and 

source, the carrier gas is essential to the CVD process as it can remarkably impact the 

transport and reaction pathway of the molecules, in both the gas phase and at the surface 

of the catalyst. For that reason, the deposition rate and properties of the film (e.g. its 
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surface morphology and uniformity) also depend on the carrier gas. As the carrier gas 

must not intervene  in the chemical processes of the carbon film deposition, argon (Ar) is 

considered to be a suitable option, particularly when compared to to gases such as 

nitrogen, which is known to dope growing graphene during high temperature runs (>500 

°C). 

 In Fig. 1.8, the overall graphene synthesis process can be split into three individual 

reactions that lead to graphene growth: (1) the dissociative adsorption of CH4 once it 

reaches Cu surface and decomposes into monoatomic adsorbates C (ads) and H(ads) (see Fig. 

1.8a). (2) desorption of adsorbed hydrogen, H (ads) (see Fig. 1.8b). (3) Graphene formation 

from carbon adsorbed C (ads) onto the Cu surface (see Fig. 1.8c). [38, 46, 47]  

 

Figure 1.8 Sketch of graphene growth steps on Cu. 

1.2.2 Cold Wall CVD  

Shown in Fig. 1.9, the Aixtron[48] Black Magic (BM) Pro 4" CVD reactor was used 

throughout this work as the cold wall system for graphene growth. As mentioned in 

section 1.2 (regarding CVD types), a cold wall CVD has this name because the sample is in 
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contact directly to the heating holder which is attached to the heater, leading to a much 

cooler chamber wall than the sample/substrate. 

 

Figure 1.9 The Aixtron Black Magic Pro 4" (BM) CVD reactor. [48] 

As shown in Fig. 1.10, the gases (H2, CH4, and Ar) are passed through a showerhead, 

placed directly above the sample holder. Hence, they are sprayed directly onto the 

substrate, in a vertical flow, and then pumped out from the bottom end of the chamber, 

beneath the sample reactor body (see Fig. 1.11). In this work, we used SiO2 to cover the 

graphite substrate holder as this prevented the diffusion of carbon atoms from the holder 

to the Cu foil.  
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Figure 1.10 a) Aixtron chamber opened, b) Graphite substrate holder covered by SiO2, c) 

Graphene growth taking place inside the chamber. 

As seen in Fig. 1.11, for the bottom heater, the temperature is measured by a 

thermocouple, while the top heater, which is connected to the showerhead to obtain a 

uniform temperature gradient zone, is monitored by a second independent 

thermocouple. Finally, the substrate temperature is measured using an infrared 

spectrometer, placed in the top heating zone.  
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Figure 1.11 Schematic diagram of the Aixtron heating zone. 

1.2.3 Hot Wall CVD  

The Graphene Square[49] system was used throughout this project as a hot–wall reactor 

for the growth of graphene (see Fig. 1.12a).  

 

Figure 1.12 Graphene Square HW reactor.[49] 
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In the HW tube furnace, the gases flow parallel to the substrate, creating a laminar flow. 

These systems usually produce more active species and hydrogen radicals than the CW 

reactor. These are mostly available near the inlet of the system (when compared to the 

outlet of the system), leading to a decreasing concentration gradient of active species 

throughout the chamber (see Fig. 1.13). 

 

Figure 1.13 Schematic diagram of graphene square heating zone. 

As per Fig. 1.13, the furnace gets heated by halogen lamps, the heat transfer occurs in a 

radiative way and a thermocouple is introduced between the outer and the inner tubes 

to measure the temperature in the reactor zone. Introducing the inner tube in the reactor 

was necessary to avoid Cu deposition on the outer tube (more expensive and also used 

for other growth purposes).[50]  
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1.3 Aim and overview 

Since 2009, the graphene growth by CVD process as has been seen as a viable technique 

for the fabrication of large–area SLG. Today, the CVD using Cu foils is one of the most 

common ways to produce graphene. For this, thermal CVD reactors (especially the hot–

wall kind) are the more widely used than the plasma–enhanced CVD, laser CVD, etc.[51] 

Different design of the reactors and even variations in the Cu foils have made the 

transferability of a growth recipe a challenging process. In this work, we set to explore 

the graphene growth in a cold–wall CVD system and the possibility of transferring its 

optimized growth recipe to the most common hot–wall tubular reactor. 
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Chapter 2 – Experimental Methods 

2.1 Materials 

 Polycrystalline Cu foils (50 μm thick, Alfa–Aesar, purity 99.9999 %, LOT: S08E015)  

 Distilled water (Milli–Q water, 18.2 MΩ.cm @25 °C) 

 Ammonium peroxydi-sulfate-(NH4)2S2O8 (Alfa Aesar, LOT: N16E032, CAS: 7727-54-

0) 

 Isopropanol (IPA) (Fisher Scientific, 4L, CAS: 67–63–0) 

 Acetone (Fisher Scientific, 4L, CAS: 67–63–0) 

 Acetic Acid, Glacial (Fisher Scientific, 2.5L, CAS: 64–19–7) 

 Methane (CH4) (AHG, 5L, Grade 5-99.9995%) 

 Hydrogen (H2) gas cylinder (Grade 5, 99.999%) 

 Argon (Ar) (Grade 5, 99.999%) 

 Polymethyl methacrylate (PMMA) (Fisher Scientific, ~995K molecular weight, CAS: 

9011–14–7) 

 Chlorobenzene (ACROS Organics, Fisher Scientific, 500mL, 99+%, CAS: 108–90–7) 

 Silicon dioxide wafer (SiO2/Si) (KAUST, Cleanroom, SiO2 thickness–300 nm) 

 Silicon dioxide wafer (SiO2/Si) (University wafers, Type P, SiO2 thickness–300 nm, 

Part#S4P01SP) 
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2.2 Copper foil preparation 

Copper Cleaning: 2x2 cm2 Cu foil was immersed in 20 ml of acetic acid for 10 min to 

initially remove the native oxidized from Cu foil. Afterward, the sample was cleaned in 20 

ml of acetone for 10 minutes in a sonication bath, followed by 20 ml of IPA for 10 minutes 

(see Fig. 2.1.). Then, the Cu foil was dried using a nitrogen gun. The Cu foil was loaded 

immediately to the reactor chamber to avoid oxidation/contamination. 

 

Figure 2.1 Ultrasonic bath cleaning of Cu foil samples. 

Copper foil treatment in the hot – wall: The Cu foil was loaded horizontally in the inner 

quartz tube. This tube was then inserted in the HW reactor (outer quartz tube), and the 

furnace moved so, its heating zone was coincident with the foil’s location process (see 

Fig. 2.2a, b). 
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Figure 2.2 a) Schematic drawing of the HW–chamber, and Cu foil assembly, b) Cu foil position in 

HW chamber. 

The HW reactor was pumped down to ~1x10-3 mbar, for 2 minutes, and maintain at that 

pressure for a few minutes. Then, the flow of H2/Ar (10:1) was released to the furnace 

with high–temperature set point (1040 °C) with a heating rate of ( ‘x’ °C/min) held for ‘x’ 

minutes (annealing time). In this controlled reduced atmosphere, the pressure was 10 

mbar. In Fig. 2.3, the schematic presentation of the heating and annealing steps is 

presented. 

 

Figure 2.3 Temperature vs. time curve for a typical CVD graphene growth on Cu foil. Variables are 

heating rate and annealing time. 

In Table 2.1, the heating rate and annealing time values for each experiment are given. 

Table 2.1 List of annealing experiments carried out in the HW reactor. 

Recipe # Heating rate Annealing time 
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Copper foil treatment in the cold–wall: After the cleaning step, the sample was loaded in 

the chamber for annealing, a heating rate of (‘x’ °C/min) to a temperature set–point of 

1040°C under H2:Ar flow ratio of 10:1 was employed. These conditions were held for 15 

minutes 10 mbar (Table 2.2). 

Table 2.2 List of annealing experiments carried out in the CW reactor. 

1 

67 °C/min 

15 min 

2 40 min 

3 

200 °C/min 

15 min 

4 40 min 

5 

507 °C/min 

15 min 

6 30 min 

7 40 min 

Fixed: T= 1040 °C, P= 10 mbar, 100H2/10Ar (sccm) 

Recipe # Heating rate Annealing time 

1 67 °C /min 

15 minutes 2 145 °C /min 

3 250 °C /min 
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2.3 Single layer graphene (SLG) growth – Cold Wall (CW) 

After the annealing step finished, graphene growth place by introducing a flow of ‘x‘ sccm 

CH4, with ‘x‘ H2 and ‘x‘ Ar for 1 min under ‘x’ mbar (Table 2.3). This was followed by a 

cooling step, with the cooling rate of 300 °C/min (down to 700 °C), then turn off heaters, 

and cool down naturally to room temperature. The sample was kept inside, under 

vacuum, until the reactor temperature was below 50 °C, to prevent oxidation of the Cu 

surface. 

Table 2.3 Varied growth parameters used in CW reactor. 

 

 

 

 

 

 

 

 

 

Fixed: T= 1040 °C, P= 10 mbar, 1350H2/150Ar (sccm) 

Recipe # Temperature Pressure H2/CH4/Ar 

1 1000 °C 1 mbar 30/35/4000 (sccm) 

2 1000 °C 5  mbar 30/35/4000 (sccm) 

3 1000 °C 10 mbar 30/35/4000 (sccm) 

4 1040 °C 10 mbar 30/35/4000 (sccm) 

5 1040 °C 10 mbar 30/25/4000 (sccm) 

6 1040 °C 10 mbar 30/35/4000 (sccm) 

7 1040 °C 10 mbar 30/45/4000 (sccm) 
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2.4 Single layer graphene (SLG) growth – Hot Wall (HW) 

After annealing the Cu foil with the process mentioned in section 2.2, the growth recipe 

was kept the same for all the experiments done in HW reactor. Graphene growth took 

place by introducing a carbon source (CH4), after annealing, with a flow of 35 sccm, along 

with 30 sccm H2 and 1000 sccm Ar. These conditions were held for 1 min, under a pressure 

of 10 mbar and 1040 °C of growth temperature. After this growth step, the system was 

cooled down naturally by moving the furnace away from the foil’s location and keeping a 

flow of 1000 sccm Ar until the temperature went down to 400 °C. The sample was kept 

inside, under vacuum, until the reactor temperature was below 50 °C, to prevent 

oxidation of the Cu surface. 

2.5 Graphene transfer 

92 mg of PMMA (~995K molecular weight) diluted in 2 ml of chlorobenzene then mixed 

using a magnetic spinner with a speed of 500 rpm, at 60 °C and for 30 min. After preparing 

the PMMA, we use a few drops (3 to 4 drops for 2x2cm2 size sample) to coat the 

graphene/Cu using a spin–coater for 30 seconds, with a speed of 500 rpm followed, by 1 

min at 3000 rpm. The PMMA/graphene/Cu was baked at 150 °C for 2 minutes. This was 

followed by the backside graphene removal (on the unprotected graphene face) by 

oxygen plasma treatment, using 50% power for 90 seconds with 5 sccm O2 flow. 

Afterward, etching of the Cu foil with 0.5 M (NH4)2S2O8 was done. After ~ 15 hours, the 

Cu foil was completely removed; then the graphene was cleaned from etchant residues 

with DI water (for three times) and transferred onto SiO2. After waiting for at least 12 
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hours, the graphene was fully attached to the SiO2 wafer; then the PMMA removal was 

carried out. First, by immersing the graphene/SiO2 in warm acetone (35 °C) for 30 min, 

then immersion in IPA and waiting finally for it to dry (see Fig. 2.4.). 

 

Figure 2.4 a) As–grown graphene, b) Spin coating of PMMA to the top layer graphene, c) Baking 

of PMMA layer on graphene/Cu/graphene, d) Removing backside graphene by plasma treatment, 

e) Cu foil etching process, f) Fishing PMMA/graphene on SiO2, j) Drying overnight for better 

contact between graphene/SiO2, h) Removing PMMA layer by dissolving it in acetone and IPA. 
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Chapter 3 – Characterization Methods 

Here, we describe the characterization techniques used in this thesis. The list includes 

optical microscopy, Raman spectroscopy, electron microscopy (EM), atomic force 

microscopy (AFM), x–rays powder diffraction (XRD), x–rays photoelectron spectroscopy 

(XPS). These techniques are described below briefly. 

3.1 Raman spectroscopy 

Raman spectroscopy is one of the vibrational spectroscopic techniques used to reveal 

information about crystals structure, the existence of disorders and most importantly, 

identify the fingerprint of Raman active element.[52] To understand how one can get such 

analysis, Here we show the concept briefly: starting by light interacting with matter in 

different ways, depending on its wavelength and what kind of matter it encounters, 

resulting in having transmitted, reflected, refracted, absorbed and scattered light (see Fig. 

3.1a). Relating to that, Raman effect is based on the scattered light phenomena. Once the 

incident light (photons) interact with the molecules and cause vibration leading to a 

transition to excited virtual state, it will scatter into two ways to relax the molecule to the 

ground state (see Fig. 3.1b).[53] Firstly, a molecule will relax by emitting light equal to the 

incident light in a process called Rayleigh scattering (elastic). Secondly, a molecule will 

relax by emitting light with less energy than the incident light in a process called Stokes-

shifted Raman scattering (inelastic) or Anti–Stokes-shifted Raman scattering that happens 

when the molecule is already in an exciting virtual energy state. And, it gets excited to 

higher virtual energy state by the incident light, and then relax to ground state by emitting 
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light with higher energy than incident light (unlikely to happen as the material is usually 

under room temperature).[53] After such interactions, each molecule will vibrate 

differently depending on its symmetry, imposing symmetry–related constraints on the 

net motion, which influences scattered light interaction differently from one crystal to 

another (giving unique Raman fingerprint for each molecule).[54] 

 

Figure 3.1 a) Diagram of light interaction with matter, b) Diagram of Rayleigh and Raman 

scattering processes.[55] 

Graphene hexagonal lattice has two atoms per unit cell, giving six normal modes (see Fig. 

3.2) at the Brillouin zone center Γ (two are doubly degenerated). The doubly degenerate 

E2g mode gives rise to G band (G from graphitic) which is the fingerprint peak of graphene 

at ∼1580 cm-1. And the 2D (or G´) band at ∼2700 cm-1 from second order double resonant 

Raman scattering. Finally, D peak (D from defect) at ∼1350 cm-1, appear under defect in 

graphene structure describing the breathing modes of six–atom rings.[56] 
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Figure 3.2 Γ–point phonon–displacement pattern of graphene, red arrows show atom 

displacements. [56] 

After obtaining such spectrum, we are looking for SLG indication, such as intensity ratio 

of 2D–band to G–band (I2D/IG), the symmetry and FWHM of 2D–band. In Fig. 3.3, a typical 

Raman spectrum is shown for SLG and FLG. However, lower G–band intensity due to less 

carbon present in orange spectrum, the symmetric 2D band with a full width at have 

maximum (FWHM) ∼ (30-24) cm−1, and I2D/IG higher than 2, all these sings are 

fundamental for SLG and should be met simultaneously to confirm its presence. [56-58] 

 

Figure  3.3 a) 2D and G band change for the number of graphene layers, b) Narrow scan of the 2D 

band.[59] 
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All Raman spectrum presented in this thesis were recorded using WITec Alpha 300RA 

Raman spectrometer. Laser Nd: YAG with 532 nm wavelength was used to detect Raman 

signal of graphene over Cu or SiO2 substrate with a spot size of ~ 1 micron at 100x for 

integration time 0.5 second and 30 seconds accumulation time.  

 

Figure 3.4 Alpha 300 RA confocal Raman microscope.[60] 

3.2 Electron microscopy 

Electron microscopes are used to explore the structure of a wide range of specimens with 

direct imaging. Varieties of information can be obtained as surface topography, texture, 

and atomic structure; all can be revealed in a detail depend on the interaction volume of 

electrons with the matter (see Fig. 3.5).[61] Several types of electron microscopes were 

used in this work, such as scanning electron microscopy (SEM), Electron backscatter 

diffraction (EBSD), and transmission electron microscopy (TEM). 



49 
 

 

Figure 3.5 Illustration of the interaction of highly energetic electrons with matter creating pear–

shaped volume.[62] 

3.2.1 Scanning electron microscopy 

SEM is a widely used technique for surface morphology analysis revealing up to several 

nanometers.[63] SEM is based on secondary electrons (SE) emission (See Fig. 3.5) that get 

generated from the specimen surface due to the inelastic interaction between the 

primary electron beam and specimen. SEM works by mounting the sample on a stage 

inside a vacuum chamber (10-5 mbar), followed by generating an electron beam with high 

voltage (In this case 5 KV) at the top of the column, this beam get accelerated down and 

converged using a combination of lenses, scanning coils placed above the objective lens 
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(see Fig. 3.6). Moreover, focused beam hits and penetrated the surface of the sample 

generating signals received by the SE detector. The detected signals get controlled by the 

console of SEM, giving us the intensity distribution of the signal in the scanned area as an 

image.[64]  

 

Figure 3.6 a) Schematic diagram of the SEM cross-section,[64] b) The FEI Nova Nano microscope.[65] 

For our analysis, SEM was mainly used for as–growing graphene on Cu, and transferred 

graphene on SiO2 substrate (300 nm) to observe Cu particles impurities, discontinuous 

SLG, BLG nucleation point sizes and density, defect such as broken graphene produced 

after transferred. On top of that, SEM was used for some analysis such as identify the 

morphology of as–received Cu foil such as scratch, holes, etc. 
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SEM used in this work is FEI Nova Nano SEM (FEI Company, Oregon, USA). Sample (G/SiO2, 

Cu, and G/Cu) was mounted on the stage with an operating voltage of 5 kV with 4 mm 

working distance between the sample and the pole piece. 

3.2.2 Electron back scattering diffraction 

The crystallographic structure of a sample, crystals or grains orientation, sizes, and phase 

can be revealed by EBSD patterns. EBSD pattern is obtained when a stationary electron 

beam from a volume of crystal material approximately 20 nm deep in the specimen is 

focused on a highly tilted (about 70°) sample mounted in the SEM chamber (see Fig. 3.7). 

[66, 67] 

 

Figure 3.7 Schematic diagram of typical EBSD geometry, showing the pole piece of the SEM, the 

electron beam, the tilted specimen at 70°, and the phosphor screen.[68]    

This interaction of the incident electron beam with the sample creates a diffraction 

volume within the sample and generate scattered beam in all possible directions. 

Scattered electrons transmitted from the sample vary in their amount and direction due 
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to the composition and topography of each specimen. Backscattered electrons (BSE) 

patterns or backscattered Kikuchi pattern, get generated on a phosphor screen that is 

placed within the SEM chamber at an angle of about 90° to the pole piece and is coupled 

to a compact lens to focus the image from the phosphor screen to the CCD camera. In this 

set-up, some of the electrons will backscatter from the specimen and may escape. Several 

factors affect the contrast of the backscattered electron image, including the acceleration 

voltage of the primary beam, the atomic number (Z) of a specimen, and the specimen 

angle (tilt) to the primary beam.[67, 68] However, theses Kikuchi pattern are the projection 

of the geometry of the lattice planes in the crystal, giving direct information about the 

sample (see Fig. 3.8). The planes can be assumed to be stretched out to intersect the 

screen in the center of the lines of their related Kikuchi bands.[67] 

 

Figure 3.8 Schematic diagram of the diffracting cone, diffracting plane, and the phosphor screen. 

[67] 
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To represent textures, pole figures and inverse pole figures can be used, represented in 

terms of stereographic projections and orientation distribution functions projected in 

Euler space (not explained here). Here in this thesis, we are representing crystallographic 

texture in inverse RGB pole triangle. In an inverse pole figure (see Fig. 3.9), the axes of 

the projection sphere are aligned with crystal directions. The directions plotted are the 

stereographic projection (projects a sphere onto a plane) of crystal directions in parallel 

to either the normal direction (ND), rolling direction (RD) or transverse direction (TD) in 

the sample (parallel to ND in this work). 

 

Figure 3.9 Steps to form inverse pole figure.[69]  

Here, colored Inverse pole figures representing an orientation by its Euler angles and 

taking these as the RGB values of a color. Three–dimensional space of directions are 

purely [100] oriented points are colored red, [110] green and [111] blue (see Fig. 3.10).  
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 Figure 3.10 Colored coded map; inverse pole figure.  

For OIM software system, the coordinate system for the sample is showing below (see 

Fig. 3.11). A1 is the rolling direction (RD), A2 is transverse direction (TD), and A3 (out of 

plane) is normal direction (ND). 

 

Figure 3.11 a) EBSD detector coordinate system, b) SEM display view coordinate system, c) 

Definition of the cube rolling texture notation.[70] 

For this work, FEI QUANTA 600 was used, along with EBSD detector for annealed Cu foil 

samples were mounted on the stage with an operating voltage of 20 kV with the working 
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distance of 13 mm from the pole piece. The diffraction pattern was obtained by capturing 

backscattered electrons (BSE) with BSE detector.[70] 

3.2.3 Transmission electron microscopy 

TEM is a technique depending on the fact that electron beam is transmitted through a 

thin specimen to create an image (see Fig. 3.5), with an electron accelerating voltage 

between 100 kV and 300 kV providing the details about internal composition. TEM 

magnification range is 103 to 106 in comparison of SEM that show the surface 

morphology.[71] In typical TEM (see Fig. 3.12), the electron source is coming from the 

electron gun in the top of the column, and electromagnetic lenses are used to focus the 

beam as in SEM. Afterward, the electron beam will cross/ transmit through the sample 

(placed in sample holder with a diameter of several mm, and should be introduced from 

airlock chamber to prevent air) and be collected on a fluorescent screen. In the imaging 

system, imaging lenses of TEM produce either a magnified image or an electron 

diffraction pattern of the specimen on a  screen or camera system.[71] 
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Figure 3.12 Schematic diagram of TEM. 

In this work, an FEI Titan ST 80-300 was used with accelerating voltage between (80 keV 

and 300 keV) for graphene sample for high-resolution imaging and for diffraction pattern 

for SLG.  

3.3 Atomic force microcopy (AFM) 

AFM belongs to the category of scanning probe microscopes ( creating images of surfaces 

using a physical probe that scans the specimen) invented in the 1980s, it is based on 

sensing the forces between a probe and the surface of interest, allowing to have 

topography image of a specimen’s feature (as rough surface) at the nanometer scale.[72, 
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73] Typical AFM essential components are shown in Fig. 3.13, a laser beam is focused into 

the back of a flexible cantilever with a very sharp tip attached to it. The tip movement up 

and down along the sample surface causing the cantilever to bend or deflect, the bending 

is measured by the beam reflection off from the cantilever to the quadrant diode during 

scanning, cantilever deflection allowing the computer to generate a map of surface 

topography.[74]  

 

Figure 3.13 Schematic diagram of AFM.[75] 

AFM operation has three modes, according to the tip motion relative to the sample: 

contact mode, intermittent contact (AC) mode, and non–contact mode. AC mode is the 

most commonly used compared to the other two modes. Because in contact mode, the 

tip is in touch with the sample surface all the time and cause damage to the soft sample. 

For non–contact mode the tip doesn’t contact the sample, but the attractive force 



58 
 

between the tip and sample is smaller and difficult to manage than repulsive force giving 

the advantage to AC mode (slower scan than AC, lower resolution) (see Fig. 3.14).[76, 77] 

 

Figure 3.14 Diagram illustrating the force regimes under each AFM modes.[76] 

Intermittent contact: the cantilever is oscillated vertically up and down at or near its 

resonant frequency with an amplitude of several nm to 200 nm. The driving signal's 

frequency and amplitude are constant during scanning, giving the cantilever constant 

amplitude of oscillation as long as there is no change in sample surface (see Fig. 3.15a), 

once the tip encounters a feature causing the cantilever's oscillation amplitude to 

shift/decrease (see Fig. 3.15b). The shift/decrease is used to identify and measure surface 

features (see Fig. 3.15c), the tip moves to maintain constant oscillation amplitude by 

monitoring the changes in the amplitude and the continuous feed-back on a user-

specified amplitude (see Fig. 3.15d). By this, a high–resolution three–dimensional image 

of the sample surface topography is produced. [78] For this, we used AC mode in our 

analysis. 



59 
 

 

Figure 3.15 Cantilever motion in AC mode. 

AFM microscope used here is an integrated part of WITec Alpha 300RA. Samples that are 

characterized using AC mode AFM are here are Cu foil, graphene/SiO2 for surface 

roughness, and thickness analysis. 

3.4 X–rays powder diffraction (XRD) 

X–rays powder diffraction (XRD) is an analytical technique used for phase identification 

of a crystalline material and provide information about unit cell dimensions, space group, 

lattice parameters, preferred orientation, and crystallite size for the average bulk 

composition.[79] 
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Figure 3.16 Schematic diagram of Bragg diffraction.[80] 

The principle behind XRD depends on wave properties (diffraction), where the incident 

wave gets scattered by objectives as atoms in crystal arranged in a periodic order. 

Scattered x–rays must satisfy Bragg’s law (2𝑑sin (θ) =𝑛𝜆) to provide unique diffraction 

peaks for each material on the XRD spectrum. Bragg diffraction occurs when incident x–

rays with angle incident (θ) and wavelength (𝜆) value similar to atomic spacing (𝑑) get 

scattered with the same incident angle (θ) by the lattice plane with 𝑑–spacing (see Fig. 

3.16) in the crystalline materials. For a peak to appear, the path difference (between two 

incident waves) must be an integer number (𝑛) of the wavelength to have constructive 

interference. In typical XRD system, x–rays are generated in a cathode ray tube by heating 

a filament to produce electrons, accelerating the electrons toward a target by applying a 

voltage, and bombarding the specimen with x–rays. These x–rays diffract through the 

specimen and into the detector, x–rays and detector are rotated through a range of angles 

at which the specimen diffract the beam into the detector correspond to planes of the 

specimen, sample rotates in the path of the collimated x–rays beam at an angle θ while 
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the x–rays detector is mounted on the arm to collect the diffracted x–rays and rotates at 

an angle of 2θ (see Fig. 3.17a). [81] 

 

Figure 3.17 a) Schematic diagram of XRD, b) XRD Bruker 2D phaser.[82] 

 Bruker D2 Phaser (Bruker, USA) from 𝜃=10° to 𝜃=90° with a scan rate of 5 °/min and 

increment of 0.02° to study the Cu foil preferred orientation before and after annealing ( 

see Fig. 3.17b).  

3.5 X–rays photoemission spectroscopy (XPS) 

X–rays photoelectron spectroscopy (XPS) is used to determine the chemical composition 

of a specimen with an analysis depth of 3–10 nm (surface–sensitive).[83] XPS based on the 

photoelectric effect (see Fig. 3.18a), where energy from the incident photons get 

absorbed by the core level electron of an atom, leading the electron to be ejected out of 

the atom with energy equal to the binding energy of that core level. XPS is carried out in 

ultrahigh vacuum (UHV) conditions around 10-9 mbar (in Amicus XPS is ~ 10-7 mbar).[84] 

Afterward, x–rays photons get generated from electron–gun, going to a monochromator 
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to select a narrow range of wavelength and illuminating the specimen to generate 

photoelectrons (see Fig. 3.18b), those electrons get focused by a lens onto the analyzer. 

Electrostatic fields inside the hemispherical analyzer (HSA) is set up to allows specific 

electrons of a given energy to arrive at the detector slits and onto the detectors to give 

the spectrum (see Fig. 3.19a).[83, 85] 

 

Figure 3.18 a) Schematic diagram of photoelectric effect, b) Schematic diagram of XPS. [86] 

Amicus XPS (Kratos, Manchester, UK) has been used in this work. The sample was 

mounted in the size of 2x2 mm2 and analyzed for few hours for Cu foil surface oxides 

analysis as–received and after annealing (see Fig. 3.19b). 
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Figure 3.19 a) XPS typical spectrum, b) Amicus XPS device.[87] 
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Chapter 4 – Results and Discussion 

4.1  Copper foil preparation 

Analysis of the as–received Cu foil: The Cu foil acts as the catalyst for the growth of single-

layer graphene (SLG) by chemical vapor deposition (CVD). From the literature, it is known 

that pre-treating the surface of the metal foil is essential to guarantee the best and most 

reproducible results.[88-90] Thus, the first step in this project was to understand how 

subjecting the as-received Cu foils to different high temperature treatments would alter 

their surface. For a matter of consistency, the entire work of this thesis was carried out 

on the same lot of a 50 μm thick Cu foil (#S08E015, more details in Chapter 2). An array 

of analyses was performed to understand the morphology, structure, purity and surface 

chemistry before and after the pre-treatment steps. 

In Fig. 4.1, optical and SEM images of the as-received foil are given. These show that the 

surface of the copper is not entirely smooth, with several foil-making processing marks 

present. Scratch lines and voids are quite visible and are, likely, derived from a mechanical 

rolling metallurgical process. These imperfections can act as nucleation sites for the 

growth of multi-layer graphene (MLG) or induce lattice defects and are best avoided if 

the intention is to obtain high quality SLG.    
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Figure 4.1 Images of the as-received Cu foil surface. a) Optical image of the Cu surface showing 

rolling marks (some are marked with white arrows). b) SEM image of the Cu surface showing 

various defects such as scratches, rolling marks and bumps (white arrows). 

In addition to the above major imperfections, other morphological surface deviations 

include roughness and the presence of particles. To measure the surface roughness, an 

AFM was used and gave a root mean square (RMS) value of 2.21 µm (Figs. 4.2a and 4.2b). 

Furthermore, the line profile (as indicated in Fig. 4.2a) shows that the topography is 

dominated by surface features of a couple of µm height (Fig. 4.2c).  
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Figure 4.2 AFM images of as-received Cu foil. a) AFM topography, b) Height image, c) Height 

profile corresponding to the broken line 1 in a).  

To study the crystallographic structure of the foil, it was necessary to use both XRD and 

EBSD. While the first provide averaged structural information on the volume of the foil 

(bulk), the latter is limited to the surface, i.e. it has a penetration depth of less than a 

micrometer. In fact, the EBSD is a key tool to study these foils because the CVD growth of 

SLG is essentially a surface-dominated process. The XRD of the as-received foil (Fig. 4.3) 

showed one sharp and very intense peak at 2θ = 50.44°. This is attributed to the (200) 

planes (or family of) of the face-centred cubic (fcc) structure (space group Fm-3m, 225). 

The absence of other peaks is explained by the anisotropic nature of the foil. 

 

Figure 4.3 XRD pattern for the as–received Cu foil. 

The same 1.5 x 1.5 cm2 piece of Cu was studied with EBSD. The optical image shows the 

bronze-colored metallic shine typical of Cu foils (Fig. 4.4a). The corresponding SEM (Fig. 
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4.4b) identified contrast variations on the surface which could be due to various things 

such as thickness or grain orientation changes. The EBSD map (Fig. 4.4c) confirmed that 

the Cu foil surface is polycrystalline and that most of the grains are oriented along (or 

close to) the <001> direction (normal to the foil surface). This uniformity of the surface 

grains orientation concurs well with the bulk XRD data. Overall, the as-received Cu foil 

was polycrystalline with its grains having a fcc-type structure and a well-defined <001> 

normal direction orientation, both at the surface (top and bottom) and bulk. 

 

Figure 4.4 The as–received Cu foil, a) Optical image of the 2.25 cm2 foil, b) SEM image of the foil 

in a), c) EBSD taken from the region boxed in b), inset: inverse pole RGB triangle.  

As the morphology and structure were known, the final step was to understand the 

surface chemistry of the foil. The XPS survey spectra identified the presence of C, O and 

Cu (Fig. 4.5a). Taking a closer look to the region where the Cu signal is (Fig. 4.5b), it is 

possible to distinguish not just the expected peaks from the metallic Cu 2p but also those 
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attributed to CuO. Along with the O peak, this is evidence that the top surface of the foil 

was oxidized. This fact alone justifies the need to do a pre-growth annealing step in a 

reductive atmosphere. As for the C peak, this was assigned to intrinsic contamination of 

the XPS chamber.  

 

Figure 4.5 XPS analysis of the as–received Cu foil, a) Survey spectrum of the foil, b) Narrow scan 

in the 920–970 eV energy window.   

Cu foil treatment using the cold–wall reactor: Cu foils can be treated with a variety of 

physical and chemical methods to obtain smooth and clean surfaces. In the case here, a 

high temperature treatment in a reductive atmosphere was considered to be the most 

appropriate. As two reactors were employed for this thesis project (cold- and hot-wall), 

each having its specific capabilities and design, the reductive annealing of the Cu foil was 

studied in both.  

For the cold-wall (CW) reactor, several annealing recipes were tested. The parameters of 

the process include temperature, heating rate, annealing time, gas mix and pressure. 
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Attending to the literature and a range of preliminary experiments, it was decided to keep 

all parameters constant with the exception of the heating rate (Table 4.1).  

 Table 4.1 Different annealing recipes for fixed temperature, pressure and H2/Ar ratio (CW 

reactor). 

 

 

 

The surface structure of the annealed foils was characterized using EBSD (Fig. 4.6). The 

heating rates were different enough to give rise to easily distinguishable outcomes. At the 

lower rate, the orientation of the annealed grains is still dominated by the <001> direction 

normal to the foil (Figs. 4.6a and 4.6b). The orientation distribution changes at the 

intermediate rate but remains close to the 001 corner of the inverse pole RGB triangle 

(Figs. 4.6c and 4.6d). Remarkably, for the faster heating rate, there is a major shift of the 

orientation distribution. The departure from the 001 corner is clear and the fcc-Cu grains 

are now preferentially aligned with the <111> direction normal to the surface (Figs. 4.6e 

and 4.6f). A plausible explanation for these results is that a faster heating rate will result 

in a higher temperature overshoot which, temporarily, takes the furnace beyond the 

melting point of the Cu foil (1085 oC). As the higher temperature exposure is short-lived, 

the subsequent cooling is considerable, i.e. it equates to quenching the metal foil. As the 

Recipe # Heating rate Annealing time 

1 67 °C /min 

15 minutes 2 145 °C /min 

3 250 °C /min 

Fixed: T= 1040 °C, P= 10 mbar, 1350H2/150Ar (sccm) 
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temperature stabilizes close to the target point (1040 °C), the grains adopt the preferred 

crystallographic orientation where the (111) are parallel to surface plane. As an 

orthogonal crystal system, this corresponds to <111> being normal to the surface 

(hereafter, <111>ND, where ND stands for direction normal to the surface plane).  

 

Figure 4.6 Analysis of the annealed Cu foils,  a,b) SEM and EBSD images for the annealing with 67 

°C/min of heating rate, c,d) SEM and EBSD images for the annealing with 145 °C/min of heating 

rate,  e,f) SEM and EBSD images for the annealing with 250 °C/min of heating rate.  

From the literature, it is known that a <111>ND orientation is best for the growth of high 

quality SLG by CVD.[91-93] When compared to the as-received foil (Fig. 4.4a), the optical 

image in Fig. 4.7a shows several clearly distinguishable areas in the Cu sheet that was 

annealed at 250 °C/min, for 15 min. Each area is uniform in color and extends for several 

mm2. In fact, whereas the average lateral grain size was 200 μm for the as-received Cu, 

after annealing that value increased to 4 mm (from optical and EBSD images). This is 
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important as a larger grain size is preferable for SLG growth. Amongst other reasons, there 

will be fewer grain boundaries which can act as sites for secondary layer growth. Still, on 

a closer look to the annealed Cu surface (Figs. 4.7b and 4.7c), it is seen that the <001>ND 

to <111>ND shift was not complete. While the majority of the grains changed to a <111>ND 

orientation, some remained in (or near) the original <001>ND. 

 

Figure 4.7 Analysis of the Cu foil annealed at 250 °C/min of heating rate, a) Optical image where 

several large domains are visible, b,c) SEM and EBSD images for the boxed area 2 in a). 

Besides the structure of the grains, the surface chemistry is also important. As seen, the 

as-received foils had an oxide layer coating them. Therefore, to ensure that the 

reconstructed surface was chemically pure, XPS was performed on the annealed foil. As 

shown in Fig. 4.8, there is no oxygen in the survey spectra. The narrow energy window, in 

the region of the Cu 2p signal, did not identify the peaks previously attributed to CuO (Fig. 
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4.5). Thus, in addition to be restructured, the surface of the Cu foil was also chemically 

reduced.  

 

Figure 4.8 XPS analysis of CW annealed Cu foil, a) Survey spectrum of the foil, b) Narrow scan in 

the 920–970 eV energy window. 

Cu foil treatment using the hot–wall reactor: As the purpose of the project was to 

compare the SLG growth in two CVD reactors (both working in thermal mode), the 

annealing step was also studied in the HW set-up. Given the large variations in regards to 

design, chamber volume, path of gas flow, etc., some of the parameters had, necessarily, 

to be adapted. In particular, different gas flows had to be used due to the limitations of 

each machine (Table 4.2).  
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 Table 4.2 Available range of annealing gas flows in the cold and hot wall reactors. 

 

 

 

While the gas mix ratio was kept constant, at approximately 10:1 (H2:Ar), the values of 

the flows were changed to 100 sccm H2 and 10 sccm Ar. This was also due to the much 

smaller volume of the quartz tube in the HW reactor. Following this, a similar set of 

annealing experiments to those performed on the CW reactor was considered (Fig. 4.9). 

The lower heating rate run (at 67 oC/min) was equivalent to the one in the CW. However, 

given the capability of extreme temperature ramp-up that the halogen lamps of the HW 

have, the intermediate and faster rates were increased. 

Table 4.3 Different annealing recipes for fixed temperature, pressure and H2/Ar ratio (HW 

reactor). 

 

 

 

Gas CW HW 

Ar (150–10,000) sccm (5–1000) sccm 

H2 (30–1350) sccm (5–100) sccm 

Recipe # Heating rate Annealing time 

1 67 °C /min 

15 minutes 2 200 °C /min 

3 507 °C /min 

Fixed: T= 1040 °C, P= 10 mbar, 100H2/10Ar (sccm) 
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From Fig. 4.9b, the EBSD of the lower rate experiment was similar to the analogous for 

the CW (compare with Fig. 4.6b). As for the intermediate and faster rates (Figs. 4,9d and 

4.9f), changes to the grain orientations were seen but the uniformity of the distribution 

was not as good as for the CW (compare with Figs. 4.6d and 4.6f). In particular, a rate in 

excess of 500 oC/min did not seem to be sufficient to provide a large and extended areal 

shift to the <111>ND orientation (see Figs. 4.9e, 4.9f, 4.10a and 4.10b). 

 

Figure 4.9 Analysis of the annealed Cu foils, a,b) SEM and EBSD images for the annealing with 67 

°C/min of heating rate, c,d) SEM and EBSD images for the annealing with 200 °C/min of heating 

rate, e,f) SEM and EBSD images for the annealing with 507 °C/min of heating rate.  

Besides considerations on chamber geometry, one reason for the different results 

between the CW and the HW annealing is the relatively higher flow of H2 in the first. 

Despite using the maximum hydrogen flow possible in the HW (100 sccm), it did not 

appear to be as effective in shifting the grains orientation. Possibly, the lower rate and 

laminar flow of the HW could have impaired the complete removal of the oxidized Cu. In 



75 
 

such a case, the Cu surface would not melt and recrystallize as efficiently, resulting in 

smaller grains, more grain boundaries and lower uniformity of grain orientation.[41] In 

response to this, a second set of annealing experiments was devised where, keeping the 

rate constant at 507 oC/min, the annealing time was varied from 15 to 40 min (Table 4.4). 

Table 4.4 Different annealing recipes for fixed target temperature, pressure and H2/Ar ratio (HW 

reactor). 

 

 

 

 

At 15 min, there was some randomness of the grain orientation, though there was 

already a clear departure from the as-received foil. After prolonging the time to 30 

min, a higher density of <111>ND oriented grains was observed (Figs. 4.10c and 4.10d). 

With an additional 10 min, the difference became obvious. Single grains of Cu, with 

several mm2, were obtained with the <111>ND orientation (Figs. 4.10e and 4.10f). 

Recipe # Heating rate Annealing time 

3  15 min 

4 507 °C /min 30 min 

5  40 min 

Fixed: T= 1040 °C, P= 10 mbar, 100H2/10Ar (sccm) 
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Figure 4.10 EBSD measurements of annealed copper foil at fixed 507 °C/min, a,b) SEM and EBSD 

image for annealed Cu at 15 min, c,d) SEM and EBSD image for annealed Cu at 30 min, e,f) SEM 

and EBSD image for annealed Cu at 40 min. 

Taking the sample with 40 min annealing and a heating rate of 507 °C/min for further 

analysis, its optical images showed large area grains (Figs. 4.11a and 4.11d). SEM images 

of different grains and their EBSD measurement (Figs. 4.10f, 4.11c and 4.11f) show clearly 

that the orientation has majorly changed to the <111>ND. The grains are several mm2 in 

most of the foil.  
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Figure 4.11 Analysis for the 40 min annealed Cu foil (507 °C/min), a) Optical image of the foil 

where grains with several mm are seen, b) SEM image of the area boxed in a), c) EBSD image of 

b) showing grains oriented to <111>ND (in blue) direction and one close to the <001>ND (in orange), 

d) The same sample with a different highlighted area,  e,f) SEM and EBSD images of the area boxed 

in d), showing the grains oriented to the <111>ND (in blue) and close to <001>ND directions (in light 

pink). 

Comparison of the Cu foil treatment using the two reactors: As previously shown, the as-

received Cu had a uniform <001>ND orientation across the foil. However, in the above 

paragraphs, the SEM and EBSD studies revealed surface changes after the annealing 

treatment. In fact, and for both reactors, it was possible to extensively rearrange the 
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surface grains but the foils were never 100% uniform in regards to the desired <111>ND 

orientation. Given the localized scale of the SEM and EBSD analyses (when compared to 

the dimensions of the foils), understanding how general and complete the sheets 

restructuring was required the use of XRD. As shown in Fig. 4.12a, the diffractograms of 

the optimized <111>ND Cu foils obtained from the CW and HW reactors had peaks at 2θ = 

43.3° (111) and 89.6° (311). None of these was observable in the analogous pattern of the 

as-received samples (Fig. 4.3). Given the limitation of powder XRD to identify crystal 

features that are less than a few nm, added to the low absorption coefficient of Cu to X-

rays, the ratio of the 111 to the predominant 002 peak (I111/I002) is a good indicator of how 

deep the restructuring of the grains was after the annealing step. In this case, the 

annealed CW Cu foil appears to have been more restructured since I111/I002 = 0.27 (as 

opposed to 0.15 for the HW Cu). The full width at half maximum (FWHM) of the 002 peak 

is another good indicator of the restructured surface. In the as-received foil this is 0.557°, 

whereas for the annealed ones is 0.089° (CW Cu) and 0.093° (HW Cu). A narrower peak is 

directly related to the presence of larger grains. Notwithstanding, the diffractograms of 

the annealed samples also indicate that the Cu foil internal volume was not restructured, 

thus the still predominant 002 peak.  
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Figure 4.12 Structural analysis of the as–received and annealed foils, a) XRD pattern for the Cu 

foil before and after the heat treatment (CW and HW), showing the appearance of two additional 

peaks, b) EBSD image of the as-received foil, c) EBSD of the optimized foil annealed with the CW 

reactor, d) EBSD of the optimized foil annealed with the HW reactor. In b), c) and d) the area 

scanned is ~0.32 mm2. 

Statistically, and referring to the EBSD results, it was not possible to distinguish a 

pronounced difference of <111>ND grains yield between the foils of the two reactors (Figs. 

4.12c and 4.12d). However, considering the difference in I111/I002 ratios and the higher 

depth of penetration of the XRD, it is feasible to state that the reduction and 

reorganization of the surface was more complete in the CW. The deeper restructuring can 

only be explained by the difference in design and gas flow of the reaction chambers. 

Though the overshoot in temperature in the HW reactor was likely higher (given the much 

faster heating rate), this was not enough to equalize the results to those of the CW, even 

after doubling the annealing time. In a horizontal configuration CVD reactor such as the 
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HW, the flow of gases is injected through the tube. With a low carrier gas flow rate (here, 

10 sccm Ar), a stagnation (or boundary) layer could have built-up atop the surface of the 

foil and impair the interaction of H2 with the Cu. Also, in horizontal reactors, the activator 

molecules (here, H2) are likely to have shorter residential times on the substrate surface. 

In this case, a possible explanation is that the higher H2 flow and/or the injection of the 

gas via a showerhead (proprietary of AIXTRON reactors) resulted in a more efficient 

reduction and deeper rearrangement of the Cu surface grains in the CW.  

Fig. 4.13 illustrates the changes that the metal foil underwent. As mentioned, these were 

not restricted to the top surface as they were also happening in the bottom one (not 

shown). Briefly, the Cu foils are polycrystalline and, when received, are coated with a 

native oxide layer that needs to be removed during the annealing process. Moreover, as 

a result of the Cu foil fabrication, the grain orientation is not the most favorable. Hence, 

a pre-growth treatment step is required. As the above experiments demonstrated, the 

reductive annealing is an efficient way to chemically and structurally optimize the surface 

of the Cu foil for SLG growth. This happens irrespective of the design of the reactor, as it 

is possible to re-orient the surface grains using similar process parameters. However, the 

yield of the re-organization is dependent on the type of reactor used, thus the recipe 

needs to be fine-tuned, mostly in regards to the annealing time. 
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Figure 4.13 Schematic diagram of the Cu foil before and after annealing, a) Cu surfaces exposed 

to air are covered with an oxidized layer and have small grains with the same orientation of the 

bulk, b) Under annealing conditions, the H2 reduces the oxide layer and assists in the change of 

the Cu surface grains orientation, mostly to a <111>ND; still, the bulk of the Cu foil remains 

unchanged with <001>ND. 

The effect of Cu grain orientation on growth: The previous study of the foil pre-treatment 

step was based on what is known from the literature of SLG growth by thermal CVD. 

However, given the diversity of recipes and reactors-reflected here by the different results 

obtained using the CW and HW, the next step was to briefly evaluate if the surface 

rearrangement effectively brought a beneficial growth outcome.  

Since the optimal annealed foils (i.e. with ND orientation = <111>) were the basis for the 

next sections of this chapter, i.e. where the comparative study of SLG growth in the CW 

and HW is described, it was pertinent to assess the growth on a <001>ND Cu foil. For this, 

it was necessary to eliminate first the native oxide layer. However, this had to be done 

with minimal surface restructuring (i.e. without changing the orientation of the grains). 
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After a number of preliminary experiments in the HW, a 70 oC/min heating rate, with a 5 

min annealing time, was seen to give satisfactory results (Table 4.5). 

Table 4.5 Annealing and growth recipes for the exploratory graphene growth (HW reactor). 

 

 

 

 

 

The annealing was immediately followed by the growth step (parameters listed in Table 

4.5). This was done to avoid re-oxidation of the surface. From the optical image in Fig. 

4.15a, it is very visible the difference in grain sizes when compared to the longer-annealed 

foils (cf. Fig. 4.7a). The low magnification SEM and EBSD images (Figs. 4.14b and 4.14c) 

show that the grains are ~200 μm in size and retained the <001>ND orientation. Thus, 

there was no restructuring nor sintering, even after the growth step. However, it is 

interesting that, post-growth, the surface of the grains showed well-aligned parallel lines 

along the <010> direction (Fig. 4.14d). These have been identified in the literature as a 

result of cooling of the Cu after the growth step and are commonly interpreted as a 

circumstantial fingerprint for the presence of graphene on Cu.[91] Still in Fig. 4.14d, it is 

observable that, besides the lines, there are other surface features. These include metallic 

particles (circled in white), grains boundaries (red arrows) and darker patches (white 

Annealing  Heating rate Time Gas 

Recipe 5 507 °C /min 40 min 
100H2/10Ar (sccm) 

Recipe 6 70 °C /min 5 min 

Growth – 1 min 30H2/35CH4/1000Ar (sccm) 

Fixed: T= 1040 °C, P= 10 mbar 
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arrows). The latter are, as it is discussed next, assigned to multi-layer graphene and 

provide further visual evidence of growth. The same region was analyzed with EBSD and, 

as shown in Fig. 4.14e, the grains are uniform in orientation.   

 

Figure 4.14 Post–growth analysis of a slightly annealed (70 oC/min, 5 min) Cu foil,  a) Optical image 

showing a speckled and heterogeneous surface,  b) SEM image of the area boxed in a), the size of 

the grains is notoriously smaller than in previous examples of annealed foils, c) EBSD image of a 

section in b), confirming the <001>ND orientation of the Cu grain,  d) SEM image of the area boxed 

in b), where the intersection of three grains is seen; the white arrows point to secondary 

nucleation patches, the red ones to the grain boundaries and the white circle to a metallic particle, 



84 
 

e) EBSD image of the region in d), demonstrating that the three neighboring grains are similarly 

oriented at, or near, the <001> pole.  

In addition to the imaging assessment, and to understand the growth products of this 

experiment, Raman spectroscopy was employed. Focusing on the region highlighted in 

Fig. 4.14d, several spectra were acquired in two adjacent grains. As marked in Fig. 4.15a, 

different areas were selected that are representative of the surface. In area 1, dark 

patches were identified. As per the corresponding spectrum (on Cu foil, i.e. not 

transferred, Fig. 4.15b), these dots correspond to overgrowth of areas with bi-layer 

graphene (BLG) or tri-layer graphene (TLG). This interpretation derives from the 2D/G 

intensity ratio being <2 and the relatively large width of the 2D peak. By contrast, in area 

2 there were no patches, the 2D/G intensity ratio was >2 and the 2D was narrower and 

fairly symmetric (Fig. 4.15c). As explained in Chapter 3 (see Raman section) and the 

relevant literature,[58] these conditions correspond to what is expected for the presence 

of SLG on Cu.  
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Figure 4.15 Analysis of graphene growth on a <001>ND Cu foil, a) SEM image of the intersection of 

three different Cu grains, b) Raman spectrum of the area 1 marked in a), signaling the growth of 

few–layer graphene, c) Raman spectrum of the area 2, as signaled in a), confirming the growth of 

SLG. 

Further to the growth on the slightly annealed Cu foil, a similar run in the HW reactor was 

performed for the <111>ND Cu foil. Again, the annealing step was followed immediately 

by the growth to avoid oxidation of the Cu surface (annealing recipe #5 and growth 

parameters as in Table 4.5). In Fig. 4.16a, the SEM image of a boundary between two 

grains, that are several mm2 in size, is shown. The corresponding EBSD demonstrates that 

they are not equally oriented (Fig. 4.16b). As expected, the top-right grain is near the 

<111>ND, but the bottom-left grain is closer to the <001>ND. Interestingly, despite the 

different orientations, MLG patches were not identified in these grains. Likewise, there 

were no lines on the foil’s surface. Moreover, the Raman spectrum taken from the top 

grain shows a 2D/G intensity ratio >2 and a fairly narrow symmetrical 2D peak, confirming 

the presence of SLG (Fig. 4.16c).  
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Figure 4.16 Analysis of graphene grown on a <111>ND annealed Cu foil. a) SEM showing the 

boundary between two grains of Cu (white arrow). b) EBSD image of the area in a) showing that 

the grains are oriented to <111>ND (in blue) and close to <001> ND (in orange). c) Raman spectrum 

for the <111>ND grain in b).  

The secondary growth that results in the formation of BLG and TLG, as seen in area 1 of 

Fig. 4.15a, can be ascribed to the slower rate of diffusion of C adatoms on the Cu (001) 

planes/surface. The slower diffusion (when compared to that on (111) planes) leads to 

the C atoms stacking in a multi-layer configuration as a means to lower the adsorption 

energy.[31] The surface atom exchange happening in (001) surfaces is slower than the 

adatom hopping that is observed for the higher index ones such as Cu (111).[92] This 

reasoning is confirmed by the observations in Fig. 4.16. The foil annealed for 40 min, has 

a majority of grains oriented along the <111>ND. Consequently, there will be a higher 

diffusion rate of C which results in the production of SLG and the absence of MLG patches. 
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4.2  SLG growth using the cold wall reactor 

The CVD growth of high quality SLG on a catalytic metal foil requires a good control of not 

just the catalyst surface but also of other parameters. Amongst these are the reaction 

temperature (with Cu, this is typically around 1000 °C), the pressure and the gas mix ratio. 

On the latter, three different types of gases are normally considered: 1) the carbon 

source, 2) the activator and 3) the carrier.[26] In the present work, these were fixed as: 1) 

methane, 2) hydrogen and 3) argon. 

As mentioned, the two reactors (CW and HW) had differences and this included how the 

gas mix could be varied (Table 4.6). For that reason, in the following set of growth 

experiments, the parameters explored were kept within an interval that could be used in 

both set-ups. The exception was the concentration/flow of the carrier gas (Ar). After a 

number of preliminary experiments, it was seen that an Ar flow of 4000 sccm was 

required for best results in the CW. This is beyond the upper threshold of the HW reactor 

(1000 sccm) and was due to the larger volume of the CW chamber and the way that the 

gases are introduced in it (from the top).   
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Table 4.6 Gas flow range for the CW and HW reactors. 

 

 

 

 

Attending to the above conditions, a grid of SLG growth experiments was designed for 

the CW reactor where temperature, pressure and source/activator gas mix were varied. 

Besides the carrier gas, the one other parameter that was always kept constant was the 

reaction time. This derives from preliminary experiments (not shown) where it was found 

that 1 min was the threshold to obtain SLG (in both reactors). Beyond that, the growth of 

second- and third-layers was unavoidable. In Table 4.7, the shadowed areas inform of the 

results that are discussed below, with these divided by: a) pressure experiments, b) 

temperature experiments and c) gas mix experiments.  

Table 4.7 Recipes and parameters changed in this work; constant growth time = 1 min. 

Growth recipe Temperature Pressure H2/CH4/Ar 

1 1000 °C 1 mbar 30/35/4000 (sccm) 

2 1000 °C 5 mbar 30/35/4000 (sccm) 

3 1000 °C 10 mbar 30/35/4000 (sccm) 

4 1040 °C 10 mbar 30/35/4000 (sccm) 

Gas CW  HW  

Ar (150–10,000) sccm (5–1000) sccm 

H2 (30–1350) sccm (5–100) sccm 

CH4 (5–250) sccm (5–200) sccm 
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5 1040 °C 10 mbar 30/25/4000 (sccm) 

6 1040 °C 10 mbar 30/35/4000 (sccm) 

7 1040 °C 10 mbar 30/45/4000 (sccm) 

 

a) Pressure experiments: There are a number of modes that the CVD can be operated in. 

In addition to thermal or plasma activation, low and atmospheric pressure are modalities 

commonly explored by the community. Low pressure CVD (LP-CVD) is generally carried 

out at the 0.001−100 mbar range.[29] In the present case, the intersection of technical 

specifications/limitations from our reactors implied that the growth had to be done at P 

≤10 mbar. For this reason, and in order to determine how pressure influenced the SLG 

growth, we first tested reactions at 1, 5 and 10 mbar in the CW reactor (all other 

parameters were fixed, Table 4.7). In this, and the following sections, SEM, Raman and 

AFM were the main characterization techniques used, as they are particularly suited to 

study graphene.  
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Figure 4.17 SEM images of the products from the pressure experiments,  a) 1 mbar growth, arrows 

point to secondary growth areas while the square illustrates the presence of other residues, b) 5 

mbar growth, circles point to the presence of metallic particles, c) 10 mbar growth, rectangle 

highlights a crack on the graphene layer.  

Representative SEM images of the growth products, after transferring them to SiO2 

substrates, are shown in Fig. 4.17. It is noticeable the presence of dark patches in the 

three samples. The density of these is higher in the 1 mbar and 5 mbar growth runs. It is 

not entirely clear the reason but, from the literature, graphene grown at low hydrogen 

pressures (PH2 ≤8 mbar) commonly shows irregularly shaped grains that are fingerprints 

for multi-layer production.[94] A higher pressure of H2 is required to provide a faster 

etching rate of the C moieties at the primary layer and avoid the accumulation of 

amorphous carbon and/or the formation of secondary graphene layers.[94] [44] The Raman 

spectra of the three samples further corroborates this (Fig. 4.18). The high intensity of 

the symmetric 2D peak at ~2700 cm-1 confirms the growth of graphene in all cases. 

However, the 2D/G peak ratio is higher for the 10 mbar sample. Overall, the higher-

pressure experiment resulted in a lower density of secondary layer growth patches.  
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Figure 4.18 Raman spectra of the pressure experiments products. 

b) Temperature experiments: After determining that 10 mbar worked best, the reaction 

temperature was tested. Here, the CW reactor has a technical limitation since 1040 °C is 

the maximum temperature at which the reactor can be safely operated. In the previous 

set of experiments (pressure), the reaction temperature was 1000 °C, which is the most 

commonly used in CVD growth of SLG.[32] [11] Still, higher temperatures are also used, 

particularly when considering that the melting point of Cu is 1084 °C. [35]  

In Figs. 4.19a and 4.19b, two SEM images are show for the SLG sample grown at 1000 °C 

and 10 mbar. Circled in Fig. 4.19b are two areas where the secondary growth started. 

These patches are ~0.5 μm in size. On the other hand, the density and contrast of 

analogous patches for the 1040 oC sample is lower (Figs. 4.19c and 4.19d). Hence, it is 
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clear that temperature exerts a visible effect on the growth of the SLG. In fact, increasing 

the temperature helps reducing the density of nucleation points. [18] 

The reason for the temperature effect relates to the decomposition of methane (CH4) and 

supersaturation of active C species (adatoms) at the surface of the Cu foil. When the 

concentration of carbon species (C) reaches a critical point (Cnuc) on a specific local of the 

catalyst surface (e.g. grain boundary or a monolayer step), the nucleation of a graphene 

grain occurs. At this moment, the C drops to the normal growth level (Cgrowth). The 

difference between both concentrations (ΔC = Cnuc - Cgrowth) is therefore the amount of 

carbon consumed during the nucleation stage. At lower temperatures, both 

concentrations decrease (Cnuc and Cgrowth) but the difference ΔC increases. This means 

there is an increased amount of C, which can then contribute to multi-layer nucleation. 

Moreover, since the Cgrowth drops at lower temperatures, the growth rate decreases 

accordingly. As a consequence, a higher concentration of the source gas (i.e., CH4) is 

preferred to achieve the growth of continuous and thicker graphene films. [14, 36-38]  
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Figure 4.19 SEM images of the products of the temperature experiments, a) Overall view of the 

product at 1000 °C, b) Magnified view of a), where the circles point to the presence of secondary 

growth, c) Overall view of the product at 1040 °C, d) Magnified view of c), where the circles point 

to secondary growth and the arrows to residues.   

Overall, the above would explain the SEM observations as the higher temperature leads 

to a smaller density of MLG nucleation points. However, a closer look using Raman raised 
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interesting questions. In Fig. 4.20, the sample grown at 1000 oC is re-analyzed. Looking at 

different regions of the graphene film, the Raman signature changes. In the same sample, 

the 2D/G peak ratio can vary from 1 to 2. Interestingly, the darker patches (example 

circled in yellow in Fig. 4.20a) lead to the value of 1, which is hardly a sign of a bi-layer. 

Considering that the Raman laser spot size is ~1 μm and that these patches are ~0.5 μm, 

the nature of the carbon deposit could be different than the presumed graphene 

(discussed in more detail later on). By contrast, the cleaner areas have ratios >2 (example 

circled in blue in Fig. 4.20a) and the 2D peak shows a FWHM of about 30.7 cm-1, indicating 

the presence of SLG, as it is consensual in the literature.[24] For the clean areas of the 1040 

oC sample, the Raman spectra (red line in Fig. 4.20b) show a 2D/G ratio ≥3 and a 2D FWHM 

of 26.8 cm-1, unequivocally corroborating the production of SLG. 

  

Figure 4.20 a) Optical image of the product grown at 1000 °C showing secondary growth circled 

in yellow and primary growth in blue, b) Raman spectra of the growth products at 1000 °C and 
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1040 °C, where the yellow line corresponds to the yellow circle in a) and the blue line to the blue 

circle in a).  

c) Gas mix experiments: With the pressure (10 mbar) and temperature (1040 oC) 

optimized, the next step was to determine the best gas mix (H2/CH4/Ar) for the CVD 

growth of SLG. As previously mentioned, the flow of the carrier gas Ar in the CW reactor 

was set to 4000 sccm and kept constant throughout. On the other hand, the ratio of the 

activator and the source gases were slightly varied. Note that the interval of sccm values 

used derived from a literature search and preliminary experiments where the ratio 

window was larger (not shown). Furthermore, it was also needed to attend to the 

intersection space of the parameters between the two reactors. Here, one of the 

limitations of the CW reactor was the minimum flow achievable for hydrogen, 30 sccm. 

From Fig. 4.21, the outcome of changing the gas mix is seen. Using a ratio of 30H2/35CH4 

resulted in a lower density of secondary growth. In addition, the patch sizes were notably 

smaller than for the mix with a higher concentration of methane. While in all cases it was 

possible to identify the presence of SLG, it is clear there is a “sweet spot” where the 

density of the patches and their size are minimized. This is understandable if one 

considers that a higher content of the source gas increases the number of nucleation 

points for multi-layer growth. If the activator gas is in too low proportion, the rate of 

graphene etching reduces and the gaseous carbon species quickly deposit to grow the 

over-layer. 
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Figure 4.21 SEM images of the products from the gas experiments, a) At 30H2/25CH4, where 

cracks in the film and metallic particles are visible, b) at 30H2/35CH4, c) At 30H2/45CH4. In all cases, 

the patches are present.   

Looking at the Raman spectra for these three samples (Fig. 4.22), there are clear 

differences not just in regards to the 2D/G peak ratio but also the intensity of the D peak. 

In both the lower and higher CH4 concentration samples, the 2D/G value is not particularly 

high. This could be a consequence of the presence of patches. In the case of the higher 

CH4 flow, the D peak is prominent which further points to the presence of poorly 

structured carbon. The sample using 30H2/35CH4 was the only one where the peak ratio 

was higher than 3. 
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Figure 4.22 Raman spectra of the gas experiments products. 

About the patches: Given the frequent observation of patches, an effort was made to 

shed light on their nature. In Fig. 4.23, the surface from the sample grown at 30H2/35CH4 

(recipe #3) is viewed in higher magnification. Taking the image contrast as a guide, along 

with the morphology of the patches, two different sets emerge: 1) a darker-type of patch 

with undefined shape and size (white arrows), 2) a lighter-type that has well-defined 

edges besides showing a more regular shape and size (circled areas). We attributed the 

type 1) to the secondary growth (which includes deposition of amorphous carbon 

agglomerates) and the polymer residues derived from the wet-transfer process (PMMA-

based, from the Cu foil to the SiO2 wafer). The type 2) is most likely the overgrowth of the 

BLG and TLG. In addition to the patches, cracks in the film and metallic particles were 

common features. 
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Knowing the above, it was necessary to ensure that the SLG grown from the optimized 

recipe could be produced with minimum number of patches by attending not just to the 

growth step conditions but also to the transfer process.  

  

Figure 4.23 Example of the surface of a transferred graphene film, a) Besides the graphene, 

several other features are seen, the arrows point to amorphous carbon and PMMA residues, the 

circles delimit BLG and TLG patches; cracks and particles are also present, b) A magnified viewed 

of the sample in a), where the edge regularity and geometry of the MLG patches is visible.  

Reproducibility of the optimized CW recipe: Having set the optimal parameters for the 

Cu foil preparation and the growth conditions on the CW reactor (Table 4.8), it was 

important to validate the reproducibility of the recipe. Careful control was also exerted 

on the transfer process. As explained in Chapter 2, the PMMA–assisted transfer from Cu 

to SiO2 entails a number of steps and each one can lead to tears or impurities in the SLG. 

Following what was seen above, various optimization steps were taken to ensure cleaner 
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transfers. It was found that washing the graphene with water (at least 3 times, to remove 

the etchant impurities) followed its by immersion in warm acetone (at 35°C) for 30 min 

and isopropyl alcohol, for another 30 min, would result in a extensively clean SLG. 

Table 4.8 Optimized parameters used for the growth of SLG in the CW 

 

Upon transfer, the SLG was examined in the SEM (Fig. 4.24). To illustrate the large 

area uniformity, it was imaged at the lowest possible magnification (x2500), as shown 

in Fig. 4.24a. Major faults such as cracks in the film were absent but some metallic 

particles still remained (Figs. 4.24b and 4.24c). These metallic particles are substrate 

transfer left-overs, from the Cu etching step. However, the SLG was free of secondary 

growth (amorphous carbon), PMMA residues and MLG patches. A magnified view of 

this sample is given in Fig. 4.25a. Given the clear surface, it was easier to identify grain 

boundaries in graphene and other features such as wrinkles in the film (another 

common feature originating from the growth/transfer processes[95]). When compared 

side-by-side with a sample containing not just the MLG patches but all other 

impurities (Fig. 4.25b), the improvement in the quality of the SLG obtained is noTable.  

Recipe Temperature Pressure Heating rate Time H2/CH4/Ar 

Annealing 1040 °C 10 mbar 250 °C/min 
15 

min 
1350/0/150 (sccm) 

Growth 1040 °C 10 mbar – 1 min 30/35/4000 (sccm) 
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Figure 4.24 SEM images of an SLG grown with the optimized CW recipe, a) Lowest magnification 

image possible, with the longest axis of the oval being almost 90 µm long, b) Zoom of the marked 

region in a), c) Zoom of the marked region in b). The surface is clean from residues, secondary 

growth and MLG. 

 

Figure 4.25 Comparison of a clean SLG, transferred onto SiO2, with a non–optimal sample.  

Following the imaging inspection, the same sample was extensively analyzed with Raman 

spectroscopy. In Fig. 4.26a, an area of interest, free of patches and MLG, was captured 
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with the optical camera of the Raman spectrometer. From this, a section of 25 x 25 µm2 

was mapped with 250 points per line acquired (inset, white square box). Each point 

represents one spectrum, from which the G and 2D bands were selected and the 

respective intensity ratio automatically calculated. In total, 62,500 spectra were acquired. 

As shown in Fig. 4.27b, the ratios ranged from 1.5 to 3.5. As previously mentioned, a 2D/G 

peak intensity higher than 2 is commonly identified with the presence of SLG. 

Interestingly, the lower ratio values follow well-defined lines. It is likely that these 

correspond to upward folds in the graphene layer. As this was transferred to SiO2, it may 

have carried out the folds that are known to be generated during the cooling step of the 

SLG growth. The reason for these wrinkles formation pertains to the difference in thermal 

expansion coefficients between Cu and graphene.[96] In the folds regions, the Raman 

spectrum is similar to that of BLG.  
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Figure 4.26 a) Optical image of a clean section of SLG transferred onto SiO2, b) Map of the area 

highlighted in a), using the ratio of intensities extracted from the G and 2D peaks; the color scale 

ranges from 1.5 to 3.5, i.e. within the interval expected for BLG and SLG. 

Having confirmed the clean, uniform and large-area growth of SLG, the next step was to 

use AFM to measure the thickness of the film (Fig. 4.27). Theoretically, one graphene 

sheet has a thickness of 0.34 nm (including the electronic cloud).[97] However, various 

groups have reported thickness measurements that range from 0.35 nm to 1 nm, often 

performed on a SiO2 substrate.[97] In the present case, an area at the edge of the graphene 

film was imaged. This still had some residues (Fig. 4.27a). The line profile was taken across 

the edge of the flake, resulting in a thickness of 0.5 nm. If one considers that the 

theoretical thickness of a bi-layer is 0.67 nm, then it is safe to claim that the film measured 

was effectively SLG. 

  

Figure 4.27 AFM of a section of SLG transferred onto SiO2, a) Topography image, b) Height profile 

taken from the line 1 drawn in a), top–to–bottom direction.  
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High-resolution TEM images (HRTEM) of the SLG were acquired at the edge of the TEM 

grid film (Fig. 4.28). The focus was on the plane of the graphene layer, making the 

supporting film almost invisible (which is signaled, nonetheless, in the panels of Fig. 4.28). 

In all cases, there is one line that delineates the edge of the SLG, implying the presence 

of one non-folded layer. On a closer look, it is possible to see irregularly shaped features 

on the SLG surface. This lack of contrast uniformity may raise questions in regards to the 

structural quality, for which reason it is always advisable to complement the HRTEM with 

the respective selected area electron diffraction (SAED) analysis (Fig. 4.29).  

 

Figure 4.28 HRTEM images of SLG, a–c) same area observed at different magnifications, showing 

the interface between the graphene layer and TEM grid. 

The SAED (Fig. 4.29a) showed a set of first-order spots arranged as a hexagon. Whilst this 

is expected for the SLG, it is not completely conclusive as an AA’ bilayer registration would 

have the same pattern. Hence, further analysis was conducted by evaluating the intensity 

profiles of the diffraction pattern. As shown in Fig. 4.29b, the intensity ratio of the (1–
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210) and (0–110) diffraction spots is 0.5. As per the literature, when this value is <1, this 

identifies the film as single-layer graphene.[98] 

 

Figure 4.29 SAED characterization of a SLG. a) Assigned diffraction pattern. b) The intensity line 

profile marked in a). 

Recipe transferability–the effect of the carrier gas: The above work identified the best 

recipe for SLG growth using the CW reactor. However, the objective of this thesis was to 

assess the transferability of a recipe between the two thermal CVD reactors. Therefore, 

and where possible, the parameters of the recipe should not change. Nevertheless, and 

as discussed earlier, the cold and hot wall reactors differ, amongst other things, in the 

intervals of gas flows that they can handle (Table 4.6). In particular, the upper threshold 

for the carrier gas is four times lower in the HW (i.e. 1000 sccm). As such, and after 

performing the optimization process above for the CW, it was informative to try an 

experiment where the carrier gas flow was adapted to the conditions of the HW reactor. 

To illustrate how changing this parameter affected the graphene grown in the CW reactor, 
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Fig. 4.30 compares the product obtained from the optimized recipe (as per Table 4.8) and 

that of a similar recipe where the carrier gas flow was 1000 sccm (all other parameters 

were kept constant). It is clear that reducing the Ar flow resulted in the formation of MLG 

and amorphous carbon. Thus, the Ar flow is a parameter of the optimized CW recipe that 

cannot be common to the two reactors. It is concluded that, at least the Ar flow, needs to 

be changed when using the optimized CW recipe in the HW reactor (see next section). 

 

Figure 4.30 CW growth products, transferred onto SiO2, using the recipe in Table 4.7 and changing 

the Ar flow,  a,b) Optical and SEM images, respectively, derived from a growth reaction with 1000 

sccm of carrier gas, c,d) Optical and SEM images, respectively, derived from a growth reaction 

with 4000 sccm of carrier gas. 
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 4.3  SLG growth using the hot wall reactor 

The optimized SLG growth recipe for the CW reactor was taken as the reference (or 

starting point) for this section’s work. As mentioned, it was not possible to transfer all 

parameters given the differences in design of the reactors, chamber volume and gas flow 

thresholds.  

Initially, the attempt to adapt the CW recipe focused on the gas flow rate. For the growth 

step, this meant reducing the Ar flow from 4000 sccm to 1000 sccm while keeping the 

ratio and rate of H2:CH4 constant (i.e. at 30:35 sccm). For the annealing step, the main 

limitation was the maximum flow rate possible for H2. In these circumstances, a 10:1 ratio 

of H2: Ar, as used in the CW recipe, meant that the H2 would flow at 100 sccm and the Ar 

at 10 sccm. Then, the question was how much these changes in the annealing step would 

alter the quality of the SLG grown in the HW. In the first HW experiment, the parameters 

were those in Table 4.9. 

Table 4.9 Annealing and growth parameters used in the HW reactor. 

 

Running the above recipe, a sample with continuous SLG and BLG/TLG patches was 

produced (Fig. 4.31). The SEM result was similar to that in Figs. 4.30a and 4.30b.  

Recipe Temperature Pressure Heating rate Time H2/CH4/Ar 

Annealing 1040 °C 10 mbar 203 °C/min 15 min 100/0/10 (sccm) 

Growth 1040 °C 10 mbar – 1 min 30/35/1000 (sccm) 
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Figure 4.31 SEM images of a graphene film produced from a Cu foil heated at a rate of 203 °C/min 

and annealed for 15 min,  a,b) Different areas of the same sample. 

The analysis with Raman (Fig. 4.32) showed a symmetric 2D band which is common for 

SLG but not the case if this were a continuous BLG. On the other hand, the I2D/IG was <2, 

meaning that it could not be a SLG. Added to the presence of a visible D band, these 

observations are well explained by considering a large density of bilayer nucleation points 

spread throughout the SLG surface.  
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Figure 4.32 Raman spectrum of the graphene sample in Fig. 4.31. 

These results were expected. In section 4.1, it had already been described that a heating 

rate of 200 oC/min, for 15 min, was not enough to entirely anneal the Cu foil in the HW 

reactor (Table 4.3 and Fig. 4.8). Further to this, two other growth runs were described in 

section 4.1 (Table 4.5). The observations of those were clear, as they demonstrated the 

effect of the pre-growth treatment conditions: lowering the heating rate and time of 

annealing, would result in BLG and TLG growth. In fact, the product of recipe #5 in Table 

4.5 was of such high quality that this experiment was repeated to ensure its 

reproducibility in the HW reactor (Table 4.10) and characterize further the SLG after 

transferring it to a SiO2 substrate. 
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Table 4.10. Optimal annealing and growth parameters used for HW reactor. 

 

As per Fig. 4.33, the Cu surface and growth product are reproducible. As seen in Fig. 4.33a, 

the Cu foil is uniformly oriented along the <111>ND. After transfer, and apart from the odd 

Cu particle, it was not possible to identify residues and patches in the SLG (Figs. 4.33b and 

4.33c). In the SEM images, small areas had different contrast but these were cracks in the 

graphene (white arrows), derived from the transfer. In the same images, it is also possible 

to see the lines that originate from wrinkles in the graphene layer. These had already been 

identified in the Raman mapping of the optimized CW product (Fig. 4.26b).  

 

Recipe Temperature Pressure Heating rate Time H2/CH4/Ar 

Annealing 1040 °C 10 mbar 507 °C/min 40 min 100/0/10 (sccm) 

Growth 1040 °C 10 mbar – 1 min 30/35/1000 (sccm) 
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Figure 4.33 SLG grown with 30H2/35CH4 and an Ar flow of 1000 sccm, a) EBSD map of the Cu 

surface after the growth (foil annealed for 40 minutes with heating rate of 507 °C/min),  b,c) SEM 

images of different areas of the graphene with several elements marked such as cracks and 

wrinkles.  

The Raman spectrum (Fig. 4.34) shows a 2D/G intensity ratio well above 2 and a 2D FWHM 

of 28.3 cm-1, corroborating the growth of SLG. The presence of the D peak is a result from 

the folds and should not be interpreted as poor structural quality of the graphene. In fact, 

the SLG produced in the CW and HW reactors present similar ID/IG (0.24, for CW and 0.29, 

for HW). 

 

Figure 4.34 Raman spectrum of the optimized SLG grown in the HW reactor, after transfer to SiO2. 
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Similar to the SLG of the optimized CW recipe, the AFM analysis was performed in this 

sample (Fig. 4.35a). At the edge of the graphene film, a crack was observed and its height 

profile extracted (Fig. 4.35b). From this, a thickness of 0.5 nm was measured, confirming 

the graphene as single-layer.  

Overall, it was possible to reproduce the best SLG growth recipe for the HW reactor.  

 

Figure 4.35 AFM for the monolayer graphene, a) AFM topography, b) Height profile, as marked in 

a). 
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4.4  Discussion 

The work described can be divided into two parts: 1) the pre-growth treatment of the Cu 

foil and 2) the graphene growth reaction. In the first part, successive experiments were 

carried out to optimize the texture and purity of the Cu foil surface by controlling 

parameters such as the target annealing temperature, the ratio and flow rate of H2/Ar, 

and the time of annealing. To obtain similar results, it was necessary to use fairly different 

annealing recipes in the two reactors. In fact, the only parameters common between the 

best recipes of the CW and the HW set-ups were the annealing temperature and the 

pressure. For the CW, an increase in grains size and surface recrystallization were 

observed after 15 minutes of annealing, after using a high heating rate (>200 oC/min ) 

under a mix of 1350 sccm of H2 and 150 sccm of Ar (i.e., in a ratio of 10:1). For the tubular 

HW reactor, the gas flows had to be drastically reduced and the annealing time increased. 

The differences in the optimal recipes for the Cu foil preparation were explained taking 

into consideration the design and limitations of each reactor. In any case, and for both 

reactors, Cu foils with large grain size (4 mm in lateral size) and oriented along the <111>ND 

were produced (Fig. 4.36). 
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Figure 4.36 Side–by–side comparison of the annealed Cu foils produced with the best recipes in 

the CW and HW reactors. 

 

As for the second part, it was possible to grow uniform and high-quality SLG, at the cm2 

scale, in both reactors. The optimized recipes were similar with the exception of the gas 

flow rates. Given the different design and limitations of the set-ups, this is not entirely 
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surprising. Still, it is remarkable that using the same temperature, pressure and reaction 

time, SLG of the same quality is obtained in a cold–and a hot–wall reactors (Fig. 4.37). 

 

Figure 4.37 SEM images, a) 50k SEM image of optimized SLG for CW, b) Raman of SLG CW, c) 50k 

SEM image of optimized SLG for HW, d) Raman of SLG HW 

From the above, it is evident that similar growth parameters can be used. But, first and 

foremost, the Cu foil needs to be standardized as it is at this stage that larger differences 

are seen. This can be understood as the annealing process requires more structural 

rearrangements over the entire foil than the growth process. The latter is a mere surface 

event that uses very little amount of carbon to take place. Therefore, issues such as the 
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stagnation layer, that is more pronounced in the tubular CVD design, will not be so critical 

at the growth stage (in contrast to the annealing stage, where it effectively makes a major 

difference). 
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Chapter 5 – Conclusions and Outlook 

In the literature, single-layer graphene growth by CVD has been achieved mostly by using 

the classical quartz tube hot wall systems. However, it is often the case that issues such 

as lack of reproducibility are justified by different reactors design. Here, it was shown 

that, despite having two very dissimilar thermal CVD reactors, it is possible to have a 

recipe for SLG growth with the major parameters being constant, namely, growth 

temperature, reaction time, pressure, and source/activator gas ratio. The difference was 

mainly in the flow rate which is understandable given the large volume differences and 

design variations of the two reaction chambers. Thus, it is concluded that a SLG growth 

recipe can be common to two different thermal CVD reactors if the flow rate is accounted 

for and the catalyst foil is pre-treated to give the same surface structure. 

In the future, there are various other avenues that could be followed. To confirm the 

hypothesis of the effect of the stagnation layer and how it affects the tubular versus the 

showerhead systems, it would be interesting to study another catalyst system such as a 

Ni foil (commonly used for the growth of few-layer graphene). In that case, the growth is 

not limited to the surface as the carbon is much more soluble in Ni than in Cu. 
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