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Abstract

Despite its favourability as a substrate in chemical vapour deposition (CVD),copper (Cu) substrate

has a challenge of growing uniform large-area bilayer graphene films withcontinuous Bernal

(AB) stacking. However, copper/nickel (Cu/Ni) thin films are known to grow uniform large-area

AB-stacked bilayer graphene films. In this study, large-area or wafer-scale (on the scale of an

entire foil) AB-stacked bilayer graphene films were prepared on commercial dilute Cu(0.5 at% Ni)

foils (MaTeck) and Ni doped Cu foils (Alfa Aesar) using atmospheric pressure chemical vapour

deposition (AP-CVD).

The Ni doped concentration and the Ni distribution in dilute Cu(Ni) foils were confirmed with

inductively coupled plasma optical emission spectrometry (ICP-OES) and Proton-induced X-ray

emission (PIXE). The electron backscatter diffraction (EBSD) maps showed that foils have

continuous (001) surface orientation (Alfa Aesar) and diverse crystallographic surface (MaTeck).

The increase in Ni surface concentration in foils was investigated with time-of-flight secondary

ion mass spectrometry (TOF-SIMS) and X-ray photoelectron spectroscopy (XPS).

The quality of graphene, the number of graphene layers and the layers stacking order in

synthesized bilayer graphene films were confirmed by Raman spectroscopy and electron

diffraction measurements. A four point probe station was used to measure the sheet resistance of

graphene films. In the Raman optical microscope images, a wafer-scale monolayer and large-area

or wafer-scale bilayer graphene films were distinguished and confirmed with Raman spectra

intensities ratios of 2D to G peaks. The Raman data and the electron diffractiondata suggest

a Bernal stacking order in the prepared bilayer graphene films. A four-point probe sheet resistance

of graphene films confirmed a bilayer graphene film sheet resistance distinguished from that of

monolayer graphene.
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Abstract vii

Wafer-scale AB-stacked bilayer graphene films were obtained on prepared dilute Cu(Ni) alloy foils.

However, in commercial dilute Cu(0.5 at% Ni) foils, only large-area AB-stacked bilayer graphene

films on monolayer graphene background could be obtained and the diverse crystallographic

surface of a foil (EBSD data) could be a reason for incomplete wafer-scale bilayer graphene

film. Since different Cu surfaces grow graphene films with different thicknesses. For instance,

high index Cu surfaces and low index Cu(001), Cu(101) surfaces are known to grow multilayer

graphene and Cu(111) surface to grow monolayer graphene.

This study clearly showed the capability of a dilute Cu(Ni) foil (Alfa Aesar) (prepared dilute

Cu(Ni) alloy foil) for growing a wafer-scale AB-stacked bilayer graphene film (substrate size,

≈400 mm2) compared to a commercial Cu(0.5 at% Ni) foil (MaTeck) which showed large-area

bilayer graphene (≈900µm2) and a pure Cu foil which showed discrete bilayer graphene domains

(lateral size of≈10 µm) on a monolayer graphene background. The capability of a dilute

Cu(Ni) foil for growing a wafer-scale AB-stacked bilayer graphene film was ascribed to the (001)

continuous surface orientation of a foil and the metal surface catalytic activity of Cu and Ni in

a dilute Cu(Ni) foil. The results obtained in this study demonstrate the interest and potential

insight of using dilute Cu(Ni) alloy foils as substrates in CVD for the synthesisof large-area

(or wafer-scale) AB-stacked bilayer graphene films. This study contributes substantially to the

on-going research on the growth of high-quality large-area AB-stacked bilayer graphene films on

metal substrates using CVD.
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CHAPTER 1

Introduction

1.1 Background and motivation

Graphene, a two-dimensional (2D) one-atom-thick sheet of sp2-bonded carbon atoms in a

honeycomb crystal lattice with atoms arranged in hexagonal pattern has attracted many research

interest due to its remarkable unique properties (electronic, thermal and mechanical) and holds

great promise for nanoscale electronics, bioelectronics and photonics [1-8]. Additionally,

graphene can be used as transparent electrode materials in transparentliquid crystal displays, solar

cells and micro-supercapacitors [9,10]. Among other carbon materials, graphene is the building

block of the 3-dimensional (3D) graphite with Van der Waals dispersion force holding the layers

together and the interlayer separation is 0.335 nm (Figure 1.1(a)) [1].

Graphene, though has remarkable unique properties has no bandgap (Eg = 0 as demonstrated in

figure 1.1(b)) and the lack of bandgap in its electronic band structure greatly limits its applications

in electronics [1,3,11-13]. For instance, in field effect transistors, this leads to low on-off

ratio, typically <10 at room temperature. It is worth mentioning here that this ratio in Bernal

(AB)-stacked bilayer graphene (that consists of two superimposed graphene layers shifted with

respect to each other so that the A carbon atoms (from sublattice A) of onelayer are situated

directly above the B carbon atoms (from sublattice B) of the other layer and this produces an

electronic structure that consists of two conical conduction and two conical valence bands which

meet at the Dirac point) is as high as 100 at room temperature [14,15]. Therefore, for most

electronic applications that rely on the presence of a bandgap, the bandgap opening is vital.
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12 1.1. Background and motivation

Figure 1.1: (a) Graphene, a single layer of a 2D structured carbon material is the building block of
3D graphite with Van der Waals dispersion force holding layers together and the layers
have a graphitic Bernal configuration. (b) Single-layer graphene (top) with conical
conduction and valence bands which meet at a point and has no bandgap. Symmetrical
double-layer graphene (middle) also lacks a bandgap. Electrical fields (arrows)
introduce asymmetry into the double-layer graphene structure (bottom), yielding a
tunable bandgap (∆). (Extracted from Ref. [16,23]).

Interestingly, a double (bi) layer graphene with AB stacking (mirror-like symmetry) has also zero

bandgap (behaves like a metal) and if the mirror-like symmetry of the two layers isdisturbed (by

symmetry breaking), then it behaves like a semiconductor with a tunable bandgap that can be

controlled up to 0.25 eV [1,16]. A bandgap has been observed in a one-side chemically doped

bilayer graphene and also in AB-stacked bilayer graphene by applying aperpendicular electric

field (breaking the mirror-like symmetry) between the two superimposed layers(Figure 1.1(b))

[1,3,4,11,13,16-18]. Therefore, AB-stacked bilayer graphene, because of its tunable bandgap

(which determines transport and optical properties) it shows advantages over monolayer graphene,

for instance, in applications such as field-effect transistors and light detectors [19-22]. Hence,

graphene synthesis has been focused on growing high-quality and large-area AB-stacked bilayer

graphene.

Chemical vapour deposition (CVD) is one of the most commonly used techniqueto
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Chapter 1. Introduction 13

produce AB-stacked bilayer graphene films due to its ability to produce high-quality and

large-area or wafer-scale graphene with a controllable number of layers [24-28]. In addition,

atmospheric-pressure CVD (AP-CVD) is technologically more accessible for graphene growth

and allows high growth temperatures (below substrates melting points) without sublimation of

substrates. In CVD graphene growth, metal substrates (e.g. Cu, Ni, Fe,Pd, Pt) are used to promote

graphene synthesis by a surface growth/mediated mechanism or by segregation/precipitation

[13,29-33]. CVD synthesis of graphene starts with the decomposition of hydrocarbon (e.g.

methane (CH4)) into active carbon atoms that initially aggregate and assemble into graphenefilm

on catalytic metal substrates.

Copper (Cu) is a favourable catalytic metal substrate due to its very low solubility of carbon

(i.e. <0.001 at% at 1000 °C) [34], low cost, high etchability and capability of growing a

homogeneous (wafer-scale) monolayer graphene film. Due to its low solubilityof carbon, Cu

grows graphene predominantly during hydrocarbon exposure through surface growth mechanism

(surface adsorption and nucleation of active carbon species and graphene growth) as demonstrated

with a schematic view in figure 1.2(a). Nonetheless, Cu substrate (typically grows monolayer

graphene) has a challenge of growing uniform large-area bilayer or multilayer graphene films

with continuous AB stacking [4,24,30,35]. Such challenge is typically ascribed primarily to

the low decomposition rate of hydrocarbon gas on the substrate surface [24,25,36]. The lower

decomposition rate of hydrocarbon gas (e.g. CH4) by Cu is advantageous for wafer-scale

monolayer graphene growth but disadvantageous for wafer-scale bilayer graphene growth as it

requires more carbon atoms. It is impossible to supply sufficient carbon atoms for large-area

multilayer graphene growth on pure Cu surface [34,36-45]. Generally,a bilayer graphene obtained

on pure Cu foil is known to be incomplete (having smaller areas of bilayer on amonolayer

graphene background) with a significant fraction of randomly rotated layers of graphene (non-AB

stacked) [25,46-50].

In CVD graphene growth, nickel (Ni) is also a favourable catalytic metal substrate in multilayer

graphene growth for energy storage applications [51,52]. In contrast to Cu, Ni is known to have

higher decomposition rate of hydrocarbon and higher solubility of carbon(i.e. about 1.3 at%

at 1000 °C [53]) and as a result, during hydrocarbon exposure more active carbon species are

adsorbed onto the metal surface and thereafter (due to concentration gradient), more carbon

atoms diffuse into the metal and some of the diffused carbon atoms segregate/precipitate to
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14 1.1. Background and motivation
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Figure 1.2: Schematic view of the possible different CVD growth mechanisms of graphene films
on (a) Cu (surface growth/mediated mechanism) and (b) Ni (dissolution-precipitation
growth mechanism) substrates. In both (a) and (b), firstly, the hydrocarbon molecules
(CH4) are adsorbed on the metal surfaces and decompose into active carbonspecies
(C) and H2 adsorbed on the catalyst surface. Secondly, on Cu surface, there is
nucleation of active carbon species and graphene growth, but on Ni surface, more
carbon diffuse into the metal and some of the diffused carbon segregate/precipitate
to the surface upon metal cooling to grow graphene. In both substrates, the inactive
species of H2 desorb from the substrates surfaces.

the surface upon metal cooling to grow graphene film. In brief, CVD graphene growth on Ni

substrate grows predominantly during cooling of a substrate after exposure to hydrocarbon for few

minutes through dissolution-precipitation growth mechanism (surface adsorption and dissolution

and surface segregation/precipitation of carbon atoms which grow graphene) as shown with a

schematic view in figure 1.2(b). However, due to this growth mechanism, Ni typically grows

multilayer graphene film which has non-uniform and randomly rotated layersof graphene due to

non-uniform segregation/precipitation of carbon atoms from different grains surfaces and grain

boundaries [24,31,46,47].

Interestingly, since CVD synthesis of graphene on Cu substrate (is limited to the surface of the

catalyst) favours monolayer and that on Ni favours multilayer, a Cu surface engineered with Ni

has a capability of growing large-area multilayers, bilayer in particular, of graphene. In previous
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Chapter 1. Introduction 15

studies, Cu/Ni thin films and non-dilute commercial Cu-Ni foils (Table 1.1) havedemonstrated

such capability and including the growth of large-area AB-stacked bilayergraphene [24,25,49].

Ni content (bulk
Ref. Growth conditions Growth and surface) in Preferential surface

substrates substrates orientation of
during growth growth substrates

1×10−4 Torr Cu-Ni foil
[49] background pressure,Cu(88.0 wt%) Bulk: 11 at% -

1050 °C , 10 sccm Ni(9.9 wt%) Surface:-
CH4 for 10 min (commercial)
1×10−2 Torr Cu-Ni foil

[25] background pressure,Cu(67.8 wt%) Bulk: 33 at% (111) and
1050 °C , under CH4 Ni(31.0 wt%) Surface:- (100)

for 3 min (commercial)
1.5×10−1 Torr Cu/Ni thin

[24] background pressure, films Bulk: 33 at% Bulk: (111)
920 °C , 3 sccm CH4 Cu(1200 nm) Surface:≈3 at%

for 2 min Ni(400 nm)

Table 1.1: Summary of CVD graphene growth conditions, growth substrate, Ni content in bulk
and surface of growth substrates during graphene growth and the preferential surface
orientation of growth substrates found in the literature for CVD growth of a large-area
(or wafer-scale) high-quality AB-stacked bilayer graphene films. Wu [49] and Chen
[25] obtained large-area high-quality AB-stacked bilayer graphene filmswith terraces
of monolayer graphene and Liu [24] obtained wafer-scale high-quality AB-stacked
bilayer graphene films.

Furthermore, in CVD graphene growth, background pressure and temperature play important roles

since they influence the kinetics of the CVD processes (Table 1.1). Contrary to low-pressure

CVD which has a lower density of impurities and residual gas due to high vacuum, AP-CVD

grows defective/low-quality graphene layers on Cu substrates at lowerCVD temperatures around

900 °C[54]. However, at temperatures higher than 900 °C (i.e.≈1000 °C), the system grows

high-quality graphene layers [54].

In non-dilute commercial Cu(88.0 wt%)-Ni(9.9 wt%) [49] and Cu(67.8 wt%)-Ni(31.0 wt%) [25]

foils (listed in table 1.1), Ni have bulk concentrations of 11 at% [49] and 33 at% [25] and the Cu/Ni

thin films have 25 at% [24]. These Cu-Ni substrates have much higher Ni bulk concentrations

compared to a dilute Cu(Ni) foil to be used in this study (see table 1.1). CVD graphene growth on

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



16 1.1. Background and motivation

non-dilute Cu(Ni) foils is known to propagate from segregation/precipitationprocesses which lead

to variation in the thickness uniformity and stacking order in multilayer graphenefilms [25,46,47].

In multilayer graphene growth, a Cu foil with a continuous (001) surface crystallography (to be

used in this study) is advantageous since it typically grows multilayer graphene domains and

(111) surface in other Cu-Ni substrates (Table 1.1) is disadvantageous since it favourably grows

monolayer graphene.

Briefly, in table 1.1, though we aim at the same outcome of growing a large-area (or wafer-scale)

high-quality AB-stacked bilayer graphene films as the work of Wu [49], Chen [25] and Liu [24],

our CVD graphene growth conditions, substrate, Ni content in the bulk and surface of the substrate

during graphene growth and the preferential surface orientation of the substrate are different from

those of Wu [49], Chen [25] and Liu [24] and have different effects in CVD graphene growth.

Moreover, it will be interesting to study the capability of a dilute Cu(Ni) foil for growing

large-area (or wafer-scale) multilayers of graphene, especially AB-stacked bilayer graphene using

atmospheric pressure AP-CVD. This idea of a dilute Cu(Ni) foil is aimed at obtaining high surface

concentration of Ni (≈2 at%) in dilute Cu(Ni) foil through bulk-to-surface diffusion of Ni while

maintaining the bulk concentration of Ni low (<1 at%) in Cu(Ni) foil during hydrocarbon exposure

for graphene growth (see schematic view in figure 1.3). During CVD graphene growth, the driving

force behind bulk-to-surface diffusion of Ni in dilute Cu(Ni) foil will be the chemical potential

gradient and that takes place until the total energy of the crystal is lowest(equilibrium is reached)

[55].

Nevertheless, a dilute Cu(Ni) foil with a Ni surface concentration in the range of 1-3 at% is

expected to grow a large-area AB-stacked bilayer graphene predominantly during the hydrocarbon

exposure for several minutes in accordance with the study of Liuet al. [24] (listed in table 1.1)

which synthesized a high-quality and large-area AB-stacked bilayer graphene film using Cu/Ni

thin films which had a Ni surface concentration <3 at% during low pressure CVD growth.

For a Cu foil to have a surface layer composition of about 97 at% Cu and 3 at% Ni through

bulk-to-surface diffusion of Ni (Ni surface segregation) during growth in the temperature range

of 900-1000 °C, it should have about 0.5 at% Ni bulk concentration and Ni segregation driving

energy of about 30 kJ/mol as suggested by the following equilibrium surface segregation model
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Chapter 1. Introduction 17

Figure 1.3: Schematic view of a dilute Cu(Ni) foil after bulk-to-surface and interface(grain
boundary) diffusion of Ni in dilute Cu(Ni) foil which gives higher Ni surface
concentrations compare to Ni bulk concentration. The bulk-to-surface and interfaces
diffusion at high crystal temperatures takes place due to thermodynamic minimization
of the total energy of the crystal.

(Langmuir- McLean equation) [55-58]):

Xφ (T)
1−Xφ (T)

=
XB

1−XBexp(−∆G/RT) (1.1)

whereXφ (T) is the relative surface concentration at temperature,T, XB is the bulk concentration

of solute atoms in the crystal,∆G is the segregation energy andR is the gas constant.

In accordance with the results in reference [24], a CVD substrate (Cu foil) with a surface layer

composition of >97 at% Cu and <3 at% Ni is expected to grow a large-area (orwafer-scale) bilayer

graphene with an AB-stacked yield of >95 % which is attributed to the surfacecatalytic graphene

growth mode. As a result, this study proposes the use of homogeneous diluteCu(0.5 at% Ni)

foil for large-area (or wafer-scale) AB-stacked bilayer graphenegrowth using AP-CVD in the

temperature range of 900-1000 °C.
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18 1.2. Aims and objectives

1.2 Aims and objectives

Despite the previous works on the growth of AB-stacked bilayer graphene films on Cu/Ni thin

films and non-dilute commercial Cu-Ni alloys using CVD system [24-26,46,49], a controllable

CVD growth of a continuous large-area high-quality AB-stacked bilayer graphene remains a

challenge for different laboratories with CVD setup for graphene growth. This study is aimed at

obtaining large-area or wafer-scale AB-stacked bilayer graphene filmsusing dilute Cu(0.5 at% Ni)

foils in AP-CVD. This includes preparation and analysis of dilute Cu(0.5 at% Ni) foils.

The objectives are:

(i) Electropolishing and doping of polycrystalline annealed Cu foils (Alfa Aesar 99.8 %) for

graphene growth with a small concentration of Ni (i.e. 0.5 at %).

(ii) Inductively coupled plasma optical emission spectrometry (ICP-OES), Proton-induced

X-ray emission (PIXE), electron backscatter diffraction (EBSD), X-ray diffraction (XRD),

time-of-flight secondary ion mass spectrometry (TOF-SIMS) and X-ray photoelectron

spectroscopy (XPS) characterizations of the Ni doped Cu foils and commercial dilute

Cu(0.5 at% Ni) foils (MaTeck).

(iii) Synthesis of large-area (wafer-scale) and high-quality monolayer and bilayer graphene films

on Cu and dilute Cu(Ni) foils using AP-CVD

(iv) Transfer of graphene films from foils onto 300 nm SiO2/Si substrates and transmission

electron microscopy (TEM) Cu grids.

(v) Raman spectroscopy, high-resolution transmission electron microscopy (HRTEM), field

emission scanning electron microscope (FE-SEM) and four-point probecharacterizations

of prepared graphene films.

1.3 Thesis outline

This section presents an outline of the parts and chapters in the thesis along with a short description

of each chapter.
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Chapter 1. Introduction 19

PART II: LITERATURE OVERVIEW

Chapter 2: AP-CVD graphene growth on low carbon solubility catalysts

In this chapter, the solid solubility of carbon in solid Cu, Ni and dilute Cu(Ni) catalysts, the

processing steps of the AP-CVD graphene growth on Cu and Cu(Ni) foils, the influence of

the Cu surface orientations on the scalability of bilayer graphene, the kineticprocesses of the

AP-CVD graphene growth on Cu and Cu(Ni) foils and the temperature dependence of the Ni

surface concentration in a dilute Cu(Ni) foil during AP-CVD growth are discussed.

Chapter 3: Graphene characterization techniques

The characterization of the graphene sheet is usually investigated by the quality of graphene

film, the number of graphene layers, the layers stacking order and the electrical properties.

The most commonly used techniques for the characterize/investigation of graphene include the

following, Raman spectroscopy, transmission electron microscopy, atomic force microscopy,

optical microscopy and scanning electron microscopy, X-ray photoelectron spectroscopy and

four-point probe and these techniques are discussed in this chapter.

PART III: EXPERIMENT AND PROCEDURE

Chapter 4: Experimental details

This chapter describes the experimental procedures and equipment used for the production and

characterizations of graphene films. This includes a description of the equipment used for Cu(Ni)

foil (substrate) analysis. A considerable part of this chapter focuseson the doping of a 25µm

thick annealed Cu foil (Alfa Aesar) with 0.5 at% Ni.

PART IV: RESULTS, DISCUSSIONS AND CONCLUSIONS

Chapter 5: Raman analysis of bilayer graphene film

In this chapter, the results obtained from the characterization of monolayer and bilayer graphene

films prepared on commercial dilute Cu(0.5 at% Ni) foils using AP-CVD are discussed. This

includes the results obtained from the characterization of the commercial diluteCu(0.5 at% Ni) foil

substrate. The publication (including the supporting information) which detailsthe experimental
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20 1.3. Thesis outline

procedure and results discussed in this chapter is presented at the end of the chapter.

Chapter 6: A dilute Cu(Ni) alloy for synthesis of AB-stacked bilayer graphene

This chapter discusses the doping of an annealed Cu foil from Alfa Aesar for graphene growth

with a small concentration of Ni (≈0.5 at%) to obtain a dilute Cu(0.5 at% Ni) foil for synthesis

of high-quality large-area or wafer-scale AB-stacked bilayer graphene films using AP-CVD. This

includes the results obtained from the characterization of substrates (bothun-doped and Ni doped

Cu foils) and bilayer graphene films obtained from un-doped and Ni doped Cu foils. The capability

of a Ni doped Cu foil for growing a large-area bilayer graphene film compared to un-doped Cu

foil using AP-CVD is demonstrated in this chapter. The publication which detailsthe experimental

procedure and results discussed in this chapter is presented at the end of the chapter.

Chapter 7: A wafer-scale AB-stacked bilayer graphene film

This chapter discusses the AP-CVD synthesis and characterization of high-quality and wafer-scale

(≈20×20 mm2) AB-stacked bilayer graphene film obtained on a dilute Cu(0.61 at% Ni) foil. The

discussion includes the results from the characterization of graphene filmsobtained from pure

Cu and dilute Cu(0.61 at% Ni) foils, and characterization of Cu(0.61 at% Ni) foil substrate. The

publication (including the supporting information) which details the experimentalprocedure and

results discussed in this chapter is presented at the end of the chapter.

Chapter 8: General conclusions and future work

This final chapter draws a general conclusion outlining the results obtained in this study. A

summary of growth substrates and high-quality bilayer graphene coverage obtained on these

substrates using CVD and CH4 as a carbon source found in literature and this study is also

presented in this chapter. This includes a brief discussion on the possible future work.
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CHAPTER 2

AP-CVD graphene growth on low carbon
solubility catalysts

2.1 Introduction

The chemical vapour deposition (CVD) is an old technique developed in the 1880s. The

CVD technique combines several scientific and engineering approacheswhich include fluid

thermodynamics, kinetics and chemistry [1]. Since its development, the theory and mechanism

of CVD have advanced significantly and is considered one of the best technique for the synthesis

of high-quality thin films.

In literature, the capability of copper (Cu) catalyst to grow graphene in CVD system is ascribed

primarily to the carbon solubility limit and the metal surface catalytic activity (hydrocarbon

decomposition rate) of Cu. This study focuses the discussion on the solubilitylimit and

hydrocarbon decomposition rate of Cu. This chapter presents an overview of the solid solubility

of C in solid Cu, nickel (Ni) and dilute Cu(Ni) catalysts. A brief discussion onthe AP-CVD

(bilayer) graphene growth on Cu and dilute Cu(Ni) catalysts (low carbon solubility catalysts), the

influence of the Cu surface orientations on the scalability of bilayer graphene, the kinetic processes

of the AP-CVD graphene growth on Cu and Cu(Ni) foils and the temperaturedependence of

the surface concentration of Ni in dilute Cu(Ni) foil is also presented.WWWW WWWWWW

WWWW WWW WWWW WWW WWW W WWWWW WW WWWW WWWWW WWW

WWW WWW WWWWW WW WWWW W WW WWW
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2.2 The solid solubility of carbon in solid Cu and Ni catalysts

Equilibrium phase diagram of a binary Cu-carbon system shows that carbon has a very low solid

solubility in solid Cu which is in the order of few parts per million (ppm) [2]. The solid solubility

of carbon in Cu increases with increasing temperature and no carbide phases are present. The

solid solubility of carbon in Cu is about 7.4 ppm at 1020 °C and the enthalpy ofdissolution of

carbon in Cu is 35.1 kJ/mol [2]. In the literature, the data on the volume diffusion of carbon in

Cu is not available. However, volume diffusion coefficient (D) of carbon in Cu at a temperature of

870 °C is estimated asD = 3×10−11 m2/s [2]. According to Harpaleet al. [3], a surface-to-bulk

volume diffusion of carbon in Cu is restricted by preferential carbon-carbon bonds formation (i.e.

C−C dimer pairs) over Cu-carbon bonds. Therefore, CVD growth of graphene on Cu occurs

predominantly during the hydrocarbon exposure (through surface growth mechanism) for several

minutes [4].

In contrast to Cu, carbon has a higher solid solubility in solid Ni (i.e.≈1.3 at% (13000 ppm)

at 1000 °C) [5]. The volume diffusion parameters, namely, the pre-exponential factor (D0) and

the activation energy (Q) for C diffusion in Ni areD0 = 1.2×10−5 m2/s andQ = 137.3 kJ/mol

respectively [6]. A strong or preferential atom-atom interaction betweencarbon and Ni atoms

(over carbon-carbon interaction) accelerates surface-to-bulk andvolume (interstitial) diffusion

of carbon in Ni [3]. A high solid solubility of carbon in solid Ni, low activation energy

(Q= 137.3 kJ/mol) for carbon diffusion in Ni and a preferential Ni-carbon interaction could be a

reason for more carbon dissolution in Ni during exposure to carbon source at high temperatures

(≈1000 °C) which would lead to dissolution-precipitation growth mechanism in CVDgraphene

growth.

2.3 The solubility of carbon in dilute Cu(Ni) catalyst

Due to higher solubility of carbon in Ni, during CVD graphene growth carbon atoms on dilute

Cu(Ni) surface could be expected to diffuse into Cu(Ni) bulk layers and precipitate upon cooling

to grow layers of graphene, however, the solubility of carbon in Cu decreases with addition of Ni

content (<1 at%) and, thus the following illustration is presented: The temperature dependence of

the solubility,x, of solute atomsi (i = 1) in a dilute binary alloy with a solid solutionα is given
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30 2.3. The solubility of carbon in dilute Cu(Ni) catalyst

by [2,7]

xα
1 = exp(−∆Go

1/bRT) (2.1)

where∆Go
1 is the segregation energy for solute atoms 1 in the ideal solution (∆Go

1 = 35.1 kJ/mol

for carbon in Cu [2]),b is the solvent subscript integer in a solvent-solute compound,R is the gas

constant,T is the temperature in Kelvin.

Furthermore, in a dilute ternary alloy (solute atomsi = 1, 2 (carbon, Ni) and solvent atoms = 3

(Cu)) with a solid solutionα , the temperature dependence of the solubility of solute atomsi = 1

can be described by the well-known Guttmann equation [7]:

xα
1 =

exp(−∆Go
1/bRT)

{
1+[exp(−∆G′o/αRT)−1]xα

2

}a/b
(2.2)

where exp(−∆Go
1/bRT) = xα

1 is the solubility of solute atoms 1 in the absence of solute atoms 2

(similar to equation 2.1),xα
2 = exp(−∆Go

2/bRT) is the solubility of solute atoms 2 in the absence

of solute atoms 1,a andb are the subscripts integers in a solvent-solute compound and

∆G
′o ≈ ∆H

′o = ∆Ho
12−∆Ho

13 (2.3)

where ∆H
′o is the difference in the segregation enthalpy for solute-solute atoms (∆Ho

12) and

solute-solvent atoms (∆Ho
13) in the ideal solution.

Generally,∆G= ∆H −T∆S, where∆H is the segregation enthalpy,T is the temperature and∆S

is the segregation entropy. In dilute alloys,∆S is negligible hence,∆G≈ ∆H and the segregation

enthalpy can be approximated by [8,9]

∆H =
∆Z
Z

(
∆Hsub

B −∆Hsub
A

)
(2.4)

where Z is the bulk coordination number (Z = 12 for Cu crystal),∆Z is the difference in

coordination number between bulk and surface (∆Z = 4 for Cu(001)), ∆Hsub is the heat of

sublimation for elementA andB (∆Hsub
Cu = 339.3 kJ/mol and∆Hsub

Ni = 430.1 kJ/mol [10]).
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Figure 2.1: An illustration of the temperature dependence of the solubility of carbon in Cuand
dilute Cu(Ni) catalysts (Calculated in this chapter using equation 2.1 and 2.2).

Following from equation 2.4,∆Ho
12 (similarly for ∆Ho

13) can be written as

∆Ho
12 =

∆Z
Z

(
∆Ho,sub

2 −∆Ho,sub
1

)
(2.5)

In equation 2.4,∆Go
2 = 30.3 kJ/mol for Ni in Cu(001) and from equation 2.3 and 2.5,

∆G
′o = 30.3 kJ/mol. The temperature dependence of the solubility of carbon in Cu and in Cu(Ni)

was obtained (using equation 2.1 and 2.2) as illustrated in figure 2.1. Briefly,figure 2.1 shows

that the temperature dependent solubility of carbon in Cu catalyst decreases with the addition of

Ni(<1 at%) in Cu. Therefore, it can be mentioned that due to the metal-carbon interaction effects

and the solubility limit, CVD graphene growth on dilute Cu(Ni) foil will occur predominantly

during the hydrocarbon exposure (surface growth/mediated mechanism)rather than due to the

combination of surface-to-bulk and bulk-to-surface diffusion (dissolution-precipitation growth

mechanism) of carbon atoms in the foil upon cooling. It is worth mentioning that at higher Ni

bulk concentrations in Cu foil (i.e. in non-dilute Cu(Ni) foil), the solubility of carbon in Cu will

increase with an increase in Ni bulk content which would lead to a dissolution-precipitation growth

mechanism.
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2.4 Processing steps of the AP-CVD graphene growth on Cu and Cu(Ni)
foils

2.4.1 Copper substrate pre-treatment

As-received Cu foil is covered by native oxide (CuO, Cu2O), and possible contamination (due

to production and handling processes) which reduces its catalytic activity.Therefore, the

pre-treatment of the Cu foils has been found to be very important in removing the impurity

particles on the Cu surface allowing the growth of continuous high-quality graphene and

reproducibility [11,12]. The pre-treatment of the Cu foils includes electro-polishing (remove

imperfection sites), aqueous acid treatment (dissolves greasy impurities) and annealing in a

hydrogen reducing atmosphere at≈1000 °C (eliminate surface structural defects and increases

the Cu grains size) [12,13]. Typically the Cu foils prior to CVD graphene growth are annealed for

about 30 min under a mixture of gases namely, argon (Ar) and hydrogen (H2) [14-17].

2.4.2 Graphene growth and reaction mechanisms

In CVD, graphene grows by thermal-decomposition reactions whereby a hydrocarbon molecule

splits into its elements and/or elementary molecule and the decomposition typically takesplace

at high temperatures (>900 °C). The thermal-decomposition reaction in CVD is governed by

thermodynamics and kinetics. The kinetics defines the transport process and determines the

rate-control mechanism [1,4]. In CVD growth, the background pressure or mix of gases,

growth time, substrate temperature and gas flow rate can be varied. Depending on the type of

catalyst (carbon solubility and hydrocarbon decomposition rate), the graphene may grow during

hydrocarbon exposure through surface growth mechanism or after exposure (i.e. during substrate

cooling) through dissolution-precipitation growth mechanism, as mentioned in chapter 1.

Furthermore, in AP-CVD, after annealing of a Cu foil, graphene is synthesized from a mixture of

gases, Ar, H2 and methane (CH4) at ≈1000 °C for few minutes. Immediately after growth, the

CH4 flow is stopped and the sample is rapidly cooled down. During CVD graphenegrowth, Ar

produces an inert atmosphere in the reaction chamber and carry away residuals out of a reaction

chamber. H2 act as a co-catalyst in formation of active surface bound carbon species required for

graphene growth and etches away the weak carbon-carbon bonds (graphene edges) for the growth
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Figure 2.2: The energy profile of the dehydrogenation (decomposition) processes of CH4 that give
the final product of C atom plus four H atoms on Cu(111), Cu(100) and Cu-Ni(100)
substrates surfaces (Extracted from Ref. [23] and [24]).

of bilayer or multilayer graphene [18-22]. CH4 is commonly used as the carbon source in CVD

graphene growth. In CH4 decomposition or dehydrogenation process, the final product is carbon

(C) atom plus four H atoms on the substrate surface, following the four elementary steps shown

below (see figure 2.2) [23]:

CH4 → CH3+H

CH3 → CH2+H

CH2 → CH+H

CH→ C+H (2.6)

In figure 2.2, on a Cu surface, the final product C + 4H has higher energy than the adsorbed

CH4, suggesting that atomic C is energetically unfavourable on Cu surface [23,25]. On a Cu(100)

surface, atomic C is more stable than that on a Cu(111) surface [23]. Thiscould be one of the

reasons why high index Cu planes and Cu(100) plane cause compact graphene island formation

in early stages of graphene growth and Cu(111) plane preferentially grows monolayer graphene

[26,27]. Interestingly, the stability of atomic C on Cu(100) surface is further improved by Ni in

Cu-Ni(100) surface, as shown in figure 2.2 [24]. Briefly, following from figure 2.2, all the active
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34 2.4. Processing steps of the AP-CVD graphene growth on Cu and Cu(Ni) foils

C species (CH3, CH2, CH and C) have much lower formation energies on the Cu-Ni surface than

those on a pure Cu surface [24]. As a result, the surface concentrations of active C species on the

Cu-Ni surface would be much higher than on pure Cu surface. This shows that the Cu’s capability

of decomposing the hydrocarbon is mainly enhanced by surface alloying of Cu with Ni [24].

Furthermore, for graphene to materialise on Cu surface, atomic C−C bonds, as suggested by

equation 2.6, need to be energetically favourable on Cu surface not energetically unfavourable as

suggested. Therefore, the following reaction (Equation 2.7) that showsthe formation of a stable

C=C bonds with sp2 hybridization on Cu surface was considered to be important for graphene

growth rather than equation 2.6 [20,28].

CH+CH→ C=C+H2 (2.7)

In equation 2.7, CH4 reduces to CH plus CH reaction which leads to a formation of graphene

(C=C bonds with sp2 hybridization) and H2 which detaches from the Cu surface and get swept

away by the carrier (Ar) gas flow. Additionally, C=C bonds containing hydrogen are energetically

unfavourable on Cu surface with low adsorption energies (desorb or decompose at very low

temperatures) [29-32].

Cu substrate weakly interacts with graphene with a graphene-metal separation of 0.33 nm, which

is close to the interlayer distance (0.335 nm) of the van der Waals gap in multilayergraphene

or graphite [33]. In contrast to Cu, Ni is a strongly interacting metal and thegraphene-metal

separation is around 0.21 nm [33]. This suggests that Cu-Ni surface strongly interact with

graphene compared to a pure Cu surface.

After the growth step, the CH4 flow is stopped and samples are rapidly cooled down to room

temperature and transferred onto different substrates. The atmosphere used during cooling process

is similar to that of the annealing step (i.e. a mixture of gases, Ar and H2) which prevents oxidation

of the substrate and graphene functionalization with oxygen containing groups.

In a dilute Cu(Ni) foil, at graphene growth temperature of≈1000 °C, more than 96 at% of

the elemental composition of a foil surface is Cu and less than 4 at% is Ni. As a result,

graphene growth on a dilute Cu(Ni) foil will predominantly follow similar reactionmechanisms

and kinetic processes as those of a pure Cu. Because of the higher catalytic activity of Ni (higher
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Figure 2.3: Schematic view of the underlayer growth mechanism (nucleation and growth) of
bilayer graphene. Hydrocarbon (CH4) decomposes on the Cu foil surface, generating
active C species that diffuse under the graphene sheet (first layer of graphene) to grow
the second layer of graphene (Extracted from Ref. [36]).

decomposition rate of hydrocarbons), a dilute Cu(Ni) foil will have more supply of active C species

(due to much lower formation energies of active C species) required for auniform multilayer

graphene growth. Additionally, a dilute Cu(Ni) foil has a reduced solid solubility of C compared

to Cu foil, while the temperature dependent solubility of C in Cu catalyst decreases with the

addition of Ni (<1 at%) in Cu.

2.4.3 Bilayer (underlayer) graphene growth

Due to the low solubility of C in Cu foils, Cu substrate predominantly grows monolayer graphene

(it has a challenge of growing uniform large-area bilayer graphene) during hydrocarbon exposure

[17,34,35]. This monolayer graphene, in bilayer graphene growth, is viewed as the first layer of

graphene and the second layer (underlayer) grows beneath the firstgraphene sheet since CVD

graphene growth depends on the substrate surface to supply the growthspecies by decomposing

hydrocarbon molecules (see the schematic view in figure 2.3) [36,37]. Thefirst and second layer

of graphene grows by surface growth mechanism (surface adsorption and nucleation of carbon

species to grow graphene) and have the same initial nucleation centres [37].

C diffusing from outside the interfaces between the first layer and Cu surface cannot reach the

second layer, because once it diffuses to the edge of the first layer graphene it gets captured by

the first layer due to the strong and favourable C−C bond. However, due to a weak interaction
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36 2.5. Influence of the Cu surface orientations on the scalability of bilayergraphene

between Cu surface and graphene sheet (with a graphene-metal separation of 0.33 nm), it has

been observed that many hydrocarbon gas molecules readily diffuse through open channels at the

edges of the first layer into the interface between Cu surface and graphene sheet and decompose

on the metal surface to supply C for the second layer graphene growth [33,38,39]. Therefore, the

limited space in the interface between the substrate surface and graphene sheet has a lower partial

pressure of hydrocarbon gas compared to gas outside the interface between the first layer and the

Cu surface. As a result, the second layer has a decreased growth rateand improved crystal quality.

Li et al. [36] has shown that the second layer grows at a rate about two ordersof magnitude slower

than the first layer.

Since hydrocarbon gas molecules readily diffuse through open channels at the edges of the first

layer into the interface between Cu surface and graphene sheet, the second layer growth terminates

when the first layer grains merge together (terminating the first layer growth) [36]. In summary,

CVD graphene growth of the first and second layers terminates simultaneously. Thus, a large-area

bilayer graphene can be obtained by using slower growth rate for monolayer graphene (first

layer) during growth and that can be attained by using a relatively low methane gas flow rate

(low methane concentrations), and lower temperatures in the range of 900-1000 °C, but less than

1000 °C since this temperature is commonly used to grow high-quality CVD monolayer graphene)

[4,36].

2.5 Influence of the Cu surface orientations on the scalability of bilayer
graphene

Figure 2.4 shows SEM images (Figure 2.4(a)) of the Cu-Ni foil (weight percent: 67.8 % Cu and

31.0 % Ni) with as-grown graphene on regions corresponding to regionsidentified with EBSD

mapping (Figure 2.4(b)) of the same sample [26]. In the early stage of graphene growth, there

are different levels of coverage of graphene on different metal grains, as shown in figure 2.4, the

graphene coverage in (111) grain is much lower than that in (100) and (110) grains. This could be

as a result of lower formation energies of active C species on a Cu(100)and (110) surfaces compare

to Cu(111) surface (discussed in figure 2.2). Therefore, graphene film (multilayers) preferentially

grows on the Cu(100) surface [23,40]. On the other hand, C species have higher diffusion rate on

Cu(111) surface and preferentially grows monolayer graphene [27].
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Figure 2.4: (a) SEM images of the Cu-Ni foil (weight percent: 67.8 % Cu and 31.0 % Ni)with
as-grown graphene on regions corresponding to regions in (b) EBSDmapping of the
same sample (Extracted from Ref. [26]).

In polycrystalline Cu foils, graphene preferentially nucleates on the grainboundaries similar to

Ni foil and grow onto adjacent different grains surfaces signifying that the graphene films grow

continuously across grains boundaries of Cu surface and over an entire foil [41,42]. Additionally,

graphene growth on the Cu(111) surface which is preferentially monolayer is known to spill over

into the adjacent grains surfaces which have slower growth rate and preferentially grow multilayers

(e.g. Cu(100) and high index Cu planes) [27]. Though CVD grapheneis known to grow over an

entire foil, growth of a wafer-scale bilayer graphene film on a polycrystalline Cu foil consisting

of Cu(111) grains is not possible since Cu(111) surface preferentially grow monolayer graphene.

Therefore, in an attempt to grow a wafer-scale bilayer graphene film the idea will be to use a

polycrystalline Cu foil that has a continuous Cu(100) surface and no Cu(111) surface grains.

2.6 Kinetic processes of the AP-CVD graphene growth on Cu and Cu(Ni)
foils

The kinetics (cooling rate and background pressure during growth) ofthe CVD process has an

important effect on the graphene growth rate, thickness uniformity through a substrate and the

density of defects [4,17,18]. In a view of the kinetics of the AP-CVD process, a schematic view in

figure 2.5 illustrates a steady-state gas flow of a mixture of Ar, H2 and CH4 gases on the surface
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38 2.6. Kinetic processes of the AP-CVD graphene growth on Cu and Cu(Ni) foils

of a Cu catalyst during CVD graphene growth at≈1000 °C. As shown in figure 2.5, it is assumed

that between the steady-state bulk gas flow and the catalyst surface thereexist a static boundary

layer with thicknessδ [4]. During isothermal CVD graphene growth, several processes take place,

namely [4,17,18,21];

(1) Diffusion of hydrocarbon molecules (e.g. CH4) from the steady-state bulk gas flow through

the boundary layer onto the catalyst surface.

(2) Adsorption (and desorption) of hydrocarbon molecules on the catalyst surface.

(3) Decomposition of hydrocarbon molecules into active C species (CH3, CH2, CH and C) and

H2 adsorbed on the catalyst surface (see equation 2.7).

(4) Desorption of inactive species from the surface, H2 in particular, which diffuse through the

boundary layer into the bulk gas flow and get swept away by the carrier (Ar) gas flow.

(5) Aggregation of active C species and formation of nucleation sites on thecatalyst surface,

lateral surface diffusion and attachment of active C species to nucleationsites to materialise

graphene (C=C bonds formation).

Therefore, isothermal CVD graphene growth involves predominantly two processes that coexist,

one that takes place in the boundary layer and the other one on the catalystsurface. These two

processes can be classified into two regions (fluxes) [4]:

(i) Mass transport region (Fmass-transport, the flux of active species through the boundary layer).

(ii) Surface reaction region (Fsurface-reaction, the rate at which the active species are consumed at

the surface of the catalyst to form graphene).

Assuming first-order kinetics and first-order rate kinetics, the two fluxes can be expressed as [4]

Fmass-transport= hgass
(
XB

gass−XS
species

)
(2.8)
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Chapter 2. AP-CVD graphene growth on low carbon solubility catalysts 39

Figure 2.5: An illustration of the processes involved during isothermal CVD graphenegrowth
using low carbon solid solubility catalyst.

and

Fsurface-reaction= KsurfaceX
S
species (2.9)

wherehgass is the mass-transport coefficient,Ksurface is the surface-reaction constant,XB
gass is the

concentration of gas in the bulk andXS
speciesis the concentration of the active species at the catalyst

surface.

These fluxes are in series and at steady-state,

Fmass-transport= Fsurface-reaction= Ftotal-flux (2.10)

Therefore, total flux,Ftotal-flux, can be written as [4]

Ftotal-flux = XB
gass

Ksurface×hgass

(Ksurface+hgass)
(2.11)

In equation 2.11, mass-transport coefficient and the surface-reaction constant coexist and in CVD

graphene growth, the slower of the two fluxes is the rate-limiting process. During isothermal
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40 2.6. Kinetic processes of the AP-CVD graphene growth on Cu and Cu(Ni) foils

AP-CVD graphene growth at≈1000 °C, surface reactions occur much faster due to the dependence

on the Arrhenius term and the rate of mass-transport or the mass-transport coefficient is low due to

the high or atmospheric background pressure [4]. As a result,Ksurface»hgass, hence mass transport

through the boundary layer is a rate-limiting process. Ideally, in isothermal AP-CVD graphene

growth on Cu catalyst using CH4, to grow a monolayer graphene film a low CH4 concentration

gas composition should be used, while a multilayer graphene film with a uniform thickness across

a substrate-scale requires a high CH4 concentration gas composition. In this instance, a high

CH4 concentration gas composition would supply enough or more active C species required for a

multilayer graphene growth. In the AP-CVD graphene growth setup, the thickness of the boundary

layer is fixed through geometric effects of the gas flow and of the CVD chamber.

Nonetheless, Bhaviripudiet al. [4] using a range of CH4 gas compositions in isothermal AP-CVD

graphene growth on Cu catalyst has shown that growth varied from monolayer graphene at

low CH4 concentrations to multilayer domains on a monolayer graphene background at higher

CH4 concentrations. A challenge of Cu catalyst of growing large-area bilayer or multilayer

graphene with uniform thickness suggests that surface reactions, hydrocarbon decomposition rate,

in particular, do not occur much faster than mass transport through the boundary layer onto the

catalyst surface as discussed above. However, that does not change mass transport rate-limiting

process (AP-CVD) into surface reaction rate-limiting process (low pressure (LP-CVD)) discussed

by Bhaviripudi et al. [4]. In literature, such challenge of Cu is ascribed primarily to the low

decomposition rate of hydrocarbon (low catalytic activity) which leads to the insufficient supply

of active C species for graphene multilayers to materialise [4,16,26].

Therefore, effort has been made to improve the low Cu decomposition rate of hydrocarbon by

alloying Cu with Ni which has higher decomposition rate of hydrocarbon andNi has shown

a capability of improving the catalytic activity of Cu to grow large-area multilayer or bilayer

graphene by lowering the formation energies of the active C species (CH3, CH2, CH and C) on the

Cu surface which lead to much higher surface concentrations of C species required for multilayer

graphene growth [15,16,24,26,43-45].
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Chapter 2. AP-CVD graphene growth on low carbon solubility catalysts 41

2.7 Ni surface concentration in dilute Cu(Ni) foil during AP-CVD
graphene growth

Ni surface concentration in dilute Cu(Ni) foil during AP-CVD graphene growth will increase

through bulk-to-surface diffusion. Bulk-to-surface diffusion is a process by which the total energy

of the crystal (Gibbs free energy) consisting of two or more components isminimized by the

diffusion of atoms from the bulk layers of the crystal into the surface layer[49,50]. For a

crystal consisting of componenti, the change in Gibbs free energy per total number of moles

of componenti is given by [51-53]

(
δG
δni

)

T,P,n j 6=i

= µi (2.12)

whereµi is the chemical potential of componenti,

In equation 2.12,µi may be viewed as the rate of change of the total Gibbs free energy of the

system when, holding the temperature,T and the pressure,P constant while a very small amount

of the componenti is added to the system without changing the number of moles of the other

componentj. Therefore, if the chemical substance is free to move from one place to another, it

moves spontaneously to the state of lower chemical potential. This change in Gibbs free energy

(chemical potential) result in an enrichment of the surface layer of the crystal by elementi in the

crystal and is referred to as the segregation energy.

During CVD graphene growth, a catalyst temperature is increased at a constant heating rate

from room temperature to the desired growth temperature, and immediately aftergrowth the

temperature of the graphene/catalyst is decreased rapidly to room temperature. In view of a dilute

Cu(0.61 at% Ni) catalyst, a temperature increase results in bulk-to-surfacediffusion of Ni (due

to the dependence on the Arrhenius term) which increases the surface concentration of Ni in

the catalyst foil. Such increase in the surface concentration of Ni could be well-described by a

semi-infinite solution of Fick’s diffusion equation [46]. In the semi-infinite solution of Fick, the

surface enrichment factor (β ) at temperature,T, is given by

β (T) =
XS(T)−XB

XB (2.13)
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42 2.7. Ni surface concentration in dilute Cu(Ni) foil during AP-CVD graphene growth

whereXS(T) is the surface concentration at temperature,T andXB is the bulk concentration of

the diffusing solute atoms (XB = 0.61 at% in a dilute Cu(0.61 at% Ni) catalyst).

The temperature dependence of the enrichment factor in the semi-infinite solution of Fick is given

by [46]

XS(T)−XB

XB =

{
4D0

παd2

[
RT2

Q
exp(−Q/RT)

]} 1
2

(2.14)

whereD0 is the pre-exponential factor,Q is the activation energy (D0 = 7.0× 10−5 m2/s and

Q= 225.0 kJ/mol for Ni diffusion in Cu [6]),α is the constant heating rate,d is interlayer distance

(d = 0.181 nm in Cu(001)),R is the gas constant andT is the crystal temperature.

Equation 2.14 could well describe the temperature dependence of the surface concentration of Ni

in dilute Cu(0.61 at% Ni) catalyst, however, cannot describe the temperaturedependence of the

maximum (or equilibrium) surface concentration of Ni in a catalyst. Nonetheless, the temperature

dependence of the maximum surface concentration of Ni in a catalyst couldbe described by the

well-known Langmuir-McLean equation [46,47]:

Xφ (T)
1−Xφ (T)

=
XB

1−XBexp(−∆G/RT) (2.15)

whereXφ (T) is the relative surface concentration at temperature,T, Xφ (T) = XS(T)
XM , XM is the

attainable maximum surface concentration (XM = 25 at% in Cu(001) [48]) of solute atoms in the

crystal surface,∆G is the segregation energy (∆G = 30.3 kJ/mol for Ni in Cu(001)).

Now, using the semi-infinite solution of Fick (Equation 2.14) and the Langmuir- McLean equation

(Equation 2.15), a view of the temperature dependence of the Ni surfaceconcentration in a dilute

Cu(0.61 at% Ni) catalyst during AP-CVD graphene growth was obtained asshown in figure 2.6. In

figure 2.6, an increase in catalyst temperature increases the surface concentration of Ni (described

by Fick solid-line) until it reaches a maximum (or equilibrium) surface concentration of 8.1 at%

(determined by Fick and Langmuir-McLean solid-lines intersection) and a further increase in

temperature result in a decrease in surface concentration of Ni due to surface-to-bulk diffusion

of Ni or due to the sublimation of Ni, but at these catalyst temperatures (<1000 °C) and higher

background pressure (atmospheric pressure) the sublimation of Ni (and Cu) is suppressed. At a
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Figure 2.6: An illustration of the temperature dependence of the Ni surface concentration in a
dilute Cu(0.61 at% Ni) catalyst at a constant heating rate ofα = 0.5 °C/s (Calculated
in this chapter using equation 2.14 and 2.14, see supporting information for the
publication presented in chapter 7).

CVD growth temperature of 980 °C a surface concentration of Ni is 2.1 at% inCu(0.61 at% Ni)

catalyst (Figure 2.6).

In figure 2.6, It can be seen that Fick’s equation predicts that the surface concentration increases

to infinity as temperature increases to infinity and hence it cannot predict themaximum attainable

(or equilibrium) surface concentration as observed experimentally in bulk-to-surface diffusion

measurements [46,48,49]. The Fick equation (Equation 2.14) accurately describes the kinetics of

bulk-to-surface diffusion at lower surface concentrations (lower temperatures). In bulk-to-surface

diffusion, high surface concentration (equilibrium) is reached at highertemperatures after

diffusion kinetics and this is well-described by Langmuir-McLean equation since it accounts for

attainable maximum surface concentration (XM) [46]. Nonetheless, without using two separate

expressions (semi-infinite solution of Fick and Langmuir- McLean equation), the rate of surface

concentration change of Ni in dilute Cu(Ni) foil could be calculated using modified Darken

equations [46,48-50]:
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44 2.7. Ni surface concentration in dilute Cu(Ni) foil during AP-CVD graphene growth

∂Xφ
i

∂ t
=

M(B1→φ)
i XB1

i

d2

[
∆G+RT ln

(
XB1

i (1−Xφ
i )

Xφ
i (1−XB1

i )

)]
,

∂XB1
i

∂ t
=

MB
i XB2

i

d2

[
RT ln

(
XB2

i (1−XB1
i )

XB1
i (1−XB2

i )

)
−RT ln

(
XB1

i (1−Xφ
i )

Xφ
i (1−XB1

i )

)]
,

...

∂X j
i

∂ t
=

MB
i X j+1

i

d2

[
RT ln

(
X( j+1)

i (1−X( j)
i )

X( j)
i (1−X( j+1)

i )

)
−RT ln

(
X( j)

i (1−X( j−1)
i )

X( j−1)
i (1−X( j)

i )

)]
,

(2.16)

whereφ is the surface layer,B1 andB2 are the first (subsurface layer) and second bulk layers

respectively,Xφ
i is the relative surface concentration of thei-th atom in thej-th layer,XB

i is the

bulk concentration of the segregating atoms,∆G is the segregation energy of the segregating atoms,

Mi is the mobility,Mi = D/RT whereD is the diffusion coefficient in Arrhenius equation,d is the

thickness of the segregated layer,R is the gas constant andT is the temperature.

In the Darken approach, the crystal is divided into discrete atomic layers parallel to the surface

layer and the changes in concentrations in the layers are described by a set of coupled differential

equations (Equation 2.16) which is solved numerically for an increasing temperature T [48].

Darken equations use (or yield) both the diffusion parameters (D0 and Q) and the segregation

energy. Therefore, substituting the values for diffusion parameters and the segregation energy

(used in equation 2.14 and 2.15) into equation 2.16, the temperature dependence of Ni surface

concentration in dilute Cu(Ni) foil was obtained (see figure 2.7) which shows a similar temperature

dependence as discussed using equation 2.14 and 2.15.

In the Darken equations, it can be seen that the bulk concentration of the segregating atoms (or

impurities) act as a surface layer supplier (B1 → φ ) to reach high impurity surface concentrations

in dilute metal alloys. Therefore, since the impurities in the high purity Cu foils have much lower

bulk concentrations, in a few ppm (see table 2.1) they will not reach high surface concentrations.

However, those with much higher segregation energy (>100 KJ/mol) are more likely to reach high

surface concentrations.
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Figure 2.7: The temperature dependence of the Ni concentration in the surface layer of a dilute
Cu(Ni) foil at a constant heating rate ofα = 0.5 °C/s (Calculated in this chapter using
equation 2.16).
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0
5

10
15

20
25

30

0 5 10 15 20 25 30

Trace chem
ical analysis of copper (ppm

 w
eight)

Table 2.1: Trace chemical analysis results for impurities in high-purity copper (Extracted from
Ref. [54]).
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CHAPTER 3

Graphene characterization techniques

3.1 Introduction

In CVD graphene growth, as-grown graphene on a substrate usually istransferred onto

different substrates (either by chemically etching of substrates or by bubbling graphene sheet

from the substrates) for characterization of the graphene sheet for various applications. The

characterization of the graphene sheet is usually investigated by the qualityof graphene film,

the number of graphene layers, the layers stacking order and the electrical properties. The

characterization relies on the atomic/band structure of graphene which differs for mono, bi, and

multilayer graphene. The most commonly used techniques for the characterization/investigation

of graphene include the following, Raman spectroscopy, transmission electron microscopy, atomic

force microscopy, optical microscopy and scanning electron microscopy, X-ray photoelectron

spectroscopy and four-point probe resistance. In graphene characterization, these techniques

have proven to be complementary to each other, not only because different information can

be obtained from each technique, but also because some techniques give direct information

(do not require data processing) and some give analysis over a very small area in few

nanometres (i.e. information acquired from different techniques are interrelated in terms of spatial

resolution).WWWW WWWWWW WWWW WWW WWWW WWW WWW W WWWWW

WW WWWW WWWWW WWW WWW WWW WWWWW WW WWWW W WW WWW

WWW WWW WWW WWW WWWH HH HHHH HHH HHHHH HIIII IIII III IIII IIIII I IIII

IITTT TTTT TT TT TTTTTTTT TTTTTT
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Figure 3.1: (a) Schematic diagram of light scattering by Rayleigh, Stokes and Anti-Stokes
scattering processes in a vibrating molecule due to the time-dependent perturbation
introduced by an incident photon of energyℏωL. (b) Schematic view of energy level
diagram of a perturbed system showing Rayleigh scattering (elastic scattering), Stokes
and Anti-Stokes scattering processes (inelastic scattering).

3.2 Raman spectroscopy

Raman spectroscopy is a non-destructive technique which provides detailed information about

chemical structure/phase, crystallinity and molecular interactions. In this spectroscopy technique,

there is a scattering of photons (from a high-intensity laser light source) byphonons upon

the interaction of photons with the chemical bonds within a material/sample (Figure 3.1(a)).

The interaction of photons with the chemical bonds within a sample creates a time-dependent

perturbation of the Hamiltonian [1].

The perturbation introduced by an incident photon of energyℏωL increases the ground state energy

(EGS) to a total energy ofEGS+ℏωL which does not correspond to a stationary state hence a system

is viewed to be on a virtual level (Figure 3.1(b)) [1,2]. Since the system has no stationary state (i.e.

is in the unstable situation), the photon is emitted by the perturbed system and the system goes

back to the stationary state (ground state). When it returns to its initial state andthe frequency

of the emitted photon is the same as the incident one, this is called Rayleigh scattering (elastic
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Chapter 3. Graphene characterization techniques 55

scattering) (Figure 3.1(b)) [1,3].

On the other hand, as the sample returns to a stationary state (with a much lower probability) a

photon can lose part of its energy in the interaction process and scatteredfrom sample with a lower

energyℏωSc= ℏωL − ℏΩ (ℏΩ is a phonon energy). This corresponds to the Stokes (S) process

(inelastic scattering) [1,3]. Initially, if the sample is in the excited vibrational state, and after

the photon interaction the system returns to its ground state, the photon leavesthe sample with

an increased energyℏωSc= ℏωL + ℏΩ. This corresponds to the Anti-Stokes (AS) process [1,3].

Between S and AS, S is the most probable [1], therefore, Raman spectra are S measurements

plots of the intensity of the scattered photon as a function of the difference between incident and

scattered photon energy (known as Raman shift). Generally, a Raman spectrum features a number

of peaks and each peak corresponds to a specific molecular bond vibration, including individual

bonds such as C−C, C=C.

Raman spectroscopy in graphene studies is a well-known powerful technique to determine, among

others, the number of graphene layers, the stacking order and the interlayer interactions in few

layers graphene sample [4-8].

The unit cell of monolayer graphene contains two carbon atoms, A and B from sublattice A and B

respectively (Figure 3.2) which means two sets of 2s and 2p states corresponding to 8 electrons per

unit cell which fill the 4 lower 3σ and 1π bonding energy bands (valence bands) and the 4 higher

3 σ* and 1π* anti-bonding energy bands (conduction bands) remain unoccupied. Therefore, there

are twoπ electrons per unit cell which occupy the lowerπ band. In energy dispersion curves, the

upperπ* and the lowerπ bands are degenerate at theK points (Figure 3.2).

Since the unit cell of monolayer graphene consists of two carbon atoms (A and B), there is six

phonon dispersion bands (see calculated phonon dispersion relation ofgraphene in reference

[10]). Three of the six phonon dispersion bands are acoustic branches (A) and the other three are

optic (O) phonon branches and two of the three branches corresponds to the optical modes which

are in-plane transverse optical mode (iTO) and longitudinal optical mode (LO) [1,5,11]. The

directions of the vibrations are with respect to the direction of the nearest carbon-carbon atoms

and, therefore, the phonon modes are classified as longitudinal (L) when the vibrations are parallel

to the A-B carbon-carbon directions and as transverse (T) when the vibrations are perpendicular

to the A-B carbon-carbon directions [5]. Near the zone center (Γ point), the iTO and LO modes
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Figure 3.2: The atomic structure of monolayer graphene consists of a hexagonal lattice showing
two carbon atoms A (from sublattice A) and B (from sublattice B). This produces an
electronic structure of narrowed bands (conduction and valence bands) that touch at a
point (Dirac point). A band structure showing hexagonal lattice points shows two in
equivalent contact pointsK andK′ in the first Brillouin zone of graphene [2,9].

correspond to the vibrations of the sublattice A against the sublattice B (i.e. betweenK andK′

points in the first Brillouin zone of graphene as shown in figure 3.2) and they are Raman active

modes responsible for the main Raman features namely G, D and 2D bands [1,2,5,10,12].

The origins of the main Raman features (G, D and 2D bands) are as follows (illustrated in

figure 3.3):

(i) The G mode at about 1580 cm−1 involves the in-plane bond-stretching motion of pairs

of carbon sp2 atoms and it originates from a first-order Raman scattering process (only

one-phonon scattering is involved).

(ii) The D mode at about 1350 cm−1 (also known as a disorder-induced band) involves phonons

near theK zone boundary and is only active in the presence of disorder in graphene.

The band originates from a second-order Raman scattering process (double-resonance),

involving one iTO phonon and one defect. The absence of the D-band in Raman spectra
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Chapter 3. Graphene characterization techniques 57

Figure 3.3: A schematic view of Raman scattering processes responsible for the Ramanmain
features G, 2D and D bands in graphene film (Adapted from Ref. [5]).

demonstrates high-quality graphene.

(iii) The 2D mode at about 2700 cm−1 originate from a second-order Raman scattering process

(double-resonance) and involves two iTO phonons near theK zone boundary. The 2D mode

also originates from triple-resonance, and in contrast to double resonance process, in the

triple resonance process all steps are resonant and this could lead to a more intense 2D-band

(relative to the G-band) as seen in monolayer graphene. Hence, this could be one of the

reasons of why the 2D-band is more intense than the G-band in monolayer graphene (see

figure 3.4).

The double-resonance process starts with an electron of wave-vectork aroundK absorbing a

photon (of energyElaser), then, the electron is inelastically scattered by a phonon (of wavevector q

and energyEphonon) to a point (with wavevectork + q) near theK′ point. Thereafter, the electron

is scattered back to ak state by a phonon and recombines with a hole, emitting a photon. In the D

band, the electron is elastically scattered by defects in the crystal and inelastically scattered by a

phonon. In triple-resonance Raman scattering process, instead of the electron being scattered back

by a phonon the hole will be scattered by a phonon (of wavevector+q) to a point near theK′ point.

The electron-hole recombination at a point near theK′ point is resonant. Near the zone center
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Figure 3.4: Raman spectra of low-quality (high-density of defects) monolayer and bilayer
graphene films obtained on Cu foils using APCVD and transferred onto SiO2/Si
substrates for characterization. The excitation source: 532 nm laser witha laser power
below 1 mW on the sample to avoid laser induced heating (Extracted from Ref. [13]).

(Γ point), the iTO modes correspond to the vibrations of the sublattice A against the sublattice B

(betweenK andK′ points in the first Brillouin zone of graphene) [5].

As discussed in the previous paragraphs, the main features that are observable in the Raman spectra

of a high-quality monolayer and bilayer graphene are the G and 2D bands;however, in the case

of a disordered graphene or at the edge of a graphene sheet, a disorder-induced D-band appears in

the Raman spectra as shown in figure 3.4.

Furthermore, the atomic structure of a bilayer graphene consists of two layers of monolayer

graphene (shown in figure 3.5(a)) which are arranged in a graphitic Bernal (AB) stacked

configuration where the carbon atoms, B, (from sublattice B) of one layerare situated directly

above the carbon atoms, A, (from sublattice A) of the other layer [2,14]. This produces an

electronic structure that consists of hyperbolic bands (two conduction and two valence bands),

two of which touch at a point (Dirac point) (Figure 3.5(a)). Clearly, a band structure of an AB-

stacked bilayer graphene is different from that of a monolayer graphene (Figure 3.2 and 3.5). It

is worth mentioning that a band structure of a non-AB stacked (turbostratic)bilayer graphene

is similar to that of a monolayer graphene, hence stacking/configuration in multilayer (bilayer)
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Figure 3.5: (a) Schematic view of the atomic structure of AB-stacked bilayer graphenewhich
consists of two single graphene layers shifted with respect to each other so that the B
carbon atoms (from sublattice B) of one layer are situated directly above theA carbon
atoms (from sublattice A) of the other layer. This produces an electronic structure that
consists of hyperbolic bands,π1 andπ2 bands (two conduction and two valence bands),
two of which touch at the Dirac point [14]. (b) The resonance Raman processes due to
electronic band split are indicated asP11, P22, P12 andP21, and give rise to four peaks
in the Raman 2D peak [8,15].

graphene is important since it influences the optical and electronic properties of graphene.

In a band structure of AB-stacked bilayer graphene, the upper (lower) and lower (upper) branches

of the valence (conduction) band are referred to asπ1(π∗
1) andπ2(π∗

2) respectively (Figure 3.5)

[4,5,15,16]. Since 2D-band originates from second-order Raman process (double-resonance) that

involves two iTO phonons, the electronic band split causes splitting of the phonon bands into

two components such that the electron-phonon scattering occurs with two phonons withT1 and

T2 symmetries [4,8]. ForT1 and T2 phonons the scattering occurs between bands of the same

symmetry (i.e. π1 and π∗
1 or π2 and π∗

2) and bands of different symmetries (i.e.π1 and π∗
1)

respectively.T1 andT2 phonon processes are labelled asPi j (with the relative magnitudes of the

phonon wavevectorsq), wherei( j) denote an electron scattered from (to) each conduction band

π∗
i( j)(Figure3.5(b)). TheP11, P22, P12 andP21 scattering processes originating from an iTO phonon

giving rise to four peaks in the Raman 2D spectrum with wavenumbers at approximately 2655,
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60 3.2. Raman spectroscopy

2680, 2700, and 2725 cm−1 respectively, and Full width at half maximum (FWHMs) equal that

of monolayer graphene 2D peak [4,8]. These four peaks are normally fitted as four Lorentzian

to 2D peak to demonstrate AB stacking in bilayer graphene (see figure 3.6) [4,5,8,15,16]. The

amplitudes of the two Lorentzian (inner peaks in 2D peak) have almost the sameintensity and

are higher than the other two (outer peaks in 2D peak) similar to Lorentzian usually obtained for

high-quality exfoliated AB-stacked bilayer graphene [4,5,8]. The Lorentzian amplitudes depend

on the laser energy which is normally maintained constant during the experiment. In monolayer

graphene, the 2D peak has a single Lorentzian feature (Figure 3.6).

In figure 3.4 and 3.6 (the distinction between Raman spectra of monolayer and bilayer graphene),

the G peak intensity for bilayer graphene is twice that of monolayer graphene (Figure 3.4). The

G-band position gives insight into the number of layers present in the graphene film, however,

it can be affected by film conditions such as temperature, doping, and smallamounts of strain

present in the film. Nonetheless, the G-band intensity which is less susceptibleto conditions

mentioned above shows a behaviour that follows a linear trend as the numberof layers increases

from mono to multilayer [4,5,8,15,16]. The Raman 2D peaks FWHMs and positionsfor monolayer

and bilayer graphene are different (Figure 3.6(a)). Figure 3.6(b) clearly shows a Raman 2D peak

single Lorentzian feature of a monolayer graphene and four Lorentzianof bilayer graphene which

demonstrates AB stacking order.

Generally, the 2D peaks FWHMs for monolayer graphene are in the rangeof 26-38 cm−1 and the

peaks positions are at lower wavenumbers, and in contrast to monolayer graphene, the 2D peaks

FWHMs for bilayer graphene are in the range of 39-65 cm−1 (with a cut-off FWHM of about

70 cm−1) and the peaks positions are at higher wavenumbers [8,16,17]. In addition, the 2D to G

peaks intensities ratio (I2D/IG), for monolayer graphene are in the range of about 2.5-4.5, while

for bilayer graphene are in the range of 0.5-2.2 [8,16,18]. By observing the differences in the 2D

and the G peaks intensity ratios, the 2D peak frequency (peak width and position) and line shape,

the number of graphene layers contained in graphene films can be obtainedand also the stacking

order or interlayer interactions in few layers graphene films [8,15,16].
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Figure 3.6: (a) The distinction between Raman 2D peaks of monolayer and bilayer graphene
(from figure 3.4). (b) Raman 2D peak single Lorentzian feature of a monolayer
graphene and four Lorentzian of bilayer graphene each with FWHM equal that of
monolayer graphene 2D peak (33 cm−1 in this case) (Extracted from Ref. [13]).

3.3 Transmission electron microscopy (TEM)

Transmission electron microscopy is a technique that involves a beam of focused high-energy

electrons (under ultra-high vacuum conditions) which is transmitted througha very thin sample

and interacts with the sample as it passes through. The transmitted electrons are then used to
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62 3.3. Transmission electron microscopy (TEM)

Figure 3.7: (a) Low magnification TEM image of bilayer graphene film transferred on alacey
carbon TEM grid (region A, B and C shown in holes of a lacey carbon TEMgrid show
an area without graphene (A) and with graphene (B and C)). (b) A highmagnification
TEM image of graphene in region C of figure (a) (See supporting information for the
publication presented in chapter 7 Ref. [21]).

generate an image of a sample. Different types of images can be obtained in TEM from different

interactions of the electron beam with a sample. For instance, an image of electron diffraction

patterns is obtained from elastically scattered electrons (diffracted beam),bright field image from

unscattered electrons (transmitted beam) and dark field image from elastically scattered electrons

(diffracted beam) [19,20].

Figure 3.7 shows typical bright field TEM images (at low and high magnification) of bilayer

graphene film transferred on a lacey carbon TEM grid. In this figure, region A, B and C show

holes of a lacey carbon TEM grid with graphene sheet and these holes allow a transmission of

electrons through a graphene sheet.

Figure 3.8 shows a typical electron diffraction pattern (from graphene areas shown in figure 3.7)

which shows two sets of hexagonal diffraction spots (diffraction rings from crystalline graphene

layers). The diffraction rings intensity profile which is indexed using the Miller-Bravais indices

(hkl) for graphite shows peaks atd = 0.123 nm and peakd = 0.213 nm which correspond to

indices (1-210) for outer ring (layer 1) and (1-110) for inner ring (layer 2) respectively [22]. In

AB-stacked bilayer graphene (shown with a schematic view in the figure), the relative intensities

of the spots in the outer ring are twice the intensities of the spots in the inner ring [4,16,22]. In
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Figure 3.8: Selected area electron diffraction (SAED) pattern from an area (region C) showed
in Figure 3.7(b) and shows two sets of hexagonal diffraction spots (rings). The
diffraction rings intensity profile of two sets of hexagonal diffraction spots shows that
the relative intensities of the spots in the outer ring (layer 1) are twice the intensities
of the spots in the inner ring (layer 2) which shows a bilayer graphene with aBernal
stacking order (See publication presented in chapter 7 Ref. [21]).

monolayer graphene, the relative intensities of the spots in the outer ring areequal to the intensities

of the spots in the inner ring [22]. Therefore, TEM gives direct information about the number of

layers (from graphene edge image fringes (not observed in images presented in this section)) and

the stacking order in multilayer graphene, particularly bilayer graphene [23,24].

3.4 Atomic force microscopy (AFM)

Atomic Force Microscopy is a high-resolution imaging technique used to study surface roughness

(topography and morphology) of samples. AFM operates either on contact or non-contact (or

tapping) mode by measuring the force between a cantilever tip and the sample surface. In AFM

imaging (contact mode), a force between the sample surface (in contact witha tip) and the

cantilever tip bends the cantilever when the tip encounters features on the sample surface. This

deflection is sensed and reflected by a laser beam onto a segmented photodiode from which the

AFM topographic map of the sample surface is obtained (Figure 3.9). In non-contact or tapping
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64 3.4. Atomic force microscopy (AFM)

Figure 3.9: Schematic diagram of an AFM and it operates either on contact or non-contact (or
tapping) mode by measuring the force between a cantilever tip and the sample surface
to produce a topographic image (Extracted from Ref. [25]).

Figure 3.10: Atomic force microscope image of a graphene sheet with varying thickness(1 layer
and 2 layers graphene) and the corresponding height profile of the sample obtained
along a solid line in the image (Extracted from Ref. [30]).

mode, the sample surface is in intermittent contacts with the cantilever tip (the tip oscillate over the

sample), however, the deflection of the cantilever is still sensed and reflected as in contact mode

to produce a height image. In brief, AFM has been so far a direct method toidentify/distinguish

single and multilayers graphene, as shown in figure 3.10 [26-29].
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Chapter 3. Graphene characterization techniques 65

3.5 Optical microscopy and scanning electron microscopy (SEM)

Optical or light microscopy involves visible light which is transmitted through or reflected from

the sample to allow a clear view or image of the sample [31]. In optical microscopy, a higher

contrast per graphene layer can be achieved from a reflection spectrum (by using a normal white

light source) of graphene layers on oxide layer of a silicon substrate; however, oxide thickness

must be optimized to reach maximum sensitivity (high contrast per graphene layer with different

thicknesses) at a wavelength of interest [27,32]. The contrast C(λ ) as a function of wavelength (λ ),

between a graphene sheet and SiO2 substrate, is generated using the following expression [27]:

C(λ ) =
R0(λ )−R(λ )

R0(λ )
(3.1)

where R0(λ ) is the reflection intensity from the SiO2/Si substrate andR(λ ) is the reflection

intensity from graphene sheet.

Therefore, a clear contrast difference for graphene layers with varying thicknesses (1 to about

10 layers) can be observed on≈300 nm SiO2/Si substrate (see figure 3.11, graphene layers on

285 nm SiO2/Si) [27,33]. Since the optical microscopy of graphene sheets displays theimage

colour contrast between monolayer and multilayer graphene films; it is used todistinguish between

monolayer and multilayer graphene (over a large area of a film) indicating variation in the film

thickness [13,27,33,34].

Scanning electron microscopy (SEM) is a technique which involves a beam of focused electrons

under ultra-high vacuum conditions and is used to analyse materials on a micron to the nanometer

scale. The analyses can yield information about topography, morphology,composition and

crystallography of materials (using other analysers integrated into SEM system) [19]. When a

focused beam of high-energy primary electrons impinges the surface ofa sample, among others,

it generates low energy secondary electrons. An image of the sample surface (about topography

and morphology) is therefore constructed by measuring secondary electron intensity as a function

of the position of the scanning primary electron beam [19]. Practically in the SEM at a given

accelerating voltage and electron beam parameters, the desired image contrast can be achieved.

Similar to the optical microscope, SEM of graphene sheets displays the image colour contrast
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Figure 3.11: The optical images showing a clear contrast difference for graphenelayers with
different thicknesses on 285 nm SiO2/Si substrates (Extracted from Ref. [27]).

between monolayer and multilayer graphene films (see figure 3.12) hence it isalso used to

distinguish between monolayer and multilayer graphene, however, it does not require an oxide

layer with an optimized thickness as a graphene substrate as seen in optical microscopy.
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Figure 3.12: Scanning electron microscopy image showing a clear contrast difference for
graphene layers with different thicknesses on a copper foil (Extracted from Ref.
[35]).

3.6 X-ray photoelectron spectroscopy (XPS)

X-Ray photoelectron spectroscopy involves irradiation of the solid surface of a sample with a beam

of X-rays (Al-Kα or Mg-Kα) while measuring the number and the kinetic energy of elastically

scattered electrons (photoelectrons) that are emitted from the topmost surface atomic layers (1-10

nm) of the analysed sample [36]. High surface specificity of XPS is achieved by using smaller

angles of incidence or exit of the electrons, however, the angle of exit of the electrons has a greater

effect as the mean free path of electrons is smaller than that of the incident X-rays. In addition, In

XPS analysis, the measured binding energies (from the kinetic energies) of the detected electrons

usually range between 0 and 1000 eV. For this energy range, the inelasticmean free path of the

electrons is in the order of a few nm which corresponds to the topmost surface atomic layers of the

analysed sample [36]. The kinetic energy (KE) of the ejected electron depends upon the photon

energy (hν) and the binding energy (BE) of the electron in the core-shell of an atom and is usually

analysed with a hemispherical energy analyser (see figure 3.13).

In XPS spectrum, peaks appear from atoms emitting electrons of a particular characteristic energy.

The energies and intensities of these electrons (photoelectron peaks) enable identification and
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Figure 3.13: Schematic view of the photoemission process in XPS: Incident photon energy, hν is
absorbed by a core level electron, ifhν > BE then the electron is ejected from the
atom with kinetic energy, KE. This is then detected by an analyser and the binding
energy, BE of the ejected electron is determined by, BE =hν − KE − W, where W is
the work function of the electron analyser, not the analysed material (Extracted from
Ref. [37,38]).

quantification of the surface chemistry of a material (elemental composition, chemical state and

electronic state of the elements). Usually, XPS analysis is coupled with ion sputtering with noble

gas ions (e.g. Ar+) for surface cleaning and depth profiling and analysis are carried outunder

ultra-high vacuum conditions.

XPS analysis of the surface chemistry of carbon materials, graphene in thisstudy, typically

shows a carbon peak (C 1s) at a binding energy of about 284.5 eV (see figure 3.14). A spectral

analysis/deconvolution of this peak gives information about the surface chemistry of the analysed

carbon material. For instance, in figure 3.14, the C 1s core level spectra of as-grown graphene film

was fitted with sp2 C=C peak at 284.5 eV (graphene component), C−O−C peak at 286.2 eV,

C=O peak at 287.4 eV, O−C=O peak at 289.4 eV (oxide components) andπ−π∗ peak at

291.5 eV (satellite peak/electrons transition) and the position of these peaks isusually determined

by reference to, XPS handbooks, Binding Energy-NIST (National Institute of Standards and

Technology), XPS Database and other studies such as references [39-41] for graphene. Therefore,
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Figure 3.14: The high-resolution C 1s core level spectra of as-grown graphene film on a foil, fitted
with sp2 C=C peak at 284.5 eV (graphene component), C−O−C peak at 286.2 eV,
C=O peak at 287.4 eV, O−C=O peak at 289.4 eV (oxide components) andπ−π∗

peak at 291.5 eV (satellite peak/electrons transition) (See publication presented in
chapter 7 Ref. [21]).

all fitted peaks give information about the sp2 hybridization property of graphene, oxygen content

present in graphene and theπ−π∗ electrons transition which enhances the carbon to carbon bonds

in graphene and confirms the high quality of graphene [2,40,41].

3.7 Four-point probe (graphene film sheet resistance)

The four-point probe is typically used to determine the bulk resistivity of the semiconductors.

Resistivity is a very important parameter in semiconductors since it can be directly related to the

impurity content of a semiconductor [42]. If the film thickness, t is known, the sheet resistance

can be calculated by dividing bulk resistivity by the film thickness. As a result, a four-point probe

can be used to obtain a sheet resistance of the thin film of a known thickness. In a four-point

probe/sheet resistance measuring system, two electrodes are used for sourcing a DC current,I ,

(through the outer two probes) and the other two for measuring the corresponding voltage drop,V

(see a schematic view in figure 3.15). From a measured voltage drop the sheet resistance can be
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Figure 3.15: Schematic view of a four-point probe/sheet resistance measuring system, two outer
probes source a DC current,I , and the other two measure the corresponding voltage
drop,V. In thin films, thin film thickness,t is much smaller than an equal distance,
Sbetween probes (t«S).

calculated using an approach which relies on a geometric factor:

Rsheet= k
V
I

(3.2)

where the factork is a geometric factor.

Figure 3.16 shows the sheet resistance of monolayer and bilayer graphene films which was

obtained using this approach.

Therefore, sheet resistance (Rsheet) is a measure of the electrical resistance of a sheet and is related

to carrier density and mobility as follows [42,43]:

Rsheet=
1

q×n×µ
(3.3)

whereq is the charge,n is the carrier density andµ is the mobility.

In equation 3.3, the carrier density (n) and the mobility (µ) are primarily ascribed to different band
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Figure 3.16: A four-point probe sheet resistance (measured at room temperature) of monolayer (1
layer) and bilayer graphene (2 layers) films transferred onto SiO2/Si substrates (See
supporting information for the publication presented in chapter 7 Ref. [21]).

structures and scattering mechanisms by impurities and defects present in thinfilms. In addition,

the mobility of the carriers depends on temperature [2,44,45]. As a result, in monolayer and

bilayer graphene films, at low temperatures (about 4 K), a monolayer graphene has high mobility,

low carrier density and hence high sheet resistance, but a bilayer graphene has high mobility,

high carrier density and therefore, a low sheet resistance (see figure3.16) [44]. Therefore, the

sheet resistance can be used to identify/distinguish single and multilayers graphene since sheet

resistance increases with the decrease in graphene film thickness (number of layers of graphene).

The sheet resistance shows a strong dependence of the electrical prosperities on graphene film

thickness, primarily relate to the interlayer coupling [44,45].
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CHAPTER 4

Experimental details

4.1 Introduction

This chapter describes the experimental procedures and equipment used for the production and

characterizations of graphene films. The graphene films are prepared with the aim of obtaining

a wafer-scale (≈20× 20 mm2) AB-stacked bilayer graphene film using AP-CVD. The first

part of this chapter focuses on growing large-area high-quality AB-stacked bilayer graphene on

commercial Cu(0.5 at% Ni) foil, followed by Raman analysis of the obtained bilayer graphene film.

This includes a description of the equipment used for Cu(0.5 at% Ni) foil (substrate) analysis.

A considerable part of this chapter focuses on the doping of a 25µm thick annealed Cu foil

(Alfa Aesar) with 0.5 at% Ni for the synthesis of large-area Bernal-stacked bilayer graphene

using AP-CVD. A Ni doping of this particular Cu foil is motivated by a continuous single surface

orientation (001) of a foil. This part of the chapter also describes equipment used for substrate

analysis. The last part of this chapter describes the approach used to achieve a wafer-scale

AB-stacked bilayer graphene.

Parts of this chapter are published in the following journals:

(i) Raman analysis of bilayer graphene film prepared on commercial Cu(0.5at% Ni) foil

M.J. Maditoet al., Journal of Raman Spectroscopy, 47, 553-559 (2016).
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(ii) A dilute Cu(Ni) alloy for synthesis of large-area Bernal stacked bilayer graphene using

atmospheric pressure chemical vapour deposition

M.J. Maditoet al., AIP: Journal of Applied Physics, 119, 015306 (2016).

(iii) A wafer-scale Bernal-stacked bilayer graphene film obtained on a dilute Cu(0.61 at% Ni)

foil using atmospheric pressure chemical vapour deposition

M.J. Maditoet al., RSC Advances, 6, 28370-28378 (2016).

4.2 Experimental procedure

4.2.1 Raman analysis of bilayer graphene film

Graphene growth

High purity (99.9 %) dilute Cu(0.5 at% Ni) foil samples (20×20 mm2 and 0.5 mm thick) were

ordered from MaTeck (package list No. 14040413-860).

Samples were electro-polished and cleaned for graphene growth as follows [1]:

(i) In the electrochemical cell, the Cu(0.5 at% Ni) foil sample (to be polished) was connected

to the anode and a Cu plate (30 mm in diameter and 2 mm thick) to the cathode of the cell

and the electro-polishing solution contained 1000 mL of water, 500 mL of ortho-phosphoric

acid, 500 mL of ethanol, 100 mL of isopropyl alcohol, and 10 g of urea.

(ii) A DC power supply was used to supply constant voltage/current in the electrochemical cell

and a voltage in the range of 3.0-6.0 V was applied for about 3 min.

(iii) After electropolishing, the Cu(0.5 at% Ni) foils were rinsed with deionized water and

immersed in aqueous nitric acid for 30 s to dissolve off the electro-polishing solution

residues on the foil surface, washed with deionized water again followedby ultra-sonic

bath with acetone and isopropanol and dry-blowing with N2 to remove water residues.

After cleaning, the Cu(0.5 at% Ni) foils were loaded into the centre of AP-CVDquartz tube setup

(Figure 4.1(a)) for monolayer and bilayer graphene growth. Figure 4.1(b), shows a temperature

profile of AP-CVD measured directly inside quartz tube centre (located at the furnace centre) with
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an external chromel-alumel thermocouple (Type K) and the measured temperature was recorded

as sample temperature for graphene growth. Samples loaded in AP-CVD were annealed under Ar

(300 sccm) and H2 (9 sccm) flow for 30 min at 1050 °C before the growth of graphene. After

annealing, a monolayer graphene was synthesized from a mixture of gases, Ar (300 sccm): H2

(9 sccm): CH4 (15 sccm) and a bilayer graphene from a mixture of Ar (300 sccm): H2 (9 sccm):

CH4 (10 sccm) at 980 °C for exactly 9 min. Immediately after growth, the CH4 flow was stopped

and the quartz tube was pushed to the cooler region of the furnace and samples rapidly cooled

down to room temperature and offloaded from AP-CVD quartz tube.

Graphene transfer onto SiO2 substrate

The graphene films were transferred onto 300 nm thick SiO2/Si substrates as follows:

(i) A thin layer of polymethyl methacrylate (PMMA) (average Mw 996 000 by GPC) dissolved

in chlorobenzene at a concentration of 46 mg/mL was spin-coated on the as-grown graphene

films on Cu(0.5 at% Ni) foils at 3000 rpm for 30 s [2].

(ii) PMMA deposited on graphene films/Cu(0.5 at% Ni) foils was cured at 115 °C for 5 min [3].

(iii) PMMA/graphene/ Cu(0.5 at% Ni) foil samples were placed in 1 M iron nitrate(Fe(NO3)3)

to etch off Cu and transferred using a polyethylene terephthalate (PET) tothe 5%

hydrochloride (HCl) and deionized water to dissolve the (Fe(NO3)3), and then onto SiO2

substrates [4].

(iv) Finally, PMMA was removed from a PMMA/Graphene/SiO2 samples using acetone [3].

Graphene characterization

Graphene/SiO2/Si samples (graphene films) were characterized with the following techniques:

(i) Raman spectroscopy (WITec Alpha 300 micro-Raman imaging system with 532 nm

excitation laser), Raman spectra were measured at room temperature with the laser power

set below 2 mW in order to minimize heating effects.
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Figure 4.1: (a) A schematic view of AP-CVD setup showing a connection from Ar, H2 and
CH4 gas cylinders through gas flow meters and gas mixer into a quartz tube. (b) A
temperature profile of AP-CVD measured directly inside quartz tube centre (located
at the furnace centre) with an external chromel-alumel thermocouple (Type K) and the
measured temperature was recorded as sample temperature for graphenegrowth.

(ii) Four point probe station, the graphene films sheet resistance measurements were carried out

under ambient conditions (i.e. room temperature and pressure) using a Signatone four point

probe station.
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Substrate characterization

A Cu(0.5 at% Ni) foil was analyzed with the following techniques:

(i) Electron backscatter diffraction (EBSD) performed in an LEO 1525 field-emission gun

scanning electron microscope at an acceleration voltage of 25 kV using theOxford INCA

crystal software.

(ii) X-ray diffraction (XRD) patterns were collected using an XPERT-PROdiffractometer

(PANalytical BV, Netherlands) with reflection geometry at 2θ values ranging from 30-70◦

with a step size of 0.01◦. Co K1α radiation with a wavelength of 0.17890 nm was used as

the X-ray source and a tube was operated at 50 kV and 30 mA.

(iii) Proton-induced X-ray emission (PIXE), a beam energy of 3.0 MeV and target current of

200 pA was used for analysis. The tandem accelerator of iThemba LABS inGauteng was

used to irradiate samples with 3.0 MeV protons.

(iv) Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) performed using the

TOF-SIMS5 Ion-TOF system. The mass spectra were calibrated to the following mass peaks

in positive mode: Al, Na, Ni, Fe, Si, C, C2H5 K and Cu. The analysis was carried out over

an area of 500×500µm2 and ion sputter gun area of 1000×1000µm2.

Electron backscatter diffraction is an SEM-based method (integrated into SEM system) and unlike

SEM which provides information about sample surface topography and morphology, EBSD

provides information about sample surface microstructural crystallography. EBSD involves

interaction between an electron beam and a tilted crystalline sample surface, and the diffracted

electrons create a pattern (i.e. diffraction pattern) on a detector fluorescent screen with Kikuchi

bands (analyzed by the software to derive the crystal orientation) whichare characteristic of the

sample crystal structure and orientation [5].

X-ray powder diffraction is an analytical technique primarily used for bulkphase identification

(crystal structures and atomic spacing/d-spacing) of crystalline samples. In XRD, X-rays

generated by a cathode ray tube are filtered (to produce monochromatic radiation), collimated

and directed towards the sample and the interaction of the incident X-rays with the sample

produces diffracted ray (constructive interference) when Bragg’s Law (nλ = 2dsinθ ), conditions
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are satisfied, wheren is a positive integer,λ is the wavelength of incident X-rays,d is the

interplanar spacing andθ is the scattering angle. XRD pattern (characteristic of the crystal

structure (set ofd-spacings) which is unique for each material) is obtained by measuring the

intensity of scattered X-rays as a function of scattering angle.

Particle induced X-ray emission is a powerful non-destructive elemental analysis technique and

has high sensitivity (in the order of few ppm). In PIXE, a beam of protons(MeV) defined by

a series of collimators, passes through an irradiator chamber onto the sampleto be analyzed

and dumped into a Faraday cup connected to a beam integrator. Irradiatedsample, emit X-rays

which are detected by a silicon detector and the pulses generated by the detector are analyzed in a

multi-channel analyzer to generate a spectrum. A typical spectrum consistsof a number of peaks

corresponding to the Kα and Kβ X-rays of the elements present in the sample. The number of

counts in a peak is a measure of the amount of the corresponding element in the sample [6].

Time-of-Flight Secondary Ion Mass Spectrometry is a surface-sensitive analytical method that

uses a pulsed finely focused ion beam which causes secondary ions and ion clusters to be emitted

from the very topmost surface layer of the sample. These ions are then accelerated into a flight

tube and their exact mass is determined by measuring the exact time at which theyreach the

detector (i.e. time-of-flight) and from the exact mass and intensity of the SIMSpeak, the element or

molecular fragments can be determined. Three operational modes are available using ToF-SIMS:

surface spectroscopy, surface imaging and depth profiling [7]. Under typical operating conditions,

ToF-SIMS analysis include: (a) a mass spectrum that surveys all atomic masses over a range of

0-10 000 amu, (b) the rastered electron beam that produces maps of anymass of interest on a

sub-micron scale, and (c) depth profiles are produced by sequential sputtering of surface layers by

ion beam [7].

4.2.2 A dilute Cu(Ni) alloy for synthesis of AB-stacked bilayer graphene

Thermal deposition and annealing (a dilute Cu(Ni) alloy preparation)

Few Cu foil samples (30× 30 mm2) (to be prepared the same way) were obtained from a high

purity (99.8 %) 25µm thick annealed Cu foil from Alfa Aesar (shown in figure 4.2). Samples

were immersed in aqueous nitric acid for 30 s to dissolve surface impurities on foils, then in

distilled water followed by a ultra-sonic bath with acetone and isopropanol and dry-blowing with
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84 4.2. Experimental procedure

Figure 4.2: A Photograph of a high purity (99.8 %) 25µm thick annealed Cu foil obtained from
Alfa Aesar for graphene growth.

N2 to remove water residues [8].

The cleaned Cu foils were loaded into a vacuum chamber of a thermal evaporator for Ni deposition.

The thickness of the Ni layer (i.e.dNi = 116 nm) required for doping 25µm thick Cu foil with

0.5 at% Ni was obtained using the expressions:

dNi =
mNiρCu

mCuρNi
dCu (4.1)

and

mNi =
MNiXNi

MCu(1−XNi)
mNi (4.2)

wheredCu is the Cu foil thickness,ρCu is the Cu density,ρNi is the Ni density,mCu is the mass of

the Cu foil,mNi is the mass of the Ni layer to be deposited,XNi is the Ni concentration (in at%) to

be added into Cu foil,MNi andMCu is the molar mass of the Ni and Cu respectively.

Therefore, a thin layer of high purity (99.99 %) Ni (116 nm) was thermally evaporated onto Cu foil

sample at a rate of 0.1 nm/s in a vacuum chamber with a pressure of 3×10−3 Pa. The deposition

of a thin layer of Ni was repeated on extra three Cu foil samples. After evaporation, Cu/Ni samples

were loaded in AP-CVD quartz tube (see figure 4.1(a)) under argon atmosphere. Samples were

annealed at 950 °C for 8 h with argon flow rate of 500 sccm to obtain Cu(Ni)alloy foils. For the

foils annealed at 950 °C and 8 h conditions, the concentration distribution (C) of Ni in Cu foil with
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Figure 4.3: Graphical representation of the sample configuration showing the boundary
conditions for equation 4.3. Mathematically: 0≤ x≤ l ; C(x) = 0 for x> h andt = 0;
C(x) =C0 for 0≤ x≤ h andt = 0; ∂C/∂x= 0 atx= l for t ≥ 0 [9].

a sample thicknessl and the surface located atx= 0, where the Ni source layer with a thickness

h is restricted (demonstrated with schematic diagram in figure 4.3), was calculated in terms of

diffusion depthx using Fick’s solution for finite systems (see figure 4.4) [9]:

C=
1
2

C0

∞

∑
n=−∞

[
erf

(
h+2nl−x

2
√

Dt

)
+erf

(
h−2nl+x

2
√

Dt

)]
(4.3)

whereC0 is the initial concentration of Ni on the Cu surface,D = D0exp(−Q/RT) is the diffusion

coefficient (D0 is the pre-exponential factor,Q is the activation energy (D0 = 7.0×10−5 m2/s and

Q= 225.0 kJ/mol for Ni diffusion in Cu [10]),R is the gas constant andT is the temperature).

Figure 4.4 (calculation for a Cu foil sample 1 in table 4.1) suggests that the annealing process

yielded Ni concentration distribution in 25µm thick Cu foil that is 99.8 % uniform. Before

and after deposition of the Ni films onto the Cu foils, the masses of the samples were measured

with Denver instrument balance (model SI-234) with repeatability or standard deviation of

<±0.1 mg. After annealing, the masses of the samples were measured again and found to have

increased compared to the masses of the samples before Ni deposition, andfrom Ni masses, the

concentrations were found as listed in Table 4.1. An inductively coupled plasma optical emission
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Figure 4.4: Ni concentration distribution as a function of diffusion depth in 25µm thick Cu foil
(Calculated in this chapter using equation 4.3).

spectrometry (ICP-OES) spectrometer was used to confirm the Ni concentrations listed in table 4.1.

For instance, a piece of a Cu foil with a mass of 47.1 mg was cut from a Cu foilsample 1 and

analysed with an ICP-OES spectrometry and was found to have a Ni amountwith a mass of

0.199 mg (equivalent to 0.457 at%). Ni doped (i.e. Cu(0.46 at% Ni) foil, sample1 in Table 4.1)

and un-doped Cu foils were loaded in AP-CVD at a centre of a quartz tubefor bilayer graphene

growth.

Cu foils Samples massesSamples massesSamples massesNi amount Ni amount
samples pre-deposition after deposition after annealing in Cu foils in Cu foils

(±0.1 mg) (±0.1 mg) (±0.1 mg) (±0.1 mg) (at%)

1 285.4 286.9 286.6 1.2 0.455
2 268.1 269.3 269.6 1.5 0.606
3 262.0 263.3 263.4 1.4 0.579
4 251.0 252.2 252.5 1.5 0.647

Table 4.1: The masses of the samples (pre-deposition and after deposition of Ni layer and after
annealing of Ni/Cu foils samples) and Ni added in Cu foils and the corresponding Ni
concentrations.
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Bilayer graphene growth on Cu and Cu(0.46 at% Ni) foils, graphene transfer onto SiO2 and

characterization

Bilayer graphene growth on Cu and Cu(0.46 at% Ni) (sample 1 in table 4.1) foilswas prepared as

discussed above, but here it was synthesised at a growth temperature of 920 °C and 1000 °C on

both foils (simultaneously) for exactly 15 min. Graphene transfer onto 300 nm SiO2/Si substrates

was carried out exactly the same way as discussed above. Both foils and graphene films were

characterised and the characterization techniques used are as discussed above (i.e. PIXE, EBSD,

XRD, TOF-SIMS, Raman, Signatone four point probe station) and this further includes the

HRTEM (Jeol JEM-2100F Field Emission Electron Microscope, with a maximum analytical

resolution of 200 kV and a probe size of 0.5 nm) for obtaining the electron diffraction pattern

of the prepared graphene film.

4.2.3 A wafer-scale AB-stacked bilayer graphene film

Graphene growth on Cu and Cu(0.61 at% Ni) foils, graphene transfer onto SiO2 and

characterization

Bilayer graphene growth on Cu and Cu(0.61 at% Ni) (sample 2 in table 4.1) foilswas prepared

as discussed above, but here it was synthesised at a growth temperature of 980 °C and for

5 min. Graphene transfer onto 300 nm SiO2/Si substrates was carried out exactly the same

way as discussed above. Figure 4.5 shows photographic images of the Cu(0.61 at% Ni) foil

(≈20× 20 mm2) used in AP-CVD growth of a wafer-scale bilayer graphene and transferred

bilayer graphene film on 300 nm SiO2/Si substrate with a continuous film. A monolayer graphene

film on Cu foil was obtained from a mixture of Ar (300 sccm), H2 (9 sccm) and CH4 (15 sccm)

for 2 min at a growth temperature of 1000 °C.

Samples characterization

Characterization techniques are as discussed above (i.e. TOF-SIMS, Raman, Signatone four point

probe station and HRTEM). In addition, the following techniques were used.

(i) The step height analysis of graphene thickness was obtained using a Dimension Icon AFM
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88 4.2. Experimental procedure

Figure 4.5: A continuous wafer-scale bilayer graphene film obtained using AP-CVD. The
top-image shows a photograph of Cu(0.61 at% Ni) foil with as-grown bilayer
graphene film and the bottom-image shows that of a transferred bilayer graphene film
on 300 nm SiO2/Si substrate.

(Bruker) with nanoscope analysis software in ScanAsyst contact mode.

(ii) SEM micrographs of the prepared graphene films were observed with Zeiss Ultra Plus 55

field emission scanning electron microscope (FE-SEM) operated at an accelerating voltage

of 1.0 kV.

(iii) The Ni surface concentration in dilute Cu(0.61 at% Ni) foil was quantifiedwith X-ray

photoelectron spectroscopy (XPS). A Physical Electronics VersaProbe 5000 instrument

was used employing a 100µm (beam diameter) monochromatic Al-Kα to irradiate the

Cu(0.61 at% Ni) foil surface. Photoelectrons were collected by 180◦ hemispherical electron

energy analyzer. The Cu(0.61 at% Ni) foil was analyzed at a 45◦ angle between the foil

surface and the path to the analyzer. Survey spectra were obtained at the pass energy of

117.5 eV, with a step size of 0.1 eV. The XPS spectra of elements, C 1s, Cu 2p, Ni 2p, and

O 1s were measured to obtain the chemical composition of the foil surface. The spectra

were obtained at the pass energy of 23.5 eV, with a step size of 0.05 eV. The spectra were

obtained before and after the foil was sputtered at a rate of 0.3 nm/min with an Ar beam

operating at 500 V and 150µA for several cycles while measuring the spectra after each

sputter duration. All binding energies were referenced to that of the binding energy of the

Fermi level (EF = 0 eV).
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CHAPTER 5

Raman analysis of bilayer graphene film

5.1 Introduction

In this chapter, the results obtained from the characterization of monolayer and bilayer graphene

films prepared on commercial dilute Cu(0.5 at% Ni) foils using AP-CVD are discussed. This

includes the results obtained from the characterization of the commercial diluteCu(0.5 at% Ni) foil

substrate. The publication (including the supporting information) which detailsthe experimental

procedure and results discussed in this chapter is presented at the end of the chapter.

It was mentioned in chapter 1 that Liuet al.[1] showed that Cu/Ni thin films having a surface layer

composition of about 97 at% Cu and 3 at% Ni could grow a high-quality large-area AB-stacked

bilayer graphene in CVD. Contrary to the study of Liu, this study, proposed a dilute Cu(0.5 at% Ni)

foil which demonstrates similar surface layer composition at 980 °C (see chapter 1 and 2) [2,3].

In this chapter, high-quality large-area (or wafer-scale) monolayer and bilayer graphene films were

synthesized on commercial dilute Cu(0.5 at% Ni) foils at 1000 °C and 980 °C respectively, using

AP-CVD. Before graphene growth, Cu(0.5 at% Ni) foils were annealed at 1050 °C for 30 min

under Ar and H2 mixture to obtain large Cu grains. At 1050 °C, a Ni surface concentration in

dilute Cu(0.5 at% Ni) foil would be 1.8 at% (see chapter 2). However, after aslow cooling to

980 °C for bilayer graphene growth, Ni surface concentration in a foilwill be 2.1 at%. After

growth, the graphene films were transferred onto 300 nm thick SiO2/Si substrates using PMMA.

Both prepared graphene films and commercial dilute Cu(0.5 at% Ni) foil were characterized.
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Figure 5.1: The optical microscope image obtained from monolayer graphene film transferred
onto 300 nm thick SiO2/Si substrate (The inset: Raman spectrum corresponding to
area indicated as box).

5.2 Results and discussions

Figure 5.1 shows the optical microscope image obtained from a prepared monolayer graphene

film which shows a wafer-scale monolayer graphene confirmed by Raman spectrum (the inset).

Figure 5.2(a) and (b) show the optical microscope images obtained from different spots of the

same sample of bilayer graphene film. Figure 5.2 shows large-area bilayer graphene (darker areas)

with areas of monolayer graphene (lighter areas) and suggests commercial dilute Cu(0.5 at% Ni)

foil surface reached≈80 % coverage of the bilayer graphene with approximately 30× 30 µm2

areas of uniform bilayer graphene.

Figure 5.3 shows the Raman mapping (obtained from acquired 900 Raman spectra over 30×
30 µm2 area) of 2D peaks FWHMs for bilayer graphene film shown in figure 5.2.In bilayer

graphene, the distribution of the FWHMs is in the range of 39-65 cm−1 with a cut-off FWHM

of 70 cm−1 [4]. The 2D peaks of Raman spectra obtained from figure 5.3 were fitted withfour

Lorentzians each with FWHM feature of a monolayer which demonstrate the characteristics of the

AB-stacked bilayer graphene (see the publication presented at the end of this chapter). Therefore,

in figure 5.3, over 97 % of the 30×30 µm2 area suggests large-area uniform AB-stacked bilayer

graphene.

From the sheet resistance measurements, a monolayer graphene showeda sheet resistance of
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Figure 5.2: (a) and (b) The optical microscope images obtained from different spots of the same
sample of bilayer graphene film transferred onto a 300 nm thick SiO2/Si substrate.

Figure 5.3: The 2D peaks FWHMs mapping (30×30 µm2) for bilayer graphene film.
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Chapter 5. Raman analysis of bilayer graphene film 95

468 Ω/sqr and a bilayer graphene film of 288Ω/sqr. These sheet resistance values compare

with those measured from a monolayer (409Ω/sqr) and bilayer graphene (287Ω/sqr) films in

reference 5.

The EBSD map for commercial Cu(0.5 at% Ni) foil showed a diverse crystallographic surface

which could be a reason for incomplete wafer-scale bilayer graphene due to the influence of

the Cu surface orientations in early stages of graphene growth, particularly, Cu(111) surface

which typically grows monolayer graphene (discussed in chapter 2). PIXE map of Ni (NiKα1)

distribution in Cu(0.5 at% Ni) foil showed Ni over an analyzed area and Ni bulk concentration of

0.5 at% confirming a Ni bulk concentration in commercial dilute Cu(0.5 at% Ni) foil.

A relatively higher Ni surface concentration in Cu(0.5 at% Ni) foil was confirmed with TOF-SIMS

which also showed the presence of impurities (Al, Na, Fe, Si, C2H5, K) in the foil surface. These

impurities are expected to have much lower bulk concentrations, in a few ppm, which would result

in a low surface concentration of each impurity compared to Ni. Nonetheless,the large-area part

of bilayer graphene film obtained on commercial dilute Cu(0.5 at% Ni) foil was assisted by Ni

surface concentration.

5.3 Publication

This section present an article published in Journal of Raman Spectroscopy, 47, 553-559 (2016).

The publication (including the supporting information) details the experimental procedure and

results discussed in this chapter. Although it is mentioned in this publication that the capability

of a dilute Cu(0.5 at% Ni) foil to grow a large-area bilayer graphene is primarily due to the

higher methane decomposition rate and carbon solubility of Ni (compare to Cu), the effect of

carbon solubility of Ni in dilute Cu(0.5 at% Ni) foil would be negligible compared tothe methane

decomposition rate of Ni which does have a much larger effect during CVDgraphene growth.
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Raman analysis of bilayer graphene film
prepared on commercial Cu(0.5 at% Ni) foil
M. J. Madito,a A. Bello,a J. K. Dangbegnon,a C. J. Oliphant,b W. A. Jordaan,b

T. M. Masikhwa,a D. Y. Momodua and N. Manyalaa*

This study reports the Raman analysis of bilayer graphene films prepared on commercial dilute Cu(0.5 at% Ni) foils using atmo-
spheric pressure chemical vapor deposition. A bilayer graphene film obtained on Cu foil is known to have small areas of bilayer
(islands) with a significant fraction of non-Bernal stacking, while that obtained on Cu/Ni is known to grow over a large area with
Bernal stacking. In the Raman optical microscope images, a wafer-scale monolayer and large-area bilayer graphene films were dis-
tinguished and confirmed with Raman spectra intensities ratios of 2D to G peaks. The large-area part of bilayer graphene film
obtained was assisted by Ni surface segregation because Ni has higher methane decomposition rate and carbon solubility com-
pared with Cu. The Raman data suggest a Bernal stacking order in the prepared bilayer graphene film. A four-point probe sheet
resistance of graphene films confirmed a bilayer graphene film sheet resistance distinguished from that ofmonolayer graphene. A
relatively higher Ni surface concentration in Cu(0.5 at% Ni) foil was confirmed with time-of-flight secondary ion mass spectrome-
try. The inhomogeneous distribution of Ni in a foil and the diverse crystallographic surface of a foil (confirmed with proton-
induced X-ray emission and electron backscatter diffraction, respectively) could be a reason for incomplete wafer-scale bilayer
graphene film. The Ni surface segregation in dilute Cu(0.5 at% Ni) foil has a potential to impact on atmospheric pressure chemical
vapor deposition growth of large-area bilayer graphene film. Copyright © 2015 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at publisher’s web site.

Keywords: graphene Raman; Ni segregation; Cu(Ni) foil; AP-CVD graphene

Introduction

Graphene (a two-dimensional crystalline form of carbon) because
of its remarkable unique properties holds great promise for nano-
scale electronics and photonics. However, graphene has no
bandgap, and that greatly limits its uses in electronics.[1–3] Interest-
ingly, bilayer graphene with zero band gap behaves like a metal
and, if the mirror-like symmetry of the two layers is disturbed [to
give Bernal (AB) stacked bilayer graphene], then behaves like a
semiconductor.[3] Studies have engineered a bandgap in graphene,
bilayer graphene, in particular, that can be controlled up to
250meV by applying a perpendicular electric field.[1–4] One of the
approaches of growing an AB-stacked bilayer graphene is by
chemical vapor deposition (CVD) method. The CVD approach has
demonstrated an excellent capability of growing wafer-scale high-
quality AB-stacked bilayer graphene.[5–8] In CVD graphene growth,
copper (Cu) is the most favorable substrate because of it has lower
carbon solubility (i.e. <0.001 at% at 1000 °C) and slow decomposi-
tion rate ofmethane (CH4).

[9] Graphene growth on Cu surface is cat-
alytic processes where hydrocarbon is decomposed in the
formation of carbon atoms, which initially aggregate and material-
ize into graphene film. The lower decomposition rate of methane
by Cu is advantageous for wafer-scale monolayer graphene growth
but disadvantageous for wafer-scale bilayer graphene growth as it
requires more carbon atoms. In fact, it is practically impossible to
supply sufficient carbon atoms for wafer-scale multilayer graphene
growth on pure Cu surface.[5–15] Generally, a bilayer graphene ob-
tained on pure Cu foil is known to be incomplete (have smaller
areas of bilayer) with a significant fraction of non-AB stacking.[16–21]

Liu et al.[22] have shown with Cu/Ni films having a surface layer
composition of about 97 at% Cu and 3 at% Ni that the lower de-
composition rate of CH4 by Cu can be enhanced by Ni [which is
known to have higher carbon solubility (i.e. ~1.3 at% at 1000 °C)
and decomposition rate of CH4

[23]] to grow a wafer-scale AB-
stacked bilayer graphene in CVD. Preparation of such Cu/Ni films
on SiO2/Si substrates requires an extra experimental procedure
(such as SiO2/Si substrates cleaning/preparation, thickness control-
lable thin film deposition and annealing for thin layer interdiffusion)
compare with commercially available Cu–Ni foil. However, such
Cu–Ni foil at CVD graphene growth temperatures in the range of
900–1000 °C should have surface layer composition of about 97 at
% Cu and 3 at% Ni to grow wafer-scale AB stack bilayer graphene
in accordance with results in Reference 22.

In this study, we propose the use of homogeneous dilute Cu
(0.5 at% Ni) foil, which demonstrates surface layer composition of
about 97 at% Cu and 3 at% Ni in the temperature range of 920–
1000 °C, calculated using surface segregation models[24,25]
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Chapter 5. Raman analysis of bilayer graphene film 97

described in the Supporting Information. The use of homogeneous
dilute Cu(Ni) foil has rarely been studied for the CVD bilayer
graphene growth. The objective of this study is to grow a large-area
or wafer/scale high-quality bilayer graphene films on dilute Cu
(0.5 at% Ni) foil using atmospheric pressure chemical vapor deposi-
tion (AP-CVD). The Raman data showed the capability of a dilute Cu
(0.5 at% Ni) foil for growing a large-area bilayer graphene film. This
capability of a dilute Cu(0.5 at%Ni) foil was ascribed primarily to the
surface segregation of Ni in dilute Cu(0.5 at% Ni) foil (confirmed
with time-of-flight secondary ion mass spectrometry) because Ni
has higher methane decomposition rate and carbon solubility com-
pare with Cu. The Raman data suggest an AB stacking order in the
prepared bilayer graphene film. A prepared bilayer graphene film
has a sheet resistance of 288Ω sq�1.

Experimental

High-purity (99.9%) dilute Cu(0.5 at% Ni) foil samples (20× 20mm2

and 0.5mm thick) were ordered from MaTeck (package list no.
14040413-860). Samples were electro-polished and cleaned for
graphene growth as follows: In the electrochemistry cell, the Cu
(0.5 at% Ni) foil sample (to be polished) was connected to the an-
ode and a Cu plate (30mm in diameter and 2mm thick) to the cath-
ode of the cell, and the electro-polishing solution was 1000ml of
water, 500ml of ortho-phosphoric acid, 500ml of ethanol, 100ml
of isopropyl alcohol and 10g of urea. A direct current power supply
was used to supply constant voltage/current in the electrochemis-
try cell, and a voltage in the range of 3.0–6.0Vwas applied for about
3min. After electropolishing, the Cu(0.5 at% Ni) foils were rinsed
with deionized water and immersed in aqueous nitric acid for 30 s
to dissolve off the electro-polishing solution residues on the foil sur-
face, then again in deionizedwater followed by ultrasonic bathwith
acetone and isopropanol and dryblowing with N2 to remove water
residues. After cleaning, Cu(0.5 at% Ni) foils were loaded in AP-CVD
quartz tube setup for monolayer graphene and bilayer graphene
growth successively. Samples were annealed under Ar (300 sccm)
and H2 (9 sccm) flow for 30min at 1050 °C before the growth of
graphene. After annealing, a monolayer graphene was synthesized
from a mixture of gases, Ar (300 sccm), H2 (9 sccm) and CH4

(15 sccm), and a bilayer graphene from a mixture of Ar (300 sccm),
H2 (9 sccm) and CH4 (10 sccm) at 980 °C for exactly 9min. Immedi-
ately after growth, the CH4 flow was stopped, and the quartz tube
was pushed to the cooler region of the furnace and samples were
rapidly cooled down to room temperature and offloaded from
AP-CVD quartz tube.
The graphene films were transferred onto 300-nm-thick SiO2/Si

substrates. In the transfer, a thin layer of polymethyl methacrylate
(PMMA) (average Mw ~996 000 by gel permeation chromatogra-
phy) dissolved in chlorobenzene with a concentration of 46mgml
was spin-coated on the as-grown graphene films on Cu(0.5 at%
Ni) foils at 3000 rpm for 30 s. PMMA deposited on graphene
films/Cu(0.5 at% Ni) foils was cured at 115 °C for 5min.
PMMA/graphene/Cu(0.5 at% Ni) foil samples were placed in 1-M
iron nitrate to etch off Cu and transferred using a polyethylene tere-
phthalate to the 5% hydrochloride (HCl) and deionized water to dis-
solve the iron nitrate, and then onto SiO2 substrates. Finally, PMMA
was removed using acetone.
Graphene/SiO2/Si samples (graphene films) were characterized

with Raman spectroscopy (WITec Alpha 300 micro-Raman imaging
system with 532-nm excitation laser). Raman spectra were mea-
sured at room temperature with the laser power set below 2mW

in order to minimize heating effects. The graphene film sheet resis-
tance measurements were carried out in ambient conditions (i.e. in
air at room temperature and pressure) using a Signatone four-point
probe station. A Cu(0.5 at%Ni) foil was analyzed with electron back-
scatter diffraction (EBSD) performed in a LEO 1525 field emission
gun scanning electron microscope at an acceleration voltage of
25 kV using the Oxford INCA crystal software. Proton-induced X-
ray emission (PIXE) was used to map Ni distribution in Cu(0.5 at%
Ni) foils. Time-of-flight secondary ionmass spectroscopy (TOF-SIMS)
surface imaging (elemental map) of Cu(0.5 at% Ni) foils was per-
formed using the TOF-SIMS5 Ion-TOF system. The mass spectra
were calibrated to the following mass peaks in positive mode: Al,
Na, Ni, Fe, Si, C, C2H5, K and Cu. The analysis was carried out over
an area of 500×500μm2 and ion sputter gun area of
1000×1000μm2.

Results and discussions

In the Raman spectrum of graphene, the main features that are ob-
servable are the G-band mode (~1590 cm�1), the 2D-band mode
(~2690 cm�1) and the D-band mode or the disorder-induced band
(1350 cm�1).[1,21] The G-band originates from a normal first-order
Raman scattering process in graphene and involves the sp2-hybrid-
ized carbon atoms of the graphene layer, the 2D-band from a
second-order process that involves two in-plane transverse optical
mode (iTO) phonons near the K point and the D-band from a
second-order process that involves one iTO phonon and one
defect.[1,21] The Raman process can also give rise to the triple-
resonance Raman process, which might explain a more intense
2D-band relative to the G-band in monolayer graphene.[1] By ob-
serving the differences in the 2D-band and the G-band intensity
ratios, the 2D-band wavenumber (peak width) and line shape, the
number of graphene layers contained in graphene films can be
obtained and also the stacking order or interlayer interactions in
few-layer graphene films.[1,21] Figure 1(a) and (b) shows the Raman
optical microscope images (obtained using 100×/0.90 objective
lens) of monolayer and bilayer graphene films transferred onto
300-nm-thick SiO2/Si substrates. Importantly, the optical micro-
scope of graphene films displays the image color contrast between
monolayer andmultilayer graphene films; hence, it is used to distin-
guish between the two. The optical microscope image for mono-
layer graphene [Fig. 1(a)] shows a wafer-scale graphene film and
for bilayer graphene film [Fig. 1(b)] shows large-area bilayer
graphene (darker areas) with smaller areas of monolayer graphene
(lighter areas). Figure 1(c) shows the average Raman spectra ob-
tained from 30-μm2 areas of monolayer and bilayer graphene films
shown in Fig. 1(a) and (b) with square boxes. The mapping of G
peak intensities of the obtained Raman spectra over 30-μm2 areas
of monolayer and bilayer graphene films is shown in Fig. S2
(Supporting Information) and shows relative uniform intensity over
an analyzed area. It can be seen in Fig. 1(c) that the G peak intensity
scale range for bilayer graphene is twice that for monolayer
graphene [also see the G peak intensity mapping in Fig. S2
(Supporting Information)] and shows a distinction between mono-
layer and bilayer graphene films. The G-band position can give in-
sight into the number of layers present in the graphene film;
however, it can be affected by film conditions such as temperature,
doping and small amounts of strain present in the film. Nonethe-
less, the G-band intensity, which is less susceptible to such film con-
ditions, shows a behavior that follows a linear trend as the number
of layers increases frommonolayer to multilayer graphene.[1,21,26,27]
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In Fig. 1(c), the absence of the D-band (at ~1360 cm�1) in Raman
spectra demonstrates high-quality graphene because D-band
appears because of the presence of impurities or defects in the
translational symmetry of the carbon material’s lattice.[1,21,26,27] A
wafer-scale monolayer graphene obtained demonstrates a known
capability of graphene of growing over grain boundaries and grains
on polycrystalline Cu surface.[26] The smaller-areas of monolayer
graphene present in prepared bilayer graphene demonstrate the
physical challenge of supplying sufficient carbon atoms for wafer-
scalemultilayer graphene growth on Cu foil.[4,28] The challenge could
be as a result of lower decomposition rate of methane by Cu (espe-
cially in Cu surface areas or grains where there is almost 0 at% Ni
concentrations) and the diverse surface orientations present in Cu
surface.[29] In addition, a similar bilayer graphene film was obtained
[see the optical microscope image in Fig. S3 (Supporting Informa-
tion)] through the same experimental procedure on additional dilute
Cu(0.5 at% Ni) foil sample, which confirms the observed challenge of
obtaining a wafer-scale bilayer graphene film on Cu.

Figure 2(a) and (b) shows the mapping of 2D peak full width at half
maximum (FWHM) and the corresponding 2D to G peak intensity ratio
(I2D/IG) mapping, respectively, for monolayer and bilayer graphene
films. For monolayer graphene, the 2D peak FWHMs are in the range
of 26–38cm�1 and I2D/IG in the range of ~2.5–4.5, while for bilayer
graphene, the distribution of the FWHMs is in the range of
39–65cm�1 (with a cut-off FWHM of about 70cm�1) and I2D/IG in
the range of 0.5–2.2. Figure 2 clearly demonstrates and distinguishes
characteristic features ofmonolayer and bilayer graphene as expected.

In monolayer graphene, the 2D-band mode has a single
Lorentzian feature.[3] In AB-stacked bilayer graphene, the electronic
band splits into two conduction and two valence bands. The upper
(lower) and lower (upper) branches of the valence (conduction)
band are referred to as π1(π�1) and π2(π�2), respectively, as illustrated
with a schematic view in Fig. 3(a).[1,21,26,27] Because 2D-band origi-
nates from second-order Raman process that involves two iTO pho-
nons, the electronic band split causes splitting of the phonon bands
into two components such that the electron–phonon scattering

occurs with two phonons with symmetries T1 and T2.
[26] For a T1

phonon, the scattering occurs between bands of the same symme-
try (i.e. π1 and π�1 or π2 andπ

�
2), and for a T2 phonon, the scattering

occurs between bands of different symmetries (i.e. π1 andπ�2). T1 and
T2 phonon processes are labeled as Pij (with the relativemagnitudes
of the four phonon wavevectors q), where i (j) denotes an electron

Figure 1. The Raman optical microscope images (obtained using 100×/0.90 objective lens) of (a) monolayer and (b) bilayer graphene films transferred onto
300-nm-thick SiO2/Si substrates. (c) The average Raman spectra obtained from 30-μm2 areas of monolayer and bilayer graphene films shown in (a) and (b)
with square boxes.

Figure 2. (a) The 2D peak full width at half maximum (FWHM) mapping and
(b) the corresponding 2D to G peak intensities ratio (I2D/IG) mapping for
monolayer and bilayer graphene films, respectively, transferred onto SiO2/Si
substrate (the data are the same, acquired from the 30-μm2 area in Fig. 1).
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Chapter 5. Raman analysis of bilayer graphene film 99

scattered from (to) each conduction band π�i jð Þ (see Fig. 3(a) sche-

matic view). The P11, P22, P12 and P21 scattering processes originat-
ing from an iTO phonon give rise to four peaks in the Raman 2D
peak with peak wavenumbers at approximately 2655, 2680, 2700
and 2725 cm�1, respectively, and FWHMs equal that of monolayer
graphene 2D peak.[26] These four peaks are fitted as four
Lorentzians to 2D peak.[1,21,26,27] The amplitudes of the two
Lorentzians at ~2680 and ~2700 cm�1 (inner peaks in 2D peak)
have almost the same intensity and are higher than the other two
at ~2655 and ~2725 cm�1 (outer peaks in 2D peak) as shown with
a schematic view of these peaks in Fig. 3(a) (similar to Lorentzians
usually obtained for exfoliated AB-stacked bilayer graphene).[26,27]

The amplitudes of the four Lorentzians depend on the laser energy,
whichwasmaintained constant in this work. Figure 3(b) shows spectra
1 and2 fromcircles 1 and 2 in Fig. 2(a), and the 2Dpeaks are fittedwith
four Lorentzians each with FWHM feature of a monolayer graphene.
The four Lorentzians in Fig. 3(b) demonstrate the characteristics of
the AB-stacked bilayer graphene. To further investigate the possibility
of large-area trilayer graphene, six Lorentzian fits were performed
[Fig. S4 (Supporting Information)] and only four of six Lorentzians fitted

inside 2D peak, which further confirmed bilayer graphene in the
sample. In brief, the Raman spectroscopy/imaging confirms a large-
area bilayer in prepared graphene film distinguished from monolayer
graphene and suggests an AB stacking order in prepared bilayer
graphene film. Of course, Raman spectroscopy/imaging is a
well-known powerful and noninvasive technique to determine,
among others, the number of graphene layers, the stacking order
and the interlayer interactions in few layer graphene sample.[26,27,30,31]

Figure 4(a) shows the measured voltage drop for monolayer and
bilayer graphene films, which was used to calculate the sheet resis-
tance of graphene films [Fig. 4(b)] using an approach that relies on
a geometric factor. Amonolayer graphene film has a high sheet resis-
tance (468Ω sqr�1) compare with bilayer graphene film (288Ω sq�1)
because sheet resistance decreases with the increase in graphene
film thickness (number of layers). The sheet resistance measured
compares with those measured from a monolayer (409Ω sq�1) and
bilayer graphene (287Ω sq�1) films in Reference 18. The sheet resis-
tance is determined by the carrier density and mobility.[32] For in-
stance, at low temperatures (~4K), a monolayer graphene with high
sheet resistance has a high Hall mobility with low carrier density.[33]

In contrary, a bilayer graphene with low sheet resistance has a high
Hall mobility and high carrier density.[33] These properties are used to
distinguishmonolayer and bilayer graphene and are ascribed to differ-
ent band structures and scattering mechanisms in these layers of
graphene.[3,33,34] Therefore, the sheet resistance shows a strong depen-
denceof the electrical prosperities ongraphene film thickness, primarily
relating to the interlayer coupling.[33,34] Thesemeasurements of the car-
rier transport properties of graphene were not performed in this work.

Figure 3. (a) Schematic view of the electron dispersion of bilayer graphene
near the K and K′ points showing both π1 and π2 bands. The resonance
Raman processes due to electronic band split are indicated as P11, P22, P12
and P21 with the relative magnitudes of the four phonon wavevectors q.[1]

(b) The Raman spectra from two different spots of bilayer graphene film
[spectra 1 and 2 are from circles 1 and 2 in Fig. 2(a)] transferred onto SiO2/Si
substrate. The solid lines are Lorentzian fits of 2D peaks. AB, Bernal.

Figure 4. (a) A four-point probe-measured voltage drop for monolayer and
bilayer graphene films transferred onto SiO2/Si substrates (insert to figure
shows a schematic that shows that in a four-point probe, two electrodes
are used for sourcing a direct current, I, and the other two for measuring
the corresponding voltage drop, V) and (b) the calculated sheet resistance
of the corresponding graphene films.
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Figure 5(a) and (b) shows EBSD and PIXE mapping of the grain
surface orientations of the annealed Cu(0.5 at%Ni) foil surface (with
an average grain size of 116μm) and Ni concentration distribution
in the annealed Cu(0.5 at% Ni) foil, respectively. An EBSD map
shows a crystallographic diverse surface of Cu(0.5 at% Ni) foil, com-
posed of terraces of low-index Cu planes (111), (101) and (001) and
larger intermediate planes in accordance with the inverse pole
figure orientation component coloring scheme (inset to figure). In
CVD graphene growth on Cu foil, only the surface of a foil is impor-
tant because the growth is limited to surface reaction. It is known
that the surface crystallography of the Cu foil influences the CVD
graphene growth rate. High-index Cu planes cause compact
graphene island formation with growth rates faster than those on
Cu(100).[18,33] A Cu(111) plane also has fast growth rate but grows
monolayer graphene and influences nearby growth dynamics.[33]

Meaning, graphene growth on the Cu(111) surface grows over
grain boundaries into the adjacent high-index Cu surfaces. There-
fore, traces of Cu(111) surface in Cu(0.5 at% Ni) foil led to smaller
areas of monolayer graphene present in prepared bilayer
graphene. A PIXEmap for Cu(0.5 at% Ni) foil shows inhomogeneous
distribution and high Ni concentration of 0.5 at%, as expected. In-
homogeneous distribution of Ni could be due to grain boundaries,
different grains (orientations) and the presence of other impurities
in the foil, which most likely compete with Ni for lattice sites. An

observed inhomogeneous distribution of Ni in foil bulk will also
be observed in the surface because of grain boundaries and differ-
ent grain surface orientations. For instance, low-energy electron dif-
fraction over-structures have shown that the maximum surface
concentration of a substitutional segregating element for Cu(001),
Cu(101) and Cu(111) is 25, 50 and 33 at%, respectively.[25,35,36] High
Ni surface concentrations will cause faster methane decomposition
and graphene growth rate as compared with surfaces with low Ni
concentrations. Therefore, inhomogeneous distribution of Ni in
Cu foil surface will contribute differently to graphene growth rates
on different grains surfaces.

Figure 6 shows the map images of TOF-SIMS secondary ion in-
tensities measured from a dilute Cu(0.5 at% Ni) surface (i.e. after an-
nealing under graphene growth conditions without methane
source) before surface cleaning [and after surface cleaning for
180 s with ion sputtering; Fig. S5 (Supporting Information)]. Figure 6
shows high surface concentrations (or relative intensities) of Al, Na,
Ni, Fe, Si, C2H5 and K in Cu(0.5 at% Ni) foil, which result from impu-
rities segregation. Impurities of Cu surface play a critical role in de-
termining the number of graphene layers during CVD graphene
growth, but the effect of each impurity is determined by a metal–
carbon atomic interaction energy, metal–methane decomposition
rate and metal–carbon solubility. Although Na and K alkali metals
(and C2H5) show high relative intensities at room temperature, they
will not dominate the surface during CVD growth at high tempera-
ture of 980 °C because of their very low melting points (<100 °C).
Compare with other elements, high relative intensities of Na and
K in foil do not necessarily show high surface concentrations of
these elements because they have strong signals in TOF-SIMS. Al,
Si and Fe impurities have bulk concentrations in the order of few
parts per million (ppm) compare with Ni, which has 5000ppm
(0.5 at%), and hence, Ni has higher surface concentration (Fig. 6).
Compare with these impurities, after surface cleaning with ion
sputtering [Fig. S5 (Supporting Information)], Ni has higher bulk
concentration as expected. Among impurities detected in the foil
surface, Ni has strong carbon–metal atomic interaction, high

Figure 5. (a) Electron backscatter diffraction (EBSD) map of the annealed
Cu(0.5 at% Ni) foil surface, and the inset to the figure is the corresponding
inverse pole figure orientation component coloring scheme. (b) Proton-
induced X-ray emission (PIXE) map of Ni distribution in the annealed Cu
(0.5 at% Ni) foil.

Figure 6. The map images of time-of-flight secondary ion mass spectroscopy
secondary ion intensities measured from a dilute Cu(0.5 at% Ni) surface before
surface cleaning with ion sputtering.
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Chapter 5. Raman analysis of bilayer graphene film 101

methane decomposition rate, high carbon solubility and high bulk
concentration (which act as Ni supplier to reach high Ni surface
concentrations).[1,21,26,37] As a result, surface Ni will contribute sig-
nificantly during CVD graphene growth on Cu(0.5 at% Ni) foil.
Furthermore, the thermodynamically driven segregation of Ni in

dilute Cu(0.5 at% Ni) foil can be described according to Darken de-
scription (surface segregation model), which states that segrega-
tion of impurities in dilute alloy is driven by a change in chemical
potential energy, which results in the minimization of the total en-
ergy of the crystal.[25] Using surface segregation models, it can be
shown that at a growth temperature of 980 °C, the Ni surface con-

centration is XS
Ni = 2.1, 1.4 and 1.1 at% for Cu(001), Cu(111) and Cu

(101) surfaces, respectively [see the calculation of Fig. S1
(Supporting Information)]. Therefore, at 980 °C, a surface layer of a
dilute Cu(0.5 at% Ni) foil will have about 1.5 at% Ni on average,
and the impurities with bulk concentrations in the order of few
parts per million will have <0.01 at% surface concentrations. Once
more, Liu et al.,[22] using Cu/Ni thin films with a surface layer
consisting of >97 at% Cu and <3 at% Ni, have produced a large-
area AB-stacked bilayer graphene film. Similarly, a dilute Cu(0.5 at
% Ni) foil has produced a large-area bilayer graphene film that is
suggested to be AB stacked according to Raman data. The pro-
cesses such as segregation from grains and grain boundaries and
the segregation dependence of different grains surfaces play a role
in surface concentration build-up of segregating impurity. There-
fore, in a polycrystalline foil that has crystallographic diverse sur-
face, it is difficult to control or separate these contributions from
each other (even in the calculation using surface segregation
models). Therefore, the Ni surface concentration calculated using
surface segregation models approximates to an actual average Ni
surface concentration expected in dilute Cu(0.5 at% Ni) foil at a
growth temperature of 980 °C.

Conclusions

In this study, the Raman analysis of graphene films prepared on
commercial dilute Cu(0.5 at% Ni) foils using AP-CVD is reported.
The AP-CVD growth of graphene films focused on growing a
large-area AB-stacked bilayer graphene film. In the Raman optical
microscope images, a wafer-scale monolayer and large-area bilayer
graphene films were distinguished and confirmed with Raman
spectra data. The Raman data suggest an AB stacking order in pre-
pared bilayer graphene film. A four-point probe sheet resistance of
graphene films confirmed a bilayer graphene film sheet resistance
distinguished from that ofmonolayer graphene. The large-area part
of bilayer graphene film obtained on dilute Cu(0.5 at% Ni) foil was
assisted by Ni surface concentration because Ni has higher meth-
ane decomposition rate and carbon solubility as compared with
Cu. A higher Ni surface concentration in Cu(0.5 at% Ni) foil was con-
firmed with time-of-flight secondary ionmass spectrometry. The in-
homogeneous distribution of Ni in a foil and the diverse
crystallographic surface of a foil (confirmed with proton-induced
X-ray emission and EBSD respectively) could be a reason for incom-
plete wafer-scale bilayer graphene film. Because high-index Cu
planes and low-index Cu(001) and Cu(101) planes are known to
grow compact graphene and Cu(111) plane to grow monolayer
graphene, which grows over grain boundaries into the adjacent
grains. Although we propose a homogeneous dilute Cu(0.5 at%
Ni) foil, we also suggest that a foil should consist of low-index Cu
(001) or Cu(101) surfaces to archive a wafer-scale AB-stacked bilayer
graphene film in AP-CVD.
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5.4 Supporting information

This section present a supporting information referred to in the publication above (Chapter 5).
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2 
 

Ni surface concentration calculation using surface segregation models 

 

Part of the modified Darken equations, which defines the rate of surface concentration build-up 

of dope element 1 (e.g. Ni in dilute Cu(Ni) foil), is
[1,2]
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where 
SX 1 is the surface concentration of the segregating dope element 1, BX1  is the bulk 

concentration, MX is the maximum surface concentration < 100 at%, M1 is the mobility, 

M = D/RT where D is the diffusion coefficient in Arrhenius equation, d is the thickness of the 

segregated layer, R is the gas constant and T is the temperature. 

In dilute system the segregation energy (ΔG) can be approximated to segregation enthalpy (ΔH) 

by 
[3,4]
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where Z is bulk coordination number (Z = 12 for Cu crystal), ΔZ is a difference in coordination 

number between bulk and surface (ΔZ = 4, 3 and 2 for Cu(001), Cu(111) and Cu(101) 

respectively), ΔH
sub

 is heat of sublimation for element A and B ( kJ/mol3.339Cu  subH and 

kJ/mol1.430Ni  subH )
[5]

. 

In Eq. S1, the rate of surface concentration build-up of dope element 1, at equilibrium,

01  tX S
, and Eq. S1 reduces to the Langmuir–McLean equation

[1,6]
: 

                                                    






 




 RT

G

X

X

XX

XX
B

B

MS

MS

exp
11 1

1

1

1           (3) 

In Eq. S3, substituting parameters:  

i. ΔG (obtained from Eq. S2 for Cu(001), Cu(111) and Cu(101)), 

ii. %at 5.01

1 
B

X  and  

iii. 
MX = 0.25, 0.33 and 0.50 for Cu(001), Cu(111) and Cu(101) respectively

[1,6]
,  

the temperature dependence of the Ni surface fractional concentration in dilute Cu(0.5 at% Ni) 

foil was obtained as shown in Fig. S1.  
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Figure. S1. The temperature dependence of the Ni surface concentration in dilute Cu(Ni) alloy 

obtained with Langmuir–McLean equation. 

 

In brief, at isothermal CVD growth temperature of 980 °C the Ni surface concentration in dilute 

Cu(0.5 at% Ni) foil is SX Ni = 2.1, 1.4 and 1.1 at% for Cu(001), Cu(111) and Cu(101) surfaces 

respectively. Therefore, at 980 °C, a surface layer of a dilute Cu(0.5 at% Ni) foil will have about 

98.5 at% Cu and 1.5 at% Ni. 
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4 
 

Raman data 

 

 

Figure. S2. The G peaks intensities mapping over 30 μm
2 

area for monolayer and bilayer 

graphene films transferred on SiO2/Si substrate. 

 

 

 

Figure. S3. The Raman optical microscope image of bilayer graphene film transferred onto 300 

nm thick SiO2/Si substrate. 
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Figure. S4. The Raman spectra from two different spots of bilayer graphene film transferred 

onto SiO2/Si substrate. The solid lines are Lorentzian fits of 2D peaks. 
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6 
 

TOF-SIMS data 

 

 

 

Figure. S5. The map images of TOF-SIMS secondary ion intensities measured from a dilute 

Cu(0.5 at% Ni) surface after surface cleaning for 180 s with ion sputtering. 
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5.5 Concluding remarks

This part of the study aimed at growing a high-quality large-area AB-stacked bilayer graphene film

using commercial dilute Cu(0.5 at% Ni) foil as a substrate in AP-CVD. A high-quality large-area

AB-stacked bilayer graphene film was successfully obtained, however, it had small areas of

monolayer graphene which were attributed to the influence of the Cu surface orientations ("surface

effects") in early stages of graphene growth since the presence of Cu(111) surface typically grows

monolayer graphene. The large-area part of bilayer graphene film could be as a result of a high

Ni surface concentration since Ni has higher methane decomposition rate compared to Cu. This

chapter showed the capability of a commercial dilute Cu(0.5 at% Ni) foil for growing a large-area

bilayer graphene film and suggests a possibility of growing a wafer-scalebilayer graphene film if

a dilute Cu(0.5 at% Ni) foil has no Cu(111) surface.
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CHAPTER 6

A dilute Cu(Ni) alloy for synthesis of
AB-stacked bilayer graphene

6.1 Introduction

This chapter discusses the doping of an annealed Cu foil from Alfa Aesar for graphene growth

with a small concentration of Ni (≈0.5 at%) to obtain a dilute Cu(0.5 at% Ni) foil for synthesis

of high-quality large-area or wafer-scale AB-stacked bilayer graphene films using AP-CVD. This

includes the results obtained from the characterization of substrates (bothun-doped and Ni doped

Cu foils) and bilayer graphene films obtained from un-doped and Ni doped Cu foils. The capability

of a Ni doped Cu foil for growing a large-area bilayer graphene film compared to un-doped Cu

foil using AP-CVD is demonstrated in this chapter. The publication which detailsthe experimental

procedure and results discussed in this chapter is presented at the end of the chapter.

In Cu(Ni) foil, the maximum surface concentration of Ni that would be segregated during CVD

graphene growth at a growth temperature of interest is determined by Ni bulk concentration

and the segregation energy, as discussed using Langmuir-McLean equation in chapter 1. For

Ni bulk concentration in the range of 0.1 to 0.9 at% (in the dilute concentration range), the

maximum surface concentration of Ni in dilute Cu(Ni) foil is in the range of 1 to<5 at% in

the temperature range of 900-1000 °C. In this surface concentration and temperature range, the

Ni bulk concentration (0.5 at%) and the CVD growth temperature (≈1000 °C) are such that the

maximum surface concentration of Ni would be≈3 at% during CVD graphene growth.

112
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In this chapter, an annealed Cu foil from Alfa Aesar for graphene growth was doped with a

small concentration of Ni (≈0.5 at%) to obtain a dilute Cu(Ni) foil. The doping of this foil was

motivated by its continuous crystallographic surface composed of a single (001) orientation which

is known to grow multilayer graphene domains [1-4]. In addition, since this foil is manufactured

for graphene growth it was found to be of interest in this study. After Ni doping, bilayer graphene

films were synthesized simultaneously on both un-doped and Ni doped Cu foils at 920 °C using

AP-CVD and for a high-quality graphene, the films were synthesized at 1000 °C. After growth,

the graphene films were transferred onto 300 nm thick SiO2/Si substrates and TEM Cu grids by

spin-coating a thin layer of PMMA on the as-grown graphene films. The substrates (both un-doped

and Ni doped Cu foils) and bilayer graphene films transferred onto SiO2 were characterized.

6.2 Results and discussions

PIXE maps of Ni (Ni Kα1) distribution in foils suggest that Ni is uniform throughout foils.

EBSD map of Cu foil showed a continuous crystallographic surface composed of a single (001)

orientation. TOF-SIMS depth profiles obtained from both un-doped and Ni doped Cu foils showed

the presence of impurities in the foils. Ni showed higher intensity ratio in the surface of a Ni doped

Cu foil compared to the bulk suggesting precipitation/segregation capability ofNi.

Figure 6.1(a) and (b) show the Raman optical microscope images of graphene films obtained

at a growth temperature of 920 °C on Cu and Ni doped Cu(0.46 at% Ni) foils respectively,

and figure 6.1(c) and (d) show the images of graphene films obtained at growth temperature of

1000 °C on Cu and Cu(0.46 at% Ni) foils respectively. At a growth temperature of 920 °C, a

bilayer graphene obtained on Cu foil shows larger areas of monolayer graphene compared to

bilayer graphene obtained on Cu(0.46 at% Ni) foil suggesting higher bilayercoverage rate for

Cu(Ni) foil surface. In addition, the films show low-quality graphene (highD peak intensity).

However, at a growth temperature of 1000 °C the films show high-quality graphene. At 1000 °C,

a bilayer graphene obtained on Cu foil show discrete bilayer graphene domains with an average

lateral size of≈10 µm and>90 % coverage. In contrast to Cu foil, a bilayer graphene obtained

on Cu(0.46 at% Ni) foil shows a large-area (or wafer-scale) bilayer graphene and suggests dilute

Cu(0.46 at% Ni) foil surface reached≈98 % coverage with approximately 30× 30 mm2 area

(substrate size) of uniform bilayer graphene.
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Figure 6.1: The Raman optical microscope images of graphene films obtained on (a) Cu and (b)
Cu(0.46 at% Ni) foils at 920 °C and on (c) Cu and (d) Cu(0.46 at% Ni) foils at1000 °C.
The inset: Raman spectra corresponding to areas indicated as box 1 and 2.

At a growth temperature of 920 °C, a bilayer graphene film obtained on a Cufoil showed a high

sheet resistance (380Ω/sqr) compared to that obtained on Cu(Ni) foil (315Ω/sqr) suggesting a

difference in bilayer coverage. For graphene obtained on Cu(Ni) foil,the selected area electron

diffraction suggested bilayer graphene with AB stacking.

6.3 Publication

This section present an article published in AIP: Journal of Applied Physics, 119, 015306 (2016).

The publication details the experimental procedure and results discussed inthis chapter. In the

publication, figure 3, PIXE mapping of NiKα1 shows Ni distribution in Cu and Cu(0.46 at% Ni)

foils and PIXE mapping of CuKα1 shows Cu in Cu grid. TOF-SIMS depth profiles, figure 5, are

presented in sputter times since an actual sputter rate is not known.
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A dilute Cu(Ni) alloy for synthesis of large-area Bernal stacked bilayer
graphene using atmospheric pressure chemical vapour deposition

M. J. Madito,1 A. Bello,1 J. K. Dangbegnon,1 C. J. Oliphant,2 W. A. Jordaan,2

D. Y. Momodu,1 T. M. Masikhwa,1 F. Barzegar,1 M. Fabiane,1,3 and N. Manyala1,a)

1Department of Physics, Institute of Applied Materials, SARCHI Chair in Carbon Technology and Materials,
University of Pretoria, Pretoria 0028, South Africa
2National Metrology Institute of South Africa, Private Bag X34, Lynwood Ridge, Pretoria 0040, South Africa
3Department of Physics, National University of Lesotho, P.O. Roma 180, Lesotho

(Received 13 August 2015; accepted 26 December 2015; published online 7 January 2016)

A bilayer graphene film obtained on copper (Cu) foil is known to have a significant fraction of

non-Bernal (AB) stacking and on copper/nickel (Cu/Ni) thin films is known to grow over a

large-area with AB stacking. In this study, annealed Cu foils for graphene growth were doped with

small concentrations of Ni to obtain dilute Cu(Ni) alloys in which the hydrocarbon decomposition

rate of Cu will be enhanced by Ni during synthesis of large-area AB-stacked bilayer graphene

using atmospheric pressure chemical vapour deposition. The Ni doped concentration and the Ni

homogeneous distribution in Cu foil were confirmed with inductively coupled plasma optical

emission spectrometry and proton-induced X-ray emission. An electron backscatter diffraction

map showed that Cu foils have a single (001) surface orientation which leads to a uniform growth

rate on Cu surface in early stages of graphene growth and also leads to a uniform Ni surface

concentration distribution through segregation kinetics. The increase in Ni surface concentration

in foils was investigated with time-of-flight secondary ion mass spectrometry. The quality of gra-

phene, the number of graphene layers, and the layers stacking order in synthesized bilayer graphene

films were confirmed by Raman and electron diffraction measurements. A four point probe station

was used to measure the sheet resistance of graphene films. As compared to Cu foil, the prepared

dilute Cu(Ni) alloy demonstrated the good capability of growing large-area AB-stacked bilayer

graphene film by increasing Ni content in Cu surface layer. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4939648]

I. INTRODUCTION

Graphene as a two-dimensional structured carbon

material has attracted many researchers due to its fascinating

properties and potential applications.1–4 However, its zero

band gap restricts some of its applications.1 One of the

approaches of opening the band gap in graphene is synthesiz-

ing a Bernal (AB) stacked bilayer graphene that is known to

exhibit a tunable band gap of up to 0.25 eV.2–4 Amongst the

common approaches used to produce AB-stacked bilayer

graphene films are the chemical vapour deposition (CVD)

which has attracted tremendous research activities due to its

ability to produce wafer-scale high-quality graphene films

with a controllable number of layers.5–7 In CVD graphene

growth, metal substrates are used to promote graphene syn-

thesis by a surface growth mechanism or by segregation

(precipitation).8,9 Metal substrates commonly used for CVD

graphene growth include nickel (Ni) and copper (Cu).8,9

Nevertheless, for a CVD bilayer graphene, these metal

substrates have limitations or challenges. For instance, a

bilayer graphene film obtained on Ni has large traces of

multi-layers, and on Cu only fraction of the bilayer graphene

film has AB stacking order.4,9,10 Interestingly, a binary Cu-

Ni metal alloy has shown a capacity of growing a large-area

AB-stacked bilayer graphene film in comparison to pure

Cu.5,6 This was demonstrated by Chen et al.,6 using commer-

cial Cu-Ni alloy foils with 31.0 wt. % Ni, 67.8 wt. % Cu com-

position, and Liu et al.,5 using Cu(1200 nm)/Ni(400 nm) thin

films deposited onto SiO2 substrate. The good capability of

Cu-Ni alloy of growing a large-area AB-stacked bilayer

graphene film as compared to Cu demonstrated a lower

hydrocarbon decomposition rate (i.e., weak supply of active

carbon species which materialise into graphene) of Cu sur-

face at an optimized hydrocarbon pressure in CVD graphene

growth process.5 It is believed that active impurity atoms in

Cu segregate to the Cu surface during annealing and enhance

the hydrocarbon decomposition rate of Cu,4 but the level of

enhancement is related to the surface concentration of the

segregated impurity atoms and the atom-atom interaction

energy. In addition, as compared to Cu, Ni has higher carbon

solubility and decomposition rate of methane (i.e., strong

supply of active carbon species which materialise into gra-

phene), hence it enhances the hydrocarbon (methane)

decomposition rate in Cu-Ni alloy during CVD graphene

growth.5 To tune the hydrocarbon decomposition rate of Cu

by doping Cu with Ni, the maximum surface concentration

of Ni that will be segregated during CVD graphene growth is

important and is determined by the concentration of Ni in Cu

(i.e., Ni bulk concentration) and the segregation driving

energy (segregation energy).11 Liu et al.5 have shown that

a)Author to whom correspondence should be addressed. Electronic mail:

ncholu.manyala@up.ac.za

0021-8979/2016/119(1)/015306/13/$30.00 VC 2016 AIP Publishing LLC119, 015306-1
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Cu(1200 nm)/Ni(400 nm) films having a surface layer com-

position of >97 at. % Cu and <3 at. % Ni grow a wafer-scale

AB-stacked bilayer graphene in CVD. Now, for a Cu foil to

have a surface layer composition of about 97 at. % Cu and 3

at. % Ni through Ni segregation during graphene growth in

the temperature range of 900–1000 �C, it should have about

0.5 at. % Ni bulk concentration and Ni segregation driving

energy of about 30 kJ/mol. Consequently, we propose the

use of homogeneous dilute Cu(0.5 at. % Ni) foil for large-

area AB-stacked bilayer graphene growth in CVD. Dilute

Cu(Ni) foils for CVD multilayer graphene growth have not

received much attention. Nonetheless, studies have used

pure Cu foils,8 Cu/Ni thin films,5,9,13 and non-dilute commer-

cial Cu-Ni foils (i.e., Cu(88.0 wt. %)-Ni(9.9 wt. %)14 and

Cu(67.8 wt. %)-Ni(31.0 wt. %)6) in CVD for graphene growth.

A bilayer graphene film obtained on pure Cu foil is known to

have islands of bilayer with monolayer background and sig-

nificant fraction of non-AB stacking,10 on Cu(1200 nm)/

Ni(400 nm) thin films is known to grow over a large-area with

AB stacking, and for non-dilute Cu-Ni foils a CVD graphene

growth is known to dominate from segregation/precipitation

process, which could lead to a variation in the uniformity of

the bilayer graphene over large areas and a significant fraction

of non-AB stacking in bilayer graphene.14

Despite the previous works on growth of AB-stacked

bilayer graphene films using CVD system,6,9–15 a controlla-

ble CVD growth of a continuous large-area high-quality AB-

stacked bilayer graphene remains a challenge for different

laboratories with CVD set-up for graphene growth. This

work is aimed at preparation and analysis of dilute Cu(Ni)

foils for growth of large-area AB-stacked bilayer graphene

using atmospheric pressure chemical vapour deposition

(AP-CVD).

II. EXPERIMENTAL

A. Thermal deposition and annealing

Few Cu foil samples (�30� 30 mm2) (to be prepaid the

same way) were obtained from a high purity (99.8%) 25 lm

thick annealed Cu foil from Alfa Aesar. Samples were

immersed in aqueous nitric acid for 30 s to dissolve surface

impurities on foils, then in distilled water followed by an

ultra-sonic bath with acetone and isopropanol and dry-

blowing with N2 to remove water residues.16 The cleaned Cu

foils were loaded in a vacuum chamber of a thermal evapora-

tor for Ni deposition. A thin layer of high purity (99.99%) Ni

(116 nm) was thermally evaporated onto Cu foil sample at a

rate of 1 Å/s in a vacuum chamber with a pressure of

3� 10�3 Pa. The deposition of a thin layer of Ni was

repeated on extra three Cu foil samples. After evaporation,

Cu/Ni samples were loaded in AP-CVD quartz tube under

argon atmosphere. Samples were annealed at 950 �C for 8 h

with argon flow rate of 500 sccm to obtain a homogeneous

distribution of Ni concentration in Cu foils. For the 950 �C
and 8 h annealing conditions, the concentration distribution

(C) of Ni in Cu foil with a thickness l and the surface located

at x¼ 0, where the Ni source layer with a thickness h is

restricted, was calculated in terms of diffusion depth x using

Fick’s solution for finite systems (see Fig. 1(a))17

C ¼ 1

2
C0

X1
n¼�1

erf
hþ 2nl� x

2
ffiffiffiffiffi
Dt
p

� �
þ erf

h� 2nlþ x

2
ffiffiffiffiffi
Dt
p

� �
; (1)

where C0 is the initial concentration of Ni on the Cu surface,

D¼D0 exp (–Q/RT) is the diffusion coefficient (D0 is the

pre-exponential factor, Q is the activation energy

(D0¼ 7.0� 10�5 m2/s and Q¼ 225.0 kJ/mol for Ni diffusion

in Cu18), R is the gas constant, and T is the temperature).

The annealing process yielded Ni concentration distribu-

tion in 25 lm thick Cu foil that is 99.8% uniform (see

Fig. 1(a) calculation for a Cu foil sample 1 in Table I). After

annealing at 950 �C, a 10.0 kV primary electron beam in

scanning electron microscopy (SEM) was scanned across the

Cu foil surface to obtain its micro-structural image as shown

in Fig. 1(b) and shows the average grain size of 35.7 lm.

Before and after deposition of the Ni films onto the Cu foils,

the masses of the samples were measured with Denver

instrument balance (model SI-234) with repeatability or

standard deviation of <60.1 mg. After annealing, the masses

of the samples were measured again and found to have

increased, and from Ni masses the concentrations were found

as listed in Table I. An ICP-OES (inductively coupled

plasma optical emission spectrometry) spectrometer was

used to confirm the Ni concentrations listed in Table I. For

FIG. 1. (a) Ni concentration distribution as a function of diffusion depth in 25 lm thick Cu foil. (b) The micro-structure image of annealed Cu foil surface.
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instance, a piece of a Cu foil with a mass of 47.1 mg was cut

from a Cu foil sample 1 and analysed with an ICP-OES spec-

trometry and was found to have a Ni amount with a mass of

0.199 mg (equivalent to 0.457 at. %).

Ni doped (i.e., Cu(0.46 at. % Ni, sample 1 in Table I))

and un-doped Cu foils were loaded in AP-CVD at a centre of

a quartz tube for bilayer graphene growth (see a schematic

view of AP-CVD setup in Fig. 2(a)). Figure 2(b) shows a

temperature profile of AP-CVD measured directly inside

quartz tube centre located at the furnace centre with external

chromel–alumel thermocouple (type K), and the measured

temperature was calibrated in terms of true sample tempera-

ture for graphene growth.

B. Bilayer graphene synthesis and transfer onto SiO2

Pre-growth of graphene, Cu and Cu(0.46 at. % Ni) foils

were annealed under Ar (300 sccm) and H2 (100 sccm) flow

for 60 min (see Fig. 2(b)) to obtain a clean and uniform surface.

After annealing, the graphene was synthesised at 920 �C from a

mixture of gases, Ar (300sccm): H2 (9 sccm): CH4 (10 sccm)19

for exactly 15 min. Immediately after growth, the CH4 flow

was stopped and samples were rapidly cooled down by pushing

the quartz tube to the cooler region of the furnace. At less than

80 �C, samples were off loaded from AP-CVD quartz tube and

transferred onto 300 nm thick SiO2/Si substrates.

In the transfer, a thin layer of poly methyl methacrylate

(PMMA) (average Mw �996 000 by gel permeation chroma-

tography (GPC)) dissolved in chlorobenzene with a concen-

tration of 46 mg/ml was spin-coated on the as-grown

graphene on both Cu and Cu(Ni) foils at 3000 rpm for 30 s.

PMMA/graphene/(Cu and Cu(Ni)) foil samples were placed

in 1 M iron nitrate to etch off Cu and Cu(Ni).5,6 PMMA/

graphene films floated in the etchant after the foils were

etched. These films were then transferred using a polyethyl-

ene terephthalate (PET) to the 5% hydrochloride (HCl), then,

deionized (DI) water to dissolve the iron nitrate,5 and subse-

quently the PMMA/graphene films were transferred onto

SiO2 substrates. Finally, PMMA was removed by placing

samples in an acetone bath for 6 h.20

C. Characterizations

Proton-induced X-ray emission (PIXE) was used to map

Ni distribution in Cu and Cu-Ni foils. An additional high

purity (99.999%) Cu grid was used for mapping Cu signal. A

beam energy of 3.0 MeV and target current of 200 pA were

used for analysis. Electron backscatter diffraction (EBSD)

analysis of a Cu foil was performed in a LEO 1525 field-

emission gun scanning electron microscope at an accelera-

tion voltage of 25 kV using the Oxford INCA crystal

software. The X-ray diffraction (XRD) pattern of Cu foil

was collected using an XPERT-PRO diffractometer

(PANalytical BV, Netherlands) with reflection geometry at

2h values ranging from 30� to 70� with a step size of 0.01�.
Co K1a radiation with a wavelength of 1.7890 Å was used as

the X-ray source, and a tube was operated at 50 kV and

30 mA. Time-of-flight secondary ion mass spectroscopy

(TOF-SIMS) depth profiling was performed on Cu and

Cu-Ni foils using the TOF-SIMS5 Ion-TOF system. The

mass spectra were calibrated to the following mass peaks in

positive mode: Al, Na, Ni, Fe, Si, C, C2H5, K, and Cu. For

analysis, a Gaþ primary ion beam was used, and for sputter-

ing a Csþ ion beam was used. The analyses were carried

out over an area of 500� 500 lm2 and sputter gun area of

1000� 1000 lm2 and time interval of 6 s. The graphene

TABLE I. The masses of the samples and Ni added in Cu foils and the corresponding Ni concentrations.

Cu foils

samples

Cu foils masses

pre-deposition (60.1 mg)

Cu foils masses after

deposition (60.1 mg)

Cu foils masses after

annealing (60.1 mg)

Ni masses in Cu foils after

annealing (60.1 mg)

Ni doped concentration

(at. %)

1 285.4 286.9 286.6 1.2 0.455

2 268.1 269.3 269.6 1.5 0.606

3 262.0 263.3 263.4 1.4 0.579

4 251.0 252.2 252.5 1.5 0.647

FIG. 2. (a) A schematic view of AP-CVD setup. (b) A temperature profile of AP-CVD measured directly inside quartz tube centre.

015306-3 Madito et al. J. Appl. Phys. 119, 015306 (2016)
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films transferred onto SiO2 substrates were characterized

with WITec Alpha 300 micro-Raman imaging system with

532 nm excitation laser. Raman spectra were measured at

room temperature with the laser power set below 2 mW in

order to minimize heating effects. The graphene film sheet re-

sistance measurements were carried out in ambient conditions

(i.e., in air at room temperature and pressure) using a

Signatone four point probe station. A DC current in the range

of 0–1.7 mA was used. The electron diffraction pattern of pre-

pared graphene film was obtained with high-resolution trans-

mission electron microscopy (HRTEM) (Jeol JEM-2100F

Field Emission Electron Microscope, with a maximum ana-

lytical resolution of 200 kV and a probe size under 0.5 nm).

III. RESULTS

A. PIXE, EBSD, and XRD analysis of Cu and Cu(Ni)
foils

Figure 3 shows PIXE maps for Ni distribution in Cu,

Cu(0.46 at. % Ni) foil and high purity Cu grid. A PIXE map

for Cu(0.46 at. % Ni) foil shows high Ni concentration as

compared to that of Cu foil, as expected. PIXE maps suggest

that Ni distribution is uniform through foils. Figure 4(a)

shows an EBSD map of Cu foil which shows a continuous

crystallographic surface composed of (001) orientation in ac-

cordance with the inverse pole figure orientation component

colouring scheme (the bottom inset to Fig. 4(a)), and the top

inset to Fig. 4(a) shows the SEM image of a Cu foil surface

that is mapped out with an EBSD. In Fig. 4(a), the scale bar

is 30 lm which is about the same order of magnitude as the

average grains size of the foil (i.e., 35.7 lm); hence, few

grains of a Cu foil are expected to be captured within the

EBSD image. Therefore, an EBSD map shows that annealed

Alfa Aesar Cu foil used for graphene growth has a preferen-

tial (001) surface orientation. The EBSD data are supported

by XRD data (Fig. 4(b)) showing a single diffraction inten-

sity peak of Cu(002) orientation which is parallel to Cu(001)

orientation. Nonetheless, an XRD data are not restricted to

surface information, but rather bulk information hence the

data are not used to obtain surface grains crystallographic

information.

B. TOF-SIMS analysis of Cu and Cu(Ni) foils

Figure 5 shows depth profiles of Cu and Cu(0.46 at. %

Ni) foils after annealing under conditions similar to that of

graphene growth, where some of the impurities (Al, Na, Ni,

Fe, Si, C2H5, and K) in Cu can be seen in surface and bulk

regions of the samples. In Cu foil: Fig. 5(a) depth profile

shows the presence of impurities in the bulk, and some of

these impurities have higher intensities in the surface region

of a foil. Though the impurities show high intensities in

TOF-SIMS, they do not necessarily show high surface con-

centrations, since they have strong signals in TOF-SIMS.

Interestingly, Ni impurity with almost zero intensity ratios in

the bulk shows higher intensity ratio in the surface region

and that demonstrates Ni surface precipitation/segregation

capability. Similarly, in Cu(0.46 at. % Ni) foil: Fig. 5(b)

depth profile shows the presence of impurities in both bulk

and surface regions of a foil. In contrast to Cu foil, Ni has

higher intensity ratio in the bulk and surface region of a foil

and that demonstrates an increase in Ni bulk concentration

FIG. 3. PIXE maps of Ni distribution in Cu, Cu(0.46 at. % Ni) foil and high

purity Cu grid.

FIG. 4. (a) An EBSD map of high temperature annealed Alfa Aesar Cu foils for graphene growth (the top-right inset is SEM image of an area mapped out with

EBSD, and the bottom-right inset is the EBSD map corresponding inverse pole figure orientation component colouring scheme). (b) XRD data of the annealed

Cu foil.
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Chapter 6. A dilute Cu(Ni) alloy for synthesis of AB-stacked bilayer graphene 119

due to Ni doped concentration. Also, Si has higher intensity

ratio in the bulk of a Cu(0.46 at. % Ni) foil, which does not

necessarily mean that Si has higher bulk concentration than

Ni, but rather that Si has strong signals in TOF-SIMS.

Nevertheless, compared to Cu foil, a higher Si intensity ratio

could suggest that during Ni doping process of a Cu an

extremely small amount of Si probably from the instrument

was introduced as an impurity into the foil, or a measured Si

signal was enhanced by ion sputtering during analysis. In

both foils, all impurities are expected to have bulk concentra-

tions in the order of few parts per million (�10 ppm) and in

Ni doped foil, Ni has �5000 ppm (�0.5 at. %). Nevertheless,

the TOF-SIMS secondary-ion yield depends strongly on the

matrix effects (target chemical and electronic character).

C. Raman characterization of graphene films

Figure 6(a) shows the average spectra of Raman spectra

acquired from a 30 lm2 area of graphene films obtained on

Cu and Cu(0.46 at. % Ni) foils and transferred onto 300 nm

thick SiO2/Si substrates. The similarity in these average

Raman spectra suggests that graphene films obtained on Cu

and Cu(0.46 at. % Ni) foils are similar particularly in the

number of graphene layers present in the sample. The main

features that are observable are labelled, namely, the G-band

mode at �1590 cm�1, the 2D-band mode at �2690 cm�1,

and the D-band mode at �1350 cm�1 (also known as a

disorder-induced band).1,21 A schematic view in Fig. 6(b)

shows that the G-band originates from a normal first-order

Raman scattering process in graphene, the 2D-band from a

second-order process (double resonance Raman process) that

involves two in-plane transverse optical mode (iTO) phonons

near the K point, and the D-band from a second-order pro-

cess that involves one iTO phonon and one defect.1,21 The

Raman process can also give rise to the triple-resonance

Raman process, which might explain a more intense 2D-

band (relative to the G-band) in monolayer graphene films.1

By observing the differences in the 2D-band frequency and

line shape, the number of graphene layers contained in gra-

phene samples can be obtained and also the stacking order or

interlayer interactions in few layers graphene sample.21,22

Figures 7(a) and 7(b) Raman data show the 2D peaks

Full width at half maximum (FWHM) mapping and the 2D

to G peaks intensity ratio (I2D/IG) mapping, respectively, for

graphene films obtained on Cu and Cu(0.46 at. % Ni) foils.

Cu foil graphene: Fig. 7(a) shows 2D peaks FWHM map

with the distribution of the FWHMs in the range of

34–70 cm�1, and in Fig. 7(b) the I2D/IG peaks intensities ratio

is in the range of 0.9–3.0, though Fig. 7(b) shows a range of

0.8–4.4. The symmetric 2D peaks with FWHM in the range

FIG. 5. TOF-SIMS depth profiles of annealed (a) Cu and (b) Cu(0.46 at. % Ni) foils.

FIG. 6. (a) The average Raman spectra of spectra acquired from a 30 lm2 area of graphene films obtained on Cu and Cu(0.46 at. % Ni) foils and transferred

onto SiO2/Si substrates. (b) A schematic view of Raman scattering processes in graphene film.1
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of 28–37 cm�1 and the I2D/IG ratio > 2.5 features demon-

strate characteristics of monolayer graphene, and the 2D

peaks with FWHM in the range of 38–70 cm�1 and the I2D/

IG ratio in the range of 0.5 to <2.5 features demonstrate

characteristics of bilayer graphene.5 Therefore, the bilayer

graphene film obtained on Cu foil consists of significant

areas of mono and bilayer graphene. Cu(0.46 at. % Ni) foil
graphene: Fig. 7(a) shows 2D peaks FWHM map with the

distribution of the FWHMs is in the range of 37–65 cm�1

and the I2D/IG ratio (Fig. 7(b)) in the range of 0.9–2.8. These

features demonstrate characteristics of bilayer graphene, and

the 2D peaks with FWHM of 37 cm�1 and the I2D/IG ratio of

2.8 features demonstrate traces of monolayer graphene pres-

ent in the sample.

As observed in this study, the 2D peaks with the distri-

bution of the FWHMs in the range of approximately

25–70 cm�1 and the I2D/IG peaks intensities ratio in the range

of approximately 0.8–4.4 correspond to monolayer and

bilayer graphene features. In accordance, a tri or multilayer

graphene has 2D peaks with higher FWHMs (>70 cm�1) and

lesser I2D/IG peaks intensities ratio (<0.8).1,5

Figure 8 Raman data show the D to G peaks intensity ra-

tio (ID/IG) for graphene films obtained on Cu and Cu(0.46

at. % Ni) foils. The graphene films show an ID/IG ratio of

about 0.5 and suggest that the prepared graphene films are

partially defective (have higher D peak intensity relative to

the G peak). High D peak intensity shows the presence of

impurities or defects in the translational symmetry of the

carbon material’s lattice, which could be observed under

electron diffraction measurements.

Furthermore, the 2D-band mode for monolayer

graphene is known to show a single Lorentzian feature.1 In

AB-stacked bilayer graphene, the electronic band is known to

split into two components, namely, two conduction and two

valence bands where the upper (lower) and lower (upper)

branches of the valence (conduction) band are labelled as

p1(p�1) and p2(p�2), respectively (see a schematic view in Fig.

9(a)).1,22 The electronic band split results into the splitting of

the phonon bands into two components.22 However, there is

only one main double resonance Raman process contributing

to the 2D-band. In this double resonance process with respect

to the bands split, the electron–phonon scattering occurs with

two phonons with symmetries T1 and T2. For a T1 phonon,

the scattering can occur between the p1 and p�1 or p2 and p�2
bands of the same symmetry.1 For a T2 phonon, the scattering

occurs between bands of different symmetries (i.e., p1 and

p�2). T1 and T2 phonon processes are labelled as Pij, where i
(j) denote an electron scattered from (to) each conduction

band p�iðjÞ (demonstrated in Fig. 9(a)). The P11, P22, P12, and

P21 scattering processes come from an iTO phonon and give

rise to four peaks in the Raman 2D peak spectrum with peak

frequencies at approximately 2655, 2680, 2700, and

2725 cm�1, respectively, and FWHMs equal that of mono-

layer graphene 2D peak.1 These four peaks are normally

fitted as four Lorentzians to 2D peak to demonstrate AB-

stacked bilayer graphene.5,10,22

The Raman spectra from three spots marked with circles

1, 2, and 3 in Fig. 7(a) are shown in Figs. 9(b) and 9(c). Cu
foil graphene: In Fig. 9(b), spectrum 1 (from circle 1) has a

2D peak that is single Lorentzian and that shows monolayer

graphene. Spectrum 2 (from circle 2) has a 2D peak with

larger FWHM of 43 cm�1 and is fitted with four Lorentzians

each with FWHM of 31 cm�1 corresponding to that of a

monolayer graphene.5 The fits demonstrate characteristics of

FIG. 7. Raman data: (a) The 2D peaks FWHM maps and (b) the 2D to G

peaks intensity ratio (I2D/IG) for graphene films obtained on Cu and Cu(0.46

at. % Ni) foils.

FIG. 8. Raman data: The D to G peaks intensity ratio (ID/IG) for graphene

films obtained on Cu and Cu(0.46 at. % Ni) foils.
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Chapter 6. A dilute Cu(Ni) alloy for synthesis of AB-stacked bilayer graphene 121

bilayer graphene that is possibly non-AB stacked due to large

differences in relative amplitudes of the Lorentzians. In exfoli-

ated AB-stacked bilayer graphene, the amplitudes of the four

Lorentzians are relative, two of which have higher relative

intensities (almost the same intensity) than the other two.22

Nevertheless, the relative amplitudes of the Lorentzians are

known to depend on the laser energy,1 which was maintained

constant in this work. Similarly, in spectrum 3 (from circle 3),

the 2D peak has larger FWHM of 71 cm�1 and is fitted with

four Lorentzians each with FWHM of 31 cm�1. The fits dem-

onstrate characteristics of AB-stacked bilayer graphene, since

the amplitudes of the four Lorentzians are relative, two of

which have higher relative intensities (almost the same inten-

sity) than the other two.1,10,22 Cu(0.46 at. % Ni) foil graphene:

In Fig. 9(c), spectrum 1 (from circle 1) shows single

Lorentzian and that shows monolayer graphene. In Spectrum

2 (from circle 2) and 3 (from circle 3), 2D peaks show four

Lorentzians each with FWHM of 31 cm�1. The fits demon-

strate characteristics of AB-stacked bilayer graphene. Similar

to exfoliated AB-stacked bilayer graphene, the amplitudes of

the four Lorentzians are relative.22 Therefore, a graphene film

obtained on Cu(0.46 at. % Ni) foil demonstrates features of

a large-area AB-stacked bilayer graphene as compared to

graphene film obtained on Cu foil.

FIG. 9. (a) Schematic view of the electron dispersion of bilayer graphene near the K and K0 points showing both p1 and p2 bands. The resonance Raman proc-

esses are indicated as P11, P22, P12, and P21.1 (b) and (c) The Raman spectra from three different spots of graphene films obtained on Cu and Cu(0.46 at. % Ni)

foils as indicated in Fig. 7(a), respectively.

015306-7 Madito et al. J. Appl. Phys. 119, 015306 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  137.215.6.53 On: Sat, 02 Apr 2016

15:08:17

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 
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Figures 10(a) and 10(b) show the Raman optical micro-

scope images of graphene films obtained at a growth temper-

ature of 920 �C on Cu and Cu(0.46 at. % Ni) foils,

respectively, and Figs. 10(c) and 10(d) show the images of

graphene films obtained at growth temperature of 1000 �C on

Cu and Cu(0.46 at. % Ni) foils, respectively (the Raman

spectra 1 and 2 (inset to the figures) correspond to areas 1

and 2 (boxes) in images). In Figs. 10(a)–10(c), the Raman

spectra from lighter areas (box 1) correspond to that of a

monolayer graphene and from darker areas (box 2) to that of

bilayer graphene, and also the Raman spectrum in Fig. 10(d)

corresponds to that of a bilayer graphene.22 At a growth tem-

perature of 920 �C, a bilayer graphene obtained on Cu foil

shows larger-areas of incomplete bilayer graphene (i.e.,

monolayer graphene) as compared to bilayer graphene

obtained on Cu(0.46 at. % Ni) foil. At a growth temperature

of 1000 �C, a bilayer graphene obtained on Cu foil is also

incomplete (has small-areas of bilayer on a monolayer

graphene background), and bilayer graphene obtained on

Cu(0.46 at. % Ni) foil shows a large-area (or wafer-scale)

bilayer graphene with a much better or high-quality gra-

phene. Clearly, the optical microscope images suggest that

the bilayer graphene growth rate on Cu(0.46 at. % Ni) foil is

higher as compared to Cu foil.

D. Four point probe graphene film sheet resistance

In a four-point probe/sheet resistance measuring system

for thin films, two electrodes are used for sourcing a DC

current, I (through the outer two probes) and the other two

for measuring the corresponding voltage drop, V (see a sche-

matic view, i.e., inset to Fig. 11(a)). Figure 11(a) shows the

measured voltage drop for bilayer graphene films obtained

on Cu and Cu(0.46 at. % Ni) foils and that was used to calcu-

late the sheet resistance of graphene films (Fig. 11(b)) using

an approach which relies on a geometric factor. A bilayer

graphene film obtained on a Cu foil shows a high sheet re-

sistance (380 X/sq) as compared to that obtained on Cu(0.46

at. % Ni) foil (315 X/sq) and that could be as a result of

larger areas of incomplete bilayer graphene (i.e., monolayer

graphene areas) present in a film obtained on Cu foil as com-

pared to that obtained on Cu(0.46 at. % Ni) foil, since sheet

resistance decreases with the increase in graphene film thick-

ness or number of graphene layers.

E. Electron diffraction of graphene film obtained on
Cu(Ni) foil

Figure 12(a) shows the TEM image of the graphene film

obtained on Cu(0.46 at. % Ni) foil and transferred onto the

FIG. 10. The Raman optical microscope images (100�/0.90 objective) of graphene films obtained on (a) Cu and (b) Cu(0.46 at. % Ni) foils at 920 �C and on

(c) Cu and (d) Cu(0.46 at. % Ni) foils at 1000 �C (transferred onto 300 nm thick SiO2/Si substrate. The inset: Raman spectra corresponding to areas indicated

as boxes 1 and 2.
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Chapter 6. A dilute Cu(Ni) alloy for synthesis of AB-stacked bilayer graphene 123

TEM Cu grid. Figure 12(b) inset shows the electron diffrac-

tion pattern that shows two sets of diffraction rings. The dif-

fraction patterns were analysed with diffraction ring profiler

(which was developed for phase identification in complex

microstructures23 to obtain the diffraction intensity profile

(Fig. 12(b)) which shows two peaks at an inter-planar spac-

ing of d¼ 1.23 Å (outer ring) and d¼ 2.13 Å (inner ring) cor-

responding to indices (1–210) and (1–110), respectively.24

The relative intensity of the spots in the outer ring is twice

that of the spots in the inner ring and that demonstrates AB

stacking order.10,22,24 The selected area electron diffraction

method confirms the bilayer graphene with AB stacking and

that corresponds to the bilayer graphene features observed

from Raman data (i.e., 2D peaks FWHMs and peaks inten-

sities ratio).

IV. DISCUSSION

In prepared dilute Cu(Ni) foils, Ni is uniformly distrib-

uted and the Ni content present in Cu foil (un-doped) is due

to Cu foil impurities, since Alfa Aesar Cu foil for graphene

growth with purity of 99.8% has about 0.2% unknown-

impurities. Interestingly, Ni in Cu foils showed surface

precipitation/segregation capability which is expected to

enhance bilayer graphene coverage rate by enhancing the

methane decomposition rate of Cu in CVD graphene growth.

In CVD graphene growth on Cu foil, only the surface of a

foil is important, since a growth is limited to surface reac-

tion.4 Meaning, in the early stage of graphene growth, the

interaction between the hydrocarbon and the Cu substrate is

important. Despite that the Cu-graphene interaction is rela-

tively weak after growth, hence graphene is easily transfera-

ble from Cu substrate.4,6 It is known that the surface

orientation of the Cu foil influences the graphene growth rate

and the number of layers in graphene film.6 Studies have

shown that the Cu(100) surface causes multilayer graphene

growth, and high index Cu surface orientations cause com-

pact graphene island formation with growth rates higher than

those on Cu(100).6,25 In this work, an Alfa Aesar Cu foil for

graphene growth with (001) surface orientation/lattice plane

which is equivalent to Cu(100) plane will have a preferential

growth of multilayer graphene.6,25 On ideal flat Cu surface, a

single (001) surface orientation of a Cu foil will lead to a

uniform growth rate in early stages of graphene growth.

However, a high degree of uniform distribution of islands

(uniform growth rate) on Cu surface is affected by an amount

FIG. 11. (a) A four point probe measured voltage drop for bilayer graphene films obtained on Cu and Cu(0.46 at. % Ni) foils and (b) the calculated sheet resist-

ance of the corresponding graphene films.

FIG. 12. (a) TEM image of the graphene film obtained on Cu(0.46 at. % Ni) foil at growth temperature of 920 �C and transferred onto TEM Cu grid. (b) The

electron diffraction intensity profile of the diffraction pattern (inset to the figure) of the graphene film obtained on Cu(0.46 at. % Ni) foil.
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of imperfection sites (the sharp structures) on Cu surface that

are not completely removed during high-temperature anneal-

ing under hydrogen and argon gas flow. In addition, a single

Cu surface orientation also leads to a uniform Ni surface

concentration distribution through segregation kinetics.26 In

prepared dilute Cu(Ni) foil, the maximum surface concentra-

tion of Ni that segregated during CVD graphene growth is

determined by Ni concentration in Cu (i.e., Ni bulk concen-

tration) and Ni segregation driving energy (segregation

energy). More precisely, the surface enrichment of Ni in

dilute Cu(Ni) foil is driven by a change in chemical potential

energy (writeable in terms of the segregation energy, DG),

which results in the minimization of the total energy of the

crystal.26 Part of the modified Darken equations, which

defines the rate of surface concentration build-up of dope

element 1 (e.g., Ni in dilute Cu(Ni) foil), is26

@X/
1

@t
¼ M1XB1

1

d2
DGþ RT ln

XB1

1 1� X/
1

XM

� �

X/
1

XM
1� XB1

1

� �

2
6664

3
7775; (2)

where X/
1 is the surface concentration of the segregating

dope element 1, XB
1 is the bulk concentration, XM is the maxi-

mum surface concentration <100 at. %, M1 is the mobility, d
is the thickness of the segregated layer, R is the gas constant,

and T is the temperature.

In Eq. (2), as the crystal temperature increases, surface

concentration build-up of dope element 1 increases until it

reaches a maximum surface concentration (i.e., segregation

equilibrium), then, a further increase in temperature results

in desegregation. At equilibrium, @X/
1 =@t ¼ 0 and Eq. (1)

reduces to the Langmuir–McLean equation26

X/
1 =XM

1� X/
1 =XM

¼ XB
1

1� XB
1

exp
�DG

RT

� �
: (3)

From a well-known thermodynamic expression, DG
¼DH � TDS, where DH is segregation enthalpy, T is tem-

perature, and DS is segregation entropy.27 In a dilute system,

the segregation entropy (DS) is negligible (generally

DS/R< 1) and DG�DH.28 The segregation enthalpy can be

approximated by26,27

DH ¼ DZ

Z

� �
DHsub

B � DHsub
A

� �
; (4)

where Z is bulk coordination number (Z¼ 12 for Cu crystal),

DZ is a difference in coordination number between bulk and

surface (DZ¼ 4 for Cu(001)), DHsub is the heat of sublima-

tion for element A and B (DHsub
Cu ¼ 339:3 kJ=mol and

DHsub
Ni ¼ 430:1 kJ=mol (Refs. 29 and 30)).

For a dilute Cu(001)(Ni) alloy, DH¼ 30.3 kJ/mol (from

Eq. (4)), and therefore, DG¼ 30.3 kJ/mol. Now, substituting

DG¼ 30.3 kJ/mol in Eq. (3), the temperature dependence of

the Ni surface concentration in dilute Cu(Ni) alloy was

obtained (Fig. 13) for XB
1 ¼ 0.3, 0.5, 0.7, and 0.9 at. % Ni

and XM¼ 25 at. %. (Low energy electron diffraction

over-structures have shown that the maximum surface

concentration of a substitutional segregating dope element

for a Cu(001) is 25 at. % (Ref. 31).) The CVD graphene

growths on Cu are carried-out in the temperature range of

900–1000 �C, and in this temperature range (see the inset to

Fig. 13), the maximum surface concentration of Ni in dilute

Cu(Ni) alloy is in the range of 1 to <5 at. %. At a growth

temperature of 920 �C, a surface layer of a dilute Cu(0.46

at. % Ni) foil is expected to have a composition of about 2

at. % Ni and 98 at. % Cu. In the study of Liu et al.,5 a

Cu(1200 nm)/Ni(400 nm) thin film with a surface layer com-

position of about more than 97 at. % Cu and lesser than 3

at. % Ni at a CVD growth temperature of 920 �C demon-

strated a capability of producing large-area AB-stacked

bilayer graphene film. Accordingly, a dilute Cu(0.46 at. %

Ni) foil has demonstrated a capability of producing large-

area AB-stacked bilayer graphene film as compared to Cu

foil (see the above discussion on Raman data).

It could be expected that a proposed surface layer com-

position of a dilute Cu(0.46 at. % Ni) foil will be altered by

Cu sublimation during CVD graphene growth. For instance,

in low-pressure CVD, annealing at high temperatures

	1000 �C leads to a significant increase in the rate of Cu

sublimation.32 However, in atmospheric pressure CVD at the

same annealing temperatures (i.e., 	1000 �C), the rate of Cu

sublimation is expected to decrease significantly. In fact, at

higher pressures, the sublimation of Cu is suppressed.33

Furthermore, under optimised AP-CVD graphene

growth conditions, a bilayer graphene obtained on Cu foil

showed larger-areas of incomplete bilayer graphene (i.e.,

small-areas of bilayer on a monolayer graphene background)

as compared to large-area (or wafer-scale) bilayer graphene

obtained on Cu(0.46 at. % Ni) foil and that could be due to

graphene growth rate which is expected to be higher on

Cu(0.46 at. % Ni) foil as compared to Cu foil, following

from the enhancement of methane decomposition rate of Cu

by Ni. Generally, a slower crystal growth rate yields few

crystalline dislocations, and the non-AB stacking in bilayer

graphene is due to the undesired dislocations between two

graphene layers.34 Therefore, a slower graphene growth rate

FIG. 13. The temperature dependence of the Ni surface concentration in

dilute Cu(Ni) alloy obtained with Langmuir–McLean equation, the inset

shows the same plot in temperature range of 900–1000 �C.
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observable on Cu as compared to Cu(Ni) could contribute

significantly to crystalline dislocations (non-AB stacking) in

bilayer graphene. Nonetheless, a bilayer graphene film

obtained on Cu compared to Cu-Ni alloy is known to have a

significant fraction of non-AB stacking.4,5,10 The incomplete

bilayer graphene coverage though could also be viewed as

an effect of H2 etching during annealing;32 in this study, an

attempt to suppress or minimise the annealing effects of H2

on as-grown graphene includes a rapid cooling of as-grown

graphene/Cu samples. Nonetheless, H2 effects in CVD gra-

phene growth have positive effects. For instance, the effect

of H2 in CVD graphene growth was viewed as a co-catalyst

in the formation of active surface bound carbon species

required for graphene growth32,35,36 and etches away the

weak carbon-carbon bonds (graphene edges) for the growth

of bilayer or multilayer graphene.33,37 The effects of H2 are

expected to be the same for graphene films obtained on both

Cu and Cu(0.46 at. % Ni) foils, since the two are synthesized

simultaneously. Though CVD graphene growth on Cu sur-

face is a catalytic process which has simplicity view, the

CVD growth mechanism is complicated and depends on

growth background pressure. Generally, on the Cu surface

where the decomposition of hydrocarbons and the surface

diffusion induced graphene growth materialise, several proc-

esses are involved which includes:4,33,38,39

(i) Absorption and desorption of hydrocarbon molecules

on Cu.

(ii) Decomposition of hydrocarbon to form active carbon

species.

(iii) Aggregation of carbon species on Cu surface (i.e., for-

mation of nucleation sites).

(iv) Surface diffusion and attachment of carbon species to

nucleation sites to materialise graphene.

(v) Etching of the as-grown graphene, etc.

Due to simultaneous CVD growth of graphene on both

Cu and Cu(0.46 at. % Ni) foils, all the above-mentioned

processes are expected to be the same for both Cu and

Cu(0.46 at. % Ni) foils, but except for the second process

(i.e., decomposition of hydrocarbon to form active carbon

species). A process of the decomposition of hydrocarbon to

form active carbon species could be viewed as a supply of

active carbon species for graphene to materialise. Once

more, as compared to Cu, Ni has higher methane decomposi-

tion rate (i.e., supply of active carbon species) and higher

carbon solubility.5,40,41 Hence, contrary to Cu, Cu(0.46 at. %

Ni) foil can be expected to easily decompose hydrocarbons

and provide sufficient carbon species for bilayer or multi-

layer graphene growth. In this instance, the assumption is

that graphene growth on both Cu and dilute Cu(0.46 at. %

Ni) foils occurs mostly during the hydrocarbon exposure at a

constant temperature, rather than due to carbon precipitation/

segregation during cooling.5,42 Despite the assumption,

carbon has very low solubility in Cu (<0.001 at. % at

1000 �C),43 and for carbon to precipitate during cooling an

equilibrium saturation of carbon atoms in Cu substrate is

required,26 which may not be possible since the CVD growth

of graphene (i.e., Cu substrate exposure to carbon source)

occurs over few minutes.44,45 In addition, Harpale et al.45

has demonstrated that carbon diffusion into Cu is restricted

by preferential carbon-carbon bonds formation (carbon-car-

bon dimer pairs) over Cu-carbon bonds. Hence, graphene

growth on Cu can be regarded to occur mostly during the

hydrocarbon exposure at a constant temperature. At gra-

phene growth temperatures (�1000 �C), a surface layer of a

dilute Cu(0.46 at. % Ni) foil is expected to have a higher rel-

ative surface concentration of Ni due to Ni segregation.26 In

contrary to a surface layer of a dilute Cu(0.46 at. % Ni) foil,

a subsurface layer is expected to have �0 at. % Ni, since Ni

enrichment of a surface layer of a dilute Cu(0.46 at. % Ni)

foil will deplete the subsurface layer(s).26 As a result, during

exposure to carbon source, a surface layer of a dilute

Cu(0.46 at. % Ni) foil will have both Cu-carbon and Ni-

carbon bonds/interaction effects, and a subsurface layer

which is mostly Cu will have preferential carbon-carbon

bonds (which restrict carbon diffusion into Cu)45 and very

low carbon solubility similar to Cu. Similarly, graphene

growth on dilute Cu(0.46 at. % Ni) foil can be regarded to

occur mostly during the hydrocarbon exposure at a constant

temperature. During CVD graphene growth, unlike Cu sur-

face, the metal-carbon interaction effects of a dilute Cu(0.46

at. % Ni) foil surface will have both Cu-carbon and Ni-

carbon interactions effects, hence a dilute Cu(0.46 at. % Ni)

foil is expected to easily decompose hydrocarbons and sup-

ply sufficient active carbon species for bilayer or multi-layer

graphene growth.

In previous studies, it is mentioned that a CVD substrate

with a surface layer elemental composition of about 97 at. %

Cu and 3 at. % Ni grows bilayer graphene with an AB-

stacked yield in the range of 95%–100%, which is attributed

to the surface catalytic graphene growth mode with a certain

methane decomposition rate5 and AP-CVD graphene growth

on Cu substrate grow small-areas of multilayer graphene on

a monolayer graphene background at higher methane con-

centrations (low methane concentrations grow wafer-scale

monolayer graphene).41 The capability of Cu-Ni alloy to

grow large-area AB-stacked bilayer graphene as compared

to Cu which is known to grow islands of bilayer graphene

with a significant fraction of non-AB stacking is discussed

on the basis of metal-carbon solubility and hydrocarbon

decomposition rate.4–6

In addition, a discussion on the driving energy or mech-

anism behind a favorable growth of AB-stacked graphene

layers on Cu-Ni alloy as compared to Cu is lacking in litera-

ture, and also this study does not have supported results to

give such detailed discussion. Nonetheless, if a thermody-

namic process driving a Bernal stacking of two superim-

posed graphene layers is viewed as a minimization of the

total energy of a metal-carbon (graphene) system. Therefore,

as compared to preferential carbon-carbon interactions over

Cu-carbon interactions in Cu, preferential Ni-carbon interac-

tions over Cu-carbon and carbon-carbon interactions in

Cu-Ni alloy45 suggest that a Cu-Ni-carbon system has lowest

crystal energy over a Cu-carbon system, which makes it a

favourable system for thermodynamic process driving a

Bernal stacking of two superimposed graphene layers.

The sheet resistance obtained for bilayer graphene film

obtained on a Cu(0.46 at. % Ni) foil (315 X/sq) compares

015306-11 Madito et al. J. Appl. Phys. 119, 015306 (2016)
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well with that of a large area bilayer graphene (287 X/sq)

obtained by Chen et al.6 using non-dilute commercial Cu-Ni

alloy foils. The Raman and electron diffraction data showed

that the graphene film obtained on Cu(0.46 at. % Ni) foil is

mainly AB-stacked bilayer graphene.

Once more, Alfa Aesar Cu foils for graphene growth

with purity of 99.8% have about 0.2% unknown-impurities,

and Liu et al.4 have demonstrated that the purity of Cu sur-

face plays a critical role in determining the number of gra-

phene layers. In this study, un-doped and Ni doped Cu foils

are obtained from the same Alfa Aesar Cu foil, hence they

have the same amount and type of unknown-impurities. So,

the effect of these unknown-impurities in graphene growth is

the same for both foils under the same growth conditions;

hence, the effect can be ruled-out in comparison of graphene

films obtained from both un-doped and Ni doped Cu foils.

Though this study focuses on CVD bilayer graphene growth,

the advantage of CVD technique for controlling graphene

layer thickness can further be expanded to uniform multi-

layer graphene growth in comparison to multi-layer graphene

synthesized using chemical methods for anode material in

Li-ion batteries.46,47

V. CONCLUSIONS

This study demonstrated the solid state diffusion doping

of annealed Cu foils for graphene growth with small concen-

trations of Ni to obtain a dilute Cu(Ni) alloy in which the

hydrocarbon decomposition rate of Cu will be enhanced by

Ni during synthesis of large-area AB-stacked bilayer gra-

phene using AP-CVD setup. As compared to Cu foil, the pre-

pared dilute Cu(Ni) alloy demonstrated the good capability

of growing large-area AB-stacked bilayer graphene by

increasing Ni content in Cu surface layer thus altering a

composition of a Cu surface where the decomposition of

hydrocarbons and the surface diffusion induced graphene

growth materialise. The methane decomposition rate of Cu

surface for large-area CVD bilayer graphene growth was

engineered with Ni through a well-known segregation phe-

nomenon. The number of graphene layers contained in films

and the AB stacking order of synthesized graphene films

were confirmed by Raman and electron diffraction pattern

measurements. The results obtained in this work demon-

strated the interest and potential insight of using dilute

Cu(Ni) alloy as a substrate in AP-CVD for synthesis of a

large-area AB-stacked bilayer graphene film.
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6.4 Concluding remarks

Alfa Aesar Cu foils for graphene growth with purity of 99.8 % have about 0.2 %

unknown-impurities (the concentration of each impurity is not known). In thisstudy, un-doped

and Ni doped Cu foils are obtained from the same Alfa Aesar Cu foil, hencethey have the

same amount and type of unknown-impurities. So, the effect of these unknown-impurities in

graphene growth is the same for both foils under the same growth conditions;hence the effect is

not considered in the comparison of graphene films obtained from both un-doped and Ni doped

Cu foils. Compared to Cu foil, the prepared dilute Cu(Ni) foil demonstrated thegood capability

of growing large-area AB-stacked bilayer graphene by increasing Nicontent in Cu surface layer

thus altering a composition of a Cu surface to enhance the hydrocarbon decomposition rate. The

obtained results demonstrated the interest and potential insight of using diluteNi doped Cu foil

(from Alfa Aesar which is manufactured for graphene growth) as a substrate in CVD.

In the next chapter, a Ni doped Cu foil prepared in this chapter will be used to further demonstrate

its capability for growing a wafer-scale AB-stacked bilayer graphene film.
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CHAPTER 7

A wafer-scale AB-stacked bilayer
graphene film

7.1 Introduction

This chapter discusses the AP-CVD synthesis and characterization of high-quality and wafer-scale

(≈20×20 mm2) AB-stacked bilayer graphene film obtained on a dilute Cu(0.61 at% Ni) foil. The

discussion includes the results from the characterization of graphene filmsobtained from pure

Cu and dilute Cu(0.61 at% Ni) foils, and characterization of Cu(0.61 at% Ni) foil substrate. The

publication (including the supporting information) which details the experimentalprocedure and

results discussed in this chapter is presented at the end of the chapter.

In this chapter, a Ni doped Cu foil prepared as discussed in the previous chapter was used for

bilayer graphene growth. It is worth mentioning that in the previous chapter, a Cu(Ni) foil

used had a Ni bulk concentration of 0.46 at% and in this chapter has a Ni bulkconcentration

of 0.61 at%. At a growth temperature of 980 °C, both foils will have approximately the same Ni

surface concentrations and hence similar hydrocarbon decomposition rates.

Bilayer graphene films were synthesized simultaneously on both Cu and Cu(0.61 at% Ni) foils at

980 °C using AP-CVD. The graphene films obtained on foils were transferred by spin coating a

thin layer of PMMA on the as-grown graphene on foils. The graphene filmstransferred onto SiO2

were characterized. In addition, the surface elemental composition of a dilute Cu(0.61 at% Ni)

foil substrate was analyzed.
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Figure 7.1: (a-b) SEM micrographs of a bilayer graphene film (at low and high magnifications
respectively) obtained on a dilute Cu(Ni) foil and transferred onto 300 nm SiO2/Si
substrate. (c-d) Raman optical microscope images of a bilayer graphene film (at
low and higher magnifications respectively) on 300 nm SiO2/Si substrate. The inset:
Raman spectrum corresponding to the area indicated as a box.

7.2 Results and discussions

Figure 7.1(a)-(b) (at low and high magnifications) show SEM micrographsof a bilayer graphene

film obtained on a dilute Cu(0.61 at% Ni) foil, which suggests uniform and continuous graphene

layers. These SEM micrographs are the same as those of other parts of thesame film (see

figure S5 in the supporting information for publication presented at the end of this chapter), hence

figure 7.1(a)-(b) suggest a uniform and continuous graphene overentire graphene film.

Figure 7.1(c)-(d) show Raman optical microscopy images and bilayer graphene Raman spectrum

(the inset) of a bilayer graphene film obtained on a dilute Cu(0.61 at% Ni) foil, which also suggest

uniform and continuous graphene layers over entire graphene film. Therefore, SEM micrographs
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and optical microscopy images (Figure 7.1) suggests dilute Cu(0.61 at% Ni) foil surface reached

≈98 % coverage with≈20×20 mm2 area (substrate size) of uniform bilayer graphene.

A wafer-scale bilayer graphene film obtained on a dilute Cu(0.61 at% Ni) foil has a sheet

resistance of 284Ω/sqr which compares well with a sheet resistance of large-area bilayer

graphene(288Ω/sqr) discussed in chapter 5.

After growth, a high surface concentration of Ni compared to Ni bulk concentration in dilute

Cu(0.61 at% Ni) foil was confirmed and quantified (as 1.2±0.2 at%) with TOF-SIMS and XPS

respectively. However, a Ni surface fractional concentration of 1.2at% could be larger since

1.2 at% is the fractional/average value of Ni concentration measured in the presence of other

species rather than Cu alone by XPS.

7.3 Publication

This section present an article published in RSC Advances, 6, 28370-28378 (2016). The

publication (including the supporting information) details the experimental procedure and results

from the characterization of graphene films obtained from pure Cu and dilute Cu(0.61 at% Ni)

foils, and characterization of Cu(0.61 at% Ni) foil substrate.
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A wafer-scale Bernal-stacked bilayer graphene film
obtained on a dilute Cu (0.61 at% Ni) foil using
atmospheric pressure chemical vapour deposition†

M. J. Madito, N. Manyala,* A. Bello, J. K. Dangbegnon, T. M. Masikhwa
and D. Y. Momodu

A bilayer graphene film was synthesized on a dilute Cu (0.61 at% Ni) foil using atmospheric pressure

chemical vapour deposition (AP-CVD). Atomic force microscopy average step height analysis, scanning

electron microscopy micrographs and the Raman optical microscopy images and spectroscopy data

supported by selected area electron diffraction data showed that the bilayer graphene film obtained on

a dilute Cu (0.61 at% Ni) foil is of high-quality, continuous over a wafer-scale (scale of an entire foil) and

mainly Bernal stacked. These data clearly showed the capability of a dilute Cu (0.61 at% Ni) foil for

growing a wafer-scale bilayer graphene film. This capability of a dilute Cu (0.61 at% Ni) foil was ascribed

primarily to the metal surface catalytic activity of Cu and Ni catalyst. A wafer-scale bilayer graphene film

obtained on a dilute Cu (0.61 at% Ni) foil has a sheet resistance of 284 U sq�1 (measured using a four-

point probe station). Time-of-flight secondary ion mass spectrometry and X-ray photoelectron

spectroscopy showed a high surface concentration of Ni in the dilute Cu (0.61 at% Ni) foil which altered

the surface catalytic activity of the Cu to grow a wafer-scale bilayer graphene film.

Introduction

Graphene has attracted wide interest due to its promising
potential applications in electronics and photonics.1–3 However,
many of these applications are restricted by the zero band gap of
graphene.4,5 Nonetheless, a considerable band gap of up to
�250 meV can be opened up in Bernal (AB) stacked bilayer
graphene by applying a perpendicular electric eld between the
two superimposed layers.5–7 Hence, graphene synthesis has
been focused on growing high-quality and large-area AB-stacked
bilayer graphene. Chemical vapour deposition (CVD) is
a favourable synthesis technique for graphene since it can grow
high-quality and large-area or wafer-scale graphene, which is
important for electronic devices.8,9 In addition, atmospheric-
pressure CVD is technologically more accessible for graphene
growth.

Generally, CVD synthesis of graphene starts with the
decomposition of hydrocarbon into active carbon atoms on
catalytic metal substrates (e.g. Cu, Ni, Fe, Pd, Pt).5,10–14 In CVD
graphene growth, Cu is a favourable catalytic metal substrate
due to its very low solubility of carbon (i.e. <0.001 at% at

1000 �C),15 low cost, high etchability and capability of growing
a homogeneous monolayer graphene lm. Despite its favour-
ability, it is a challenge to grow uniform large-area bilayer or
multilayer graphene lms with continuous AB stacking on a Cu
substrate.11,16–18 Such a challenge for Cu is typically ascribed
primarily to the low decomposition rate of hydrocarbon gas on
the substrate surface.17,19,20 CVD synthesis of graphene on a Cu
substrate typically favours monolayer graphene growth due to
the very low solubility of carbon in Cu.19 According to Harpale
et al.,21 a surface-to-bulk diffusion of carbon atoms in Cu is
restricted by preferential carbon–carbon bonds formation (i.e.
carbon–carbon dimer pairs) over Cu–carbon bonds. Therefore,
isothermal CVD synthesis of graphene on Cu occurs predomi-
nantly during the hydrocarbon exposure for several minutes.19

In contrast to Cu, Ni is known to have higher decomposition
rate of hydrocarbon and higher solubility of carbon (i.e. �1.3
at% at 1000 �C (ref. 22)) which leads to a sufficient supply of
active carbon atoms for CVD synthesis of graphene multi-
layers.17,20 However, a CVD multilayer graphene lm on Ni
typically has non-uniform and randomly rotated layers of gra-
phene due to non-uniform precipitation or segregation of
carbon atoms from different grains surfaces and grain
boundaries.12,23

Interestingly, since CVD synthesis of graphene on Cu
substrates is limited to the surface of the catalyst (favours
monolayer graphene growth), a Cu surface engineered with Ni
has a capability of growing large-area multilayers of graphene
due to Ni since it has higher decomposition rate of hydrocarbon
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compared to Cu. In previous studies, Cu/Ni thin lms and
commercial Cu–Ni alloys have demonstrated such capability,
including the growth of large-area AB-stacked bilayer gra-
phene.20,24,25 In these studies, the Cu/Ni thin lms have Ni
concentrations >5 at% (ref. 17, 24 and 26) and commercial Cu
(88.0 wt%)–Ni (9.9 wt%)27 and Cu (67.8 wt%)–Ni (31.0 wt%)20

foils have Ni bulk concentrations of �11 at% (ref. 27) and �33
at% (ref. 20) respectively, which are much higher than the Ni
bulk concentration of 0.61 at% in the dilute Cu (0.61 at%Ni) foil
used in this study. In non-dilute Cu–Ni foils (i.e. Cu foils with
high Ni bulk concentrations), CVD graphene growth is known to
dominate from segregation or precipitation processes which
leads to variation in the thickness uniformity and stacking
order in multilayer graphene lms.20,23,25,26 Therefore, the idea
of a dilute Cu (0.61 at% Ni) foil is aimed at obtaining high
surface concentration of Ni (1 to 3 at%) in Cu (0.61 at% Ni) foil
through bulk-to-surface diffusion of Ni while maintaining a low
bulk concentration of Ni (<1 at%) in Cu(Ni) foil during hydro-
carbon exposure for graphene growth. Mainly, the aim of using
a dilute Cu (0.61 at% Ni) foil is to obtain a large-area AB-stacked
bilayer graphene predominantly during the hydrocarbon expo-
sure for several minutes. Liu et al.17 synthesized a high-quality
and large-area AB-stacked bilayer graphene lm using Cu
(1200 nm)/Ni (400 nm) thin lms which had a Ni surface
concentration of about 3 at% during low pressure CVD gra-
phene growth. Though their study shows a Ni surface concen-
tration of about 3 at% in Cu (1200 nm)/Ni (400 nm) thin lms,
these lms have a Ni bulk concentration of about 25 at% which
could lead to CVD graphene growth by precipitation processes
and that would lead to variation in the thickness uniformity and
stacking order in multilayer graphene lms. In addition,
annealed Cu–Ni thin lms have a preferential (111) surface
which favourably grows monolayer graphene, in contrast,
annealed Alfa Aesar Cu foil for graphene growth has a prefer-
ential (001) surface which causes compact graphene island
formation. It is worth noting that the study of Liu et al.17

prepared graphene lms at a temperature of 920 �C and back-
ground pressure of 0.2 mbar using CVD, but we are aiming at
using atmospheric background pressure (AP-CVD) and
temperatures higher than 920 �C (i.e. 970 �C). In a simplied
view of the kinetics of the CVD process which are different for
both low pressure and atmospheric pressure CVD,19 to get high
quality/purity graphene layers in CVD the background pressure
of the CVD substrate should be minimized to the high vacuum
limit, particularly, at CVD temperatures around 900 �C (espe-
cially in the case when methane is a source of active carbon
species). Therefore, the lower the background pressure of the
CVD substrate (Low Pressure (LP-CVD)), the lower the density of
impurities and residual gas in the system the higher the quality
of graphene layers.19 In contrast to LP-CVD, AP-CVD grows
defective/low-quality graphene layers at CVD temperatures
around 900 �C. However, at temperatures higher than 900 �C
(i.e. �1000 �C), AP-CVD grows high-quality (acceptable quality)
graphene layers.

This study focused on the AP-CVD synthesis and character-
ization of a high-quality and wafer-scale (scale of an entire foil)
AB-stacked bilayer graphene lm obtained on a dilute Cu (0.61

at% Ni) foil and compared the growth to the results of AP-CVD
growth under identical conditions on pure Cu foil (for mono-
layer and bilayer graphene lms obtained on pure Cu foils see
Fig. S1–S4 in the ESI†). Atomic force microscopy (AFM) average
step height analysis showed the thickness of bilayer graphene,
scanning electron microscopy (SEM) micrographs showed
uniform and continuous graphene layers and the Raman
optical microscopy images and spectroscopy data supported by
selected area electron diffraction (SAED) data showed high-
quality and continuous (wafer-scale) AB-stacked bilayer gra-
phene for the graphene lm obtained on the dilute Cu (0.61 at%
Ni) foil, while bilayer graphene growth on the Cu foil showed
bilayer domains on a monolayer graphene background (Fig. S3
and S4 in the ESI†). The wafer-scale bilayer graphene lm ob-
tained on a dilute Cu (0.61 at% Ni) foil has a sheet resistance of
284 U sq�1. Aer growth, a high surface concentration of Ni
compared to the Ni bulk concentration in dilute Cu (0.61 at%
Ni) foil was conrmed and quantied with time-of-ight
secondary ion mass spectrometry (TOF-SIMS) and X-ray photo-
electron spectroscopy (XPS) respectively.

Experimental
Graphene synthesis and transfer onto 300 nm SiO2/Si
substrates

Cu foil samples (�20 � 20 mm2) were obtained from a high
purity (99.8%) 25 mm thick annealed Cu foil for graphene
growth ordered from Alfa Aesar. The surface of obtained Cu foil
samples was cleaned by immersing samples in aqueous nitric
acid for 15 s to dissolve impurities, then in distilled water fol-
lowed by a ultra-sonic bath with acetone and isopropanol and
dry-blowing with N2 to remove water residues.28 A dilute Cu
(0.61 at% Ni) foil was obtained by doping a Cu foil (mass ¼ 268
mg) with Ni (mass ¼ 1.5 mg). A 116 nm thin layer of high purity
(99.99%) Ni was thermally evaporated onto a Cu foil in
a vacuum chamber with a pressure of 3 � 10�3 Pa. Aer evap-
oration of Ni onto Cu, the Cu/Ni sample was annealed at 950 �C
for 8 h under an argon atmosphere to obtain a homogeneous
distribution of Ni concentration (0.61 at%) in Cu foil. Induc-
tively coupled plasma optical emission spectrometry conrmed
0.61 at% Ni concentration in dilute Cu (0.61 at% Ni) foil. Pure
Cu and Cu (0.61 at% Ni) foils were simultaneously loaded in AP-
CVD at a centre of a quartz tube for bilayer graphene growth.

Cu and Cu (0.61 at% Ni) foils were kept under Ar (300 sccm)
and H2 (100 sccm) while the temperature was ramped from
room temperature to 1050 �C at a heating rate of 0.5 �C s�1 and
was maintained at this temperature for 20 min to obtain large
Cu grains. Aer 20 min, the temperature was cooled at a cooling
rate of �0.2 �C s�1 to 980 �C. At 980 �C, the bilayer graphene
lms on Cu and Cu (0.61 at% Ni) foils were obtained from
a mixture of Ar (300 sccm), H2 (9 sccm) and CH4 (10 sccm) for 5
min. Immediately aer growth, the CH4 ow was closed and the
quartz tube was pushed to the cooler region of the furnace
where samples rapidly cooled down to 600 �C within 90 s and
then to a temperature of less than 80 �C before the samples were
taken out.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 28370–28378 | 28371
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Chapter 7. A wafer-scale AB-stacked bilayer graphene film 135

The graphene thin lms obtained on foils were transferred
onto 300 nm SiO2/Si substrates and TEM grids for TEM/SAED
measurements by spin coating (at 3000 rpm for 30 s) a thin
layer of polymethyl methacrylate (PMMA) (average Mw �
996 000 by GPC dissolved in chlorobenzene with a concentra-
tion of 46 mg mL�1) on the as-grown graphene on foils. The
PMMA/graphene/foils were placed in 1 M iron nitrate to etch off
Cu and Cu(Ni). PMMA/graphene lms oated in the etchant
aer the foils were etched. These lms were then transferred
using a polyethylene terephthalate (PET) to the 5% hydrochlo-
ride (HCl), then, to deionized (DI) water to dissolve the iron
nitrate. Subsequently, the PMMA/graphene lms were trans-
ferred onto 300 nm thick SiO2/Si substrates. Finally, PMMA was
removed by placing samples in the acetone bath for 6 h.29

Samples characterization

The step height analysis of graphene thickness was obtained
using a Dimension Icon AFM (Bruker) with nanoscope analysis
soware in ScanAsyst contact mode. SEM micrographs of the
prepared graphene lms were observed with a Zeiss Ultra Plus
55 eld emission scanning electron microscope (FE-SEM)
operated at an accelerating voltage of 1.0 kV. Prepared gra-
phene lms were characterized with a WITec Alpha 300 micro-
Raman imaging system with 532 nm excitation laser. Raman
spectra were measured at room temperature with the laser
power set below 2 mW in order to minimize heating effects.
Electron diffraction patterns of graphene samples were ob-
tained with high-resolution transmission electron microscopy
(HRTEM) (Jeol JEM-2100F Field Emission Electron Microscope,
with a maximum analytical resolution of 200 kV and a probe
size under 0.5 nm). The graphene lm sheet resistance
measurements were carried out at room temperature using
a Signatone four-point probe station, and a DC current in the
range of 0–2.0 mA was used. The surface elemental map images
of Cu and dilute Cu (0.61 at% Ni) foils were obtained with time-
of-ight secondary ion mass spectrometry (TOF-SIMS) using
a Ga+ primary ion beam and the analyses were carried out over
an area of 500 � 500 mm2 and ion sputter gun area of 1000 �
1000 mm2. The mass spectra were calibrated to the following
mass peaks in positive mode: Al, Na, Ni, Fe, Si, C, C2H5, K and
Cu. The Ni surface concentration in dilute Cu (0.61 at% Ni) foil
was quantied with X-ray photoelectron spectroscopy (XPS). A
Physical Electronics VersaProbe 5000 instrument was used
employing a 100 mm monochromatic Al-Ka to irradiate the Cu
(0.61 at% Ni) foil surface. Photoelectrons were collected using
a 180� hemispherical electron energy analyzer. The Cu (0.61 at%
Ni) foil was analyzed at a 45� angle between the foil surface and
the path to the analyzer. Survey spectra were obtained at the
pass energy of 117.5 eV, with a step size of 0.1 eV. The high-
resolution spectra of elements, C 1s, Cu 2p, Ni 2p, and O 1s
were measured to obtain the chemical composition of the foil
surface. High-resolution spectra were obtained at the pass
energy of 23.5 eV, with a step size of 0.05 eV. The spectra were
obtained before and aer the foil were sputtered at a rate of 0.3
nm min�1 with an Ar beam operating at 500 V and 150 mA for
several cycles while measuring the spectra aer each sputter

duration. All binding energies were referenced to that of the
binding energy of the Fermi level (Ef ¼ 0 eV).

Results and discussion

Fig. 1(a) shows photographic images of the Cu (0.61 at% Ni) foil
(�20 � 20 mm2) used in AP-CVD growth of a wafer-scale (on the
scale of an entire foil) bilayer graphene and transferred bilayer
graphene lm on 300 nm SiO2/Si substrate with a continuous
lm. In Fig. 1(b), an AFM average step height prole across the
graphene edge shown in the AFM micrograph shows that the
thickness of the graphene lm obtained on a dilute Cu (0.61
at% Ni) foil is about 1.4 nm, suggesting bilayer graphene.

The SEM micrographs in Fig. 2(a) and (b) show uniform and
continuous bilayer graphene lm (at low and high magnica-
tions respectively) obtained on a dilute Cu (0.61 at% Ni) foil and
transferred onto a 300 nm SiO2/Si substrate. The area of the
graphene lm shown in the SEM micrographs in Fig. 2 is the
same as those of other parts of the lm (see Fig. S5 in the ESI†),
suggesting a uniform and continuous graphene lm over entire
graphene lm. In contrast, SEM micrographs of the bilayer
graphene lm obtained on pure Cu foil (Fig. S3 in the ESI†)
shows non-uniform layers of graphene (lighter areas corre-
sponding to monolayer and darker areas to multilayer (bilayer)
graphene). Nonetheless, CVD synthesis of graphene on Cu
favours monolayer graphene, hence its bilayer graphene shows
bilayer domains on a monolayer graphene background.19 In the
high magnication image (Fig. 2(b)), it can be seen that wrin-
kles due to graphene transfer are fewer in the bilayer graphene
compared to monolayer graphene lm transferred under

Fig. 1 A continuous wafer-scale bilayer graphene film obtained using
AP-CVD. (a) Photographs of the Cu (0.61 at% Ni) foil (�20 � 20 mm2)
with an as-grown bilayer graphene film and transferred bilayer gra-
phene film on a 300 nm SiO2/Si substrate. (b) AFM image (showing the
edge) of bilayer graphene transferred onto a SiO2/Si substrate and
height profile measured along the dotted line.
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identical conditions onto a 300 nm SiO2/Si substrate (see
Fig. S1(a) in the ESI†).

In the Raman spectrum of high-quality graphene, the main
features that are observable are the G-band mode (�1590 cm�1)
and the 2D-band mode (�2690 cm�1). The low intensity
disorder-induced D-band (�1350 cm�1) conrms the high-
quality of graphene lms.30–32 Fig. 3 shows the Raman data of
a bilayer graphene lm obtained on a dilute Cu (0.61 at% Ni)
foil and transferred onto a 300 nm SiO2/Si substrate. In Fig. 3(a)
and (b), the Raman optical microscope images (at low and
higher magnications respectively) also show a uniform and
continuous graphene lm over a large-area (analysed area) of
graphene lm obtained on a dilute Cu (0.61 at% Ni) foil in
agreement with the photographic image (Fig. 1(a) for the
sample transferred onto SiO2) and SEM images (Fig. 2). Fig. 3(b)
shows a slightly higher contrast than that of a monolayer gra-
phene (Fig. S1(b) in the ESI†) since the optical microscope
images of graphene lms display a colour contrast between
monolayer and bi or multilayer graphene lms. Fig. 3(c) shows
the average Raman spectrum of spectra acquired from a 30 mm2

area (indicated with a square box in Fig. 3(b)) of a bilayer gra-
phene lm. In Fig. 3(c), the 2D peak full width at half maximum
(FWHM) of 55.5 cm�1 compares well with the average values (53

cm�1,20 60.1 cm�1 (ref. 33) and 51 cm�1 (ref. 34)) obtained by
others for AB-stacked bilayer graphene lms.

In the Raman spectrum of graphene, the 2D-band mode is
adopted to distinguish between the numbers of layers con-
tained in graphene sample and is also sensitive to the stacking
order in few layers graphene samples.31–33 Fig. 4(a) and (b) show
the mapping of the 2D peaks FWHMs and of the corresponding
2D to G peaks intensities ratio (I2D/IG) respectively of Raman
spectra acquired from 30 mm2 areas of a bilayer graphene lm
obtained on a dilute Cu (0.61 at%Ni) foil. The 2D peaks FWHMs

Fig. 2 (a and b) SEMmicrographs of a bilayer graphene film (at low and
high magnifications respectively) obtained on a dilute Cu (0.61 at% Ni)
foil and transferred onto a 300 nm SiO2/Si substrate.

Fig. 3 (a and b) Raman optical microscope images of a bilayer gra-
phene film (at low and higher magnifications respectively) obtained on
a dilute Cu (0.61 at% Ni) foil and transferred onto a 300 nm SiO2/Si
substrate. (c) Average Raman spectrum of spectra acquired from a 30
mm2 area (indicated with a square box in (b)) of a bilayer graphene film.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 28370–28378 | 28373
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Chapter 7. A wafer-scale AB-stacked bilayer graphene film 137

are in the range of 38–70 cm�1 (Fig. 4(a)), I2D/IG in the range of
0.8–2.5 (Fig. 4(b)) and the 2D peaks positions are in the range of
2685–2703 cm�1 (Fig. S6(c)†). Distinct from monolayer gra-
phene features (Fig. S2 and Table S1 in the ESI†), these features
demonstrate the characteristics of bilayer graphene. Similar
results are obtained from other parts of the graphene lm
which suggest a continuous bilayer graphene lm (Fig. S6 in the
ESI†). Fang et al.33 have identied the AB-stacked bilayer gra-
phene with 2D peaks FWHMs in the range of �40–70 cm�1

(with a cut-off FWHM of 70 cm�1) using a CVD graphene
prepared on Cu foil.

The 2D peak in the Raman spectrum of graphene is a double-
phonon resonant Raman process involving two in-plane trans-
verse optical (iTO) mode phonons around the K-point.30–32 In
monolayer graphene, the 2D peak has a single Lorentzian
feature.30 In AB-stacked bilayer graphene the electronic band

splits into two conduction and two valence bands and the split
causes splitting of the phonon bands into two components
which give rise to four peaks in the Raman 2D peak with peak
frequencies at approximately 2655, 2680, 2700, and 2725 cm�1

and FWHMs equal to that of monolayer graphene.30 In AB-
stacked bilayer graphene, these four peaks are tted as four
Lorentzians to the 2D peak in the Raman spectrum.30–32 The
amplitudes of these four Lorentzians are relative, meaning, two
Lorentzians at �2680 and �2700 cm�1 (inner peaks in 2D peak)
have almost the same intensity and are higher than the other
two at �2655 and �2725 cm�1 (outer peaks in 2D peak).32 For
non-AB stacked bilayer graphene, the 2D peak is a single Lor-
entzian as in monolayer graphene, but with a larger FWHM and
upshied frequency from that of monolayer graphene.31

Fig. 4(c) shows the Raman spectra from data mapped in Fig. 4(a)
and the 2D peaks were tted with four Lorentzians which
demonstrate features of AB-stacked bilayer graphene.

Table 1 shows a summary of the analysis results of the
Raman spectra of monolayer and bilayer graphene lms ob-
tained on Cu (shown in the ESI†) and dilute Cu (0.61 at% Ni)
foils. In this table, it can be seen that graphene features of
bilayer graphene obtained on Cu foil overlap with those of
monolayer graphene, suggesting the presence of a signicant
fraction of monolayer graphene in the prepared bilayer gra-
phene lm. In contrast to the bilayer graphene lm obtained on
Cu foil, the bilayer graphene lm obtained on Cu (0.61 at% Ni)
foil shows different features compared to monolayer graphene
features as would be expected in Raman analysis of monolayer
and multilayer (bilayer) graphene. The Raman spectral analysis
showed that the bilayer graphene lm obtained on the dilute Cu
(0.61 at% Ni) foil is predominantly AB-stacked bilayer graphene
and that was further supported by electron diffraction analysis.

Fig. 5(a) shows a typical TEM image of the bilayer graphene
lm obtained on Cu (0.61 at% Ni) foil and transferred on a lacey
carbon TEM grid (see Fig. S7(a) in the ESI† for the low magni-
cation TEM image). In Fig. 5(a), regions A and B shown in
a hole of a lacey carbon TEM grid show an area without gra-
phene and with graphene respectively. Fig. 5(b) shows a typical
high magnication TEM image of graphene in region B of
Fig. 5(a), and (c) shows a SAED pattern from the corresponding
area which shows two sets of hexagonal diffraction spots. TEM
diffraction patterns were analysed using a diffraction ring
proler, which was developed for phase identication in
complex microstructures.35 Fig. 5(d) shows the diffraction rings
intensity prole which was indexed using the Miller–Bravais
indices (hkil) for graphite where peaks at d ¼ 1.23 Å and peak
d ¼ 2.13 Å in Fig. 5(d) correspond to indices (1�210) for outer

Fig. 4 (a) The mapping of 2D peaks FWHMs and (b) of the corre-
sponding 2D to G peaks intensities ratio (I2D/IG) for bilayer graphene
film obtained on a dilute Cu (0.61 at% Ni) foil and transferred onto 300
nm SiO2/Si substrate. (c) Raman spectra from data mapped in (a) and
the 2D peaks solid-lines are Lorentzians fits.

Table 1 Summary of the analysis results of the Raman spectra of monolayer and bilayer graphene films obtained on Cu (shown in the ESI) and
dilute Cu (0.61 at% Ni) foils and transferred onto 300 nm SiO2/Si substrates for characterization

Graphene layers CVD substrate
2D peaks positions
(cm�1)

2D peaks FWHMs
(cm�1) 2D/G peaks

Monolayer Cu foil 2670–2682 28–36 2.5–4
Bilayer Cu foil 2675–2703 28–53 0.8–4
Bilayer Cu (0.61 at% Ni) foil 2685–2703 38–70 0.8–2.5

28374 | RSC Adv., 2016, 6, 28370–28378 This journal is © The Royal Society of Chemistry 2016
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hexagon and (1�110) for inner hexagon respectively.36 The
electron diffraction patterns obtained at different positions of
the graphene lm show similar results (see Fig. S7 in the ESI†).
It is known that the relative intensities of the spots in the outer
hexagon are twice the intensities of the spots in the inner
hexagon for AB-stacked bilayer graphene (shown with a sche-
matic view in the gure inset).32,33,36 Therefore, the diffraction
data (similar to that obtained from other spots of the same lm)
show that the graphene lm obtained on dilute Cu (0.61 at% Ni)
foil is predominantly AB-stacked bilayer graphene as evidenced
by relative intensities shown in Fig. 5(d) in agreement with the
Raman data above.

A four-point probe/sheet resistance measuring system for
thin lms was used to measure the sheet resistance of the
bilayer graphene lm transferred onto the 300 nm SiO2/Si
substrate and was obtained as 284 U sq�1 (see Fig. S8 in the
ESI†). A sheet resistance of 284 U sq�1 measured for the bilayer

graphene obtained on Cu (0.61 at%Ni) foil in this study is in the
same order of magnitude with that measured from AB-stacked
bilayer (287 U sq�1) graphene lm in ref. 20.

Fig. 6(a) and (b) show the map images of TOF-SIMS
secondary ion intensities measured from a dilute Cu (0.61
at% Ni) foil surface of the as-received sample (i.e. without
surface sputtering with an ion gun) and aer surface cleaning
for 3 min with ion sputtering respectively. The foil was annealed
under graphene growth conditions without methane source.
Alfa Aesar Cu foil doped with Ni to obtain a dilute Cu (0.61 at%
Ni) foil for graphene growth has a purity of 99.8% and about
0.2% unknown-impurities. The TOF-SIMS data (Fig. 6) shows
the presence of Na, Al, Si, C2H5, K, Fe and Ni impurities in the
Cu (0.61 at% Ni) surface and subsurface layers (bulk layers).
These impurities have a potential to inuence the CVD gra-
phene growth and the effect of each impurity will be determined
by its metal–carbon interaction energy, metal–methane

Fig. 5 (a) TEM image of bilayer graphene film obtained on Cu (0.61 at% Ni) foil and transferred onto a lacey carbon TEM grid (regions A and B
shown in a hole of a lacey carbon TEM grid show an area without graphene and with graphene respectively). (b) A high magnification TEM image
of graphene in region B of (a). (c) A selected area electron diffraction (SAED) pattern from an area shown in (b) and showing two sets of hexagonal
diffraction spots. (d) The diffraction rings intensity profile of two sets of hexagonal diffraction spots in (c) and the inset to the figure shows
a schematic view of the AB-stacked bilayer graphene and diffraction rings.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 28370–28378 | 28375
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decomposition rate and metal–carbon solubility. During CVD
graphene growth at high temperatures (�1000 �C), Na and K
alkali-metals (and C2H5) will not dominate the surface due to
their very lowmelting points (<100 �C). On the other hand, Al, Si
and Fe impurities have bulk concentrations on the order of
a few parts per million (<10 ppm) and Ni has 6100 ppm (0.61
at%) and hence Ni has a higher surface concentration than all
other impurities detected with TOF-SIMS. In addition, Ni has
strong metal–carbon atomic interaction, high metal–methane
decomposition rate, high carbon solubility and as a result, Ni in
the surface of a dilute Cu (0.61 at% Ni) foil will contribute
signicantly during the CVD graphene growth on Cu (0.61 at%
Ni) foil. In brief, except for Ni which has very high bulk

concentration of 6100 ppm, high relative intensities of Na, Al,
Si, C2H5, K and Fe in Fig. 6 do not necessarily show high surface
concentrations of these elements in Cu (0.61 at% Ni) foil since
they have strong signals in TOF-SIMS.

It is desirable to quantify the TOF-SIMS secondary-ion
intensities measured; however, the quantication in TOF-
SIMS is complicated because of the strong dependence of the
secondary-ion yield on the matrix effects (target chemical and
electronic character).37,38

Furthermore, the surface fractional concentration of Ni in
the dilute Cu (0.61 at% Ni) foil with an as-grown bilayer gra-
phene lm was quantied with X-ray photoelectron spectros-
copy. In the analysis, a resolved angle between the foil surface
and the path to the analyzer focuses analysis within the topmost
(�5) atomic layers. In this instance, the topmost (�5) atomic
layers consist of two atomic layers of bilayer graphene and 2
atomic layers of Cu foil. The foil surface was sputter cleaned
with ions for several cycles while measuring the spectra of
elements, C 1s, Cu 2p, Ni 2p (shown in Fig. 7(a)–(c)) and O 1s
aer each sputter cycle, to obtain the chemical composition of
the foil surface (Table 2). In Fig. 7 and Table 2, it can be seen
that before surface sputter cleaning, C 1s have high concen-
trations compared to Cu 2p substrate, O 1s (adsorbed from air)
and Ni 2p and that conrms a lm of graphene on the foil
surface. Aer a 2 min sputter cycle, Ni 2p shows a surface
fractional concentration of 1.2 at% and the presence of C 1s and
O 1s (restricted to the surface) suggest that the analysis is within
the rst atomic layer of a Cu foil (see Fig. 7 and Table 2).

Interestingly, aer a 5 min sputter cycle, Ni 2p, C 1s and O 1s
are not detected and Cu shows a fractional concentration of 99.9
at% which correspond to a relatively pure Cu. In this instance,
a 5 min sputter cleaning at a rate of 0.3 nm min�1 is equivalent
to a removal of 1.5 nm thick material which in this instance
consist of a bilayer graphene (�1 nm thick including surface
adsorbed carbon and oxygen from air) and approximately the
rst two atomic layers of Cu (�0.5 nm). Accordingly, the anal-
ysis shown here aer 5 min sputter cleaning are from the
topmost subsurface atomic layers of Cu as conrmed by the
absence (zero concentrations) of C 1s and O 1s which are
restricted to the surface of Cu. In brief, this analysis conrms
a surface alloying of Cu with Ni (similar to the TOF-SIMS data
above) while maintaining relatively pure Cu in the topmost
subsurface atomic layers of the Cu. However, a Ni surface
fractional concentration of 1.2 at% should be larger than 1.2
at%, at least 2.1 at% as calculated in Fig. S9 in the ESI,† because
1.2 at% is the fractional/average value of Ni concentration
measured in the presence of other species rather than Cu alone
by XPS.

Fig. 8 shows the C 1s core level spectra of the as-grown
bilayer graphene lm on dilute Cu (0.61 at% Ni) foil. The
tted peaks, namely, sp2 C]C peak at 284.5 eV (graphene
component), C–O–C peak at 286.2 eV, C]O peak at 287.4 eV,
O–C]O peak at 289.4 eV (oxide components) and p–p* peak at
291.5 eV (satellite peak/electrons transition) were determined
by reference to other studies.39–41 The tted sp2 C]C peak has
a dominating intensity which conrms the sp2 hybridization
property of graphene in the as-grown bilayer graphene lm,30,41

Fig. 6 (a) The map images of TOF-SIMS secondary ion intensities
measured from a dilute Cu (0.61 at% Ni) foil surface of the as-received
sample (i.e. without surface sputtering with ion gun) and (b) after
surface cleaning for 3 min with ion sputtering. The foil was annealed
under graphene growth conditions without methane source.

28376 | RSC Adv., 2016, 6, 28370–28378 This journal is © The Royal Society of Chemistry 2016
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the low-intensity oxide peaks could be due to adsorbed oxygen
or carbon bonded oxygen during synthesis of the graphene lm.
The p–p* electrons transition enhances the carbon to carbon
bonds in graphene and conrms the high quality of the gra-
phene (suggested by the Raman data) since the p–p* bonds
determine the fundamental electronic properties of
graphene.30,40

Conclusions

This study demonstrated the synthesis of a wafer-scale (on the
scale of an entire foil) and high-quality AB-stacked bilayer gra-
phene lm on a dilute Cu (0.61 at% Ni) foil using AP-CVD. AFM,
SEM, Raman, TEM/SAED and four-point probe/sheet resistance
analysis showed that a bilayer graphene lm obtained on
a dilute Cu (0.61 at% Ni) foil is of high-quality, continuous

(wafer-scale) and mainly Bernal stacked. This study clearly
showed the capability of a dilute Cu (0.61 at% Ni) foil for
growing a wafer-scale bilayer graphene lm compared to a pure
Cu foil which is known to grow bilayer domains on a monolayer
graphene background in AP-CVD (see Fig. S3 and S4 in the
ESI†). The capability of a dilute Cu (0.61 at% Ni) foil for growing
a wafer-scale bilayer graphene lm was ascribed to the carbon
solubility and the metal surface catalytic activity of Cu and Ni in

Fig. 7 The XPS spectra of (a) C 1s, (b) Cu 2p and (c) Ni 2p after different sputter cycles of a dilute Cu (0.61 at% Ni) foil with as-grown bilayer
graphene film.

Table 2 XPS relative fractional concentrations of C 1s, Cu 2p, O 1s and
Ni 2p after different sputter cycles of a dilute Cu (0.61 at% Ni) foil with
as-grown bilayer graphene film

Sputter cycles C 1s (at%) Cu 2p (at%) O 1s (at%) Ni 2p (at%)

0 min 54.9 28.0 17.1 —
1 min 14.1 72.7 13.2 —
2 min 6.5 83.0 9.3 1.2
5 min — 99.9 — —

Fig. 8 The high-resolution C 1s core level XPS spectra of as-grown
bilayer graphene film on dilute Cu (0.61 at% Ni) foil.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 28370–28378 | 28377
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Chapter 7. A wafer-scale AB-stacked bilayer graphene film 141

a dilute Cu (0.61 at% Ni) foil. In a dilute Cu (0.61 at% Ni) foil,
a high surface concentration of Ni compared to a low bulk
concentration of Ni was conrmed with TOF-SIMS and XPS.
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7.4 Supporting information

This section present a supporting information referred to as ESI† in the publication above

(Chapter 7).
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SUPPORTING INFORMATION 

 

A wafer-scale Bernal-stacked bilayer graphene film obtained on a 
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vapour deposition 
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2 
 

SEM and Raman data of monolayer graphene obtained on a pure Cu foil 
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Figure S1. (a) SEM micrograph of a monolayer graphene film transferred onto 300 nm 

SiO2/Si substrate. (b) Raman optical microscope image of monolayer graphene film on 

300 nm SiO2/Si substrate and the corresponding (c) average Raman spectra of spectra 

acquired from 30 m
2 

area (indicated with a square box in figure S1(b)) of a monolayer 

graphene film.  

 

A monolayer graphene film on Cu foil was obtained from a mixture of Ar (300sccm), H2 

(9 sccm) and CH4 (15 sccm) for 2 min at a growth temperature of 1000 °C. 
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Figure S2. (a) The mapping of 2D peaks FWHMs and of the corresponding (b) 2D to G 

peaks intensities ratio (I2D/IG) for monolayer graphene film transferred onto 300 nm SiO2/Si 

substrate. (c) The distribution of the 2D peak positions. (d) Raman spectrum from data 

mapped in figure S2(a) and the 2D peak solid-line is Lorentzian fit. 

 

Table S1. Analysis results of Raman spectra of monolayer graphene film obtained on Cu foil 

substrate and transferred onto 300 nm SiO2/Si for characterization. 

Graphene   CVD substrate  2D peaks  2D/G peaks 

    Position (cm
-1

) FWHM (cm
-1

)   

Monolayer  Cu  2670−2682 28−36  2.5−4 
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4 
 

SEM and Raman data of bilayer graphene obtained on a pure Cu foil 
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Figure S3. (a-b) SEM micrographs of a bilayer graphene film (at low and high 

magnifications respectively) transferred onto 300 nm SiO2/Si substrate. (c) Raman optical 

microscope image of bilayer graphene film on 300 nm SiO2/Si substrate and the 

corresponding (d) average Raman spectra of spectra acquired from 30 µm
2 

area (indicated 

with a square box in figure S3(c)) of a bilayer graphene film.  
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Figure S4. (a) The mapping of 2D peaks FWHMs and of the corresponding (b) 2D to G 

peaks intensities ratio (I2D/IG) for bilayer graphene film transferred onto 300 nm SiO2/Si 

substrate. (c) The distribution of the 2D peaks positions. (d) Raman spectrum 1 and 2 are 

from area 1 and 2 in figure S4(a) respectively and the 2D peaks solid-lines are Lorentzians 

fits. 

Table S2. Analysis results of Raman spectra of bilayer graphene film obtained on Cu foil 

substrate and transferred onto 300 nm SiO2/Si for characterization. 

Graphene   CVD substrate  2D peaks  2D/G peaks 

    Position (cm
-1

) FWHM (cm
-1

)   

Bilayer  Cu  2675−2703 28−53  0.8−4 
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6 
 

SEM and Raman data of bilayer graphene obtained on Cu(0.61 at% Ni) foil 
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Figure S5. (a-b) SEM micrographs of a bilayer graphene film (at low and high 

magnifications respectively) transferred onto 300 nm SiO2/Si substrate. 
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Figure S6. (a) The mapping of 2D peaks FWHMs and of the corresponding (b) 2D to G 

peaks intensities ratio (I2D/IG) for bilayer graphene film obtained on Cu(0.61 at% Ni) foil and 

transferred onto 300 nm SiO2/Si substrate. (c) The distribution of the 2D peaks positions.  

 

Table S3. Analysis results of Raman spectra of bilayer graphene film obtained on 

Cu(0.61 at% Ni) foil substrate and transferred onto 300 nm SiO2/Si for characterization. 

Graphene   CVD substrate  2D peaks  2D/G peaks 

    Position (cm
-1

) FWHM (cm
-1

)   

Bilayer  Cu(0.61 at% Ni)   2685−2703 38−70  0.8−2.5 
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8 
 

TEM and SAED images of bilayer graphene film obtained on Cu(0.61 at% Ni) foil 
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Figure S7. (a) Low magnification TEM image of bilayer graphene film obtained on 

Cu(0.61 at% Ni) foil and transferred on a lacey carbon TEM grid (region A, B and C shown 

in holes of a lacey carbon TEM grid show an area without graphene (A) and with graphene 

(B and C). (b) A high magnification TEM image of graphene in region C of figure (a). (c) A 

selected area electron diffraction pattern from an area shown in figure (b) and shows two sets 

of hexagonal diffraction spots.  
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9 
 

Sheet resistance of monolayer (1LG) and bilayer (2LG) graphene films obtained on Cu 

and Cu(0.61 at% Ni) foils 
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Figure S8. (a) A four-point probe measured voltage drop and (b) the corresponding sheet 

resistance of monolayer (1LG) and bilayer (2LG) graphene films obtained on Cu and dilute 

Cu(0.61 at% Ni) foils and transferred onto SiO2/Si substrates. 
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10 
 

Ni surface concentration in Cu(0.61 at% Ni) catalyst during AP-CVD graphene growth 

During CVD graphene growth, a catalyst temperature is increased at a constant heating rate 

from room temperature to the desired growth temperature, and immediately after growth the 

temperature of the graphene/catalyst is decreased rapidly to room temperature. In a dilute 

Cu(0.61 at% Ni) catalyst, a temperature increase results in bulk-to-surface diffusion of Ni 

(due to the dependence on the Arrhenius term) which increases the surface concentration of 

Ni in the catalyst foil. Such increase in the surface concentration of Ni could be well-

described by a semi-infinite solution of Fick’s diffusion equation
1
. In the semi-infinite 

solution of Fick, the surface enrichment factor (β) at temperature, T, is given by  

      
 

B

BS

X

XTX
T


        (1) 

where X
S
(T) is the surface concentration at temperature, T and X

B
 is the bulk concentration of 

the diffusing solute atoms (X
B
 = 0.61 at% in a dilute Cu(0.61 at% Ni) catalyst).  

The temperature dependence of the enrichment factor in the semi-infinite solution of Fick is 

given by
1
  

 
 

2

1

2

2

0 exp
4










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







RTQ

Q

RT

παd

D
=

X

XTX
B

BS

    (2) 

where D0 is the pre-exponential factor, Q is the activation energy (D0 = 7.0 × 10
−5 

m
2
/s, 

Q = 225.0 kJ/mol for Ni diffusion in Cu
2
), α is the constant heating rate, d is interlayer 

distance (d = 0.181 nm
 
in Cu(001)), R is the gas constant and T is the crystal temperature. 

Equation 2 could well describe the temperature dependence of the surface concentration of Ni 

in dilute Cu(0.61 at% Ni) catalyst, however, cannot describe the temperature dependence of 

the maximum (or equilibrium) surface concentration of Ni in a catalyst. Nonetheless, the 

temperature dependence of the maximum surface concentration of Ni in a catalyst could be 

well-described by the well-known Langmuir– McLean equation
1,3

: 

 

 
 RTG

X

X

TX

TX

B

B
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where  TX 
 is the relative surface concentration at temperature, T,  

 
,

M

S

X

TX
TX 

 X
M 

 is 

the attainable maximum surface concentration (X
M

 = 25 at% in Cu(001)
4
) of solute atoms in 

the crystal surface, ΔG is the segregation energy. 

Generally, ΔG = ΔH ‒ TΔS, where ΔH is the segregation enthalpy, T is the temperature and 

ΔS is the segregation entropy. In dilute alloys, ΔS is negligible hence ΔG ≈ ΔH and the 

segregation enthalpy can be approximated by
5,6

 

    sub

A

sub

B HH
Z

Z
H 







 
      (4) 

where Z is the bulk coordination number (Z = 12 for Cu crystal), ΔZ is the difference in 

coordination number between bulk and surface (ΔZ = 4 for Cu(001)), ΔH
sub

 is the heat of 

sublimation for element A and B ( kJ/mol,3.339Cu  subH kJ/mol1.430Ni  subH and 

kJ/mol7.521C  subH
7
). 

Following from equation 4, the segregation energy for Ni in Cu(001) surface is 

ΔG = 30.3 kJ/mol. Now, using the semi-infinite solution of Fick (equation 2) and the 

Langmuir– McLean equation (equation 3), a view of the temperature dependence of the Ni 

surface concentration in a dilute Cu(0.61 at% Ni) catalyst during AP-CVD graphene growth 

was obtained as shown in figure S9. In figure S9, an increase in catalyst temperature 

increases the surface concentration of Ni (described by Fick solid-line) until it reaches a 

maximum (or equilibrium) surface concentration of 8.1 at% (determined by Fick and 

Langmuir–McLean solid-lines intersection) and a further increase in temperature result in a 

decrease in surface concentration of Ni due to surface-to-bulk diffusion of Ni or due to the 

sublimation of Ni, but at these catalyst temperatures (<1000 °C) and higher background 

pressure (atmospheric pressure) the sublimation of Ni (and Cu) is suppressed. At a CVD 

growth temperature of 980 °C a surface concentration of Ni is 2.1 at% in Cu(0.61 at% Ni) 

catalyst. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



Chapter 7. A wafer-scale AB-stacked bilayer graphene film 153

12 
 

0 200 400 600 800 1000 1200
0

2

4

6

8

10

(a)

 

 

N
i 
s
u
rf

a
c
e
 c

o
n

c
e
n

tr
a

ti
o
n

 (
a

t%
)

Temperature (
o
C)

Langmuir-McLean

Fick

(980 
o
C; 2.1 at%)

 

Figure S9. An illustration of the temperature dependence of the Ni surface concentration in a 

dilute Cu(0.61 at% Ni) catalyst at a constant heating rate of α = 0.5 °C/s. 
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7.5 Concluding remarks

This part of the study demonstrated the synthesis of a wafer-scale and high-quality AB-stacked

bilayer graphene film on a dilute Cu(0.61 at% Ni) foil using AP-CVD. AFM, SEM, Raman,

TEM/SAED and four-point probe/sheet resistance analysis showed that a bilayer graphene film

obtained on a dilute Cu(0.61 at% Ni) foil is of high-quality, continuous over entire graphene

film and mainly AB stacked. This part of the study clearly showed the capabilityof a dilute

Cu(0.61 at% Ni) foil for growing a wafer-scale bilayer graphene film compared to a pure Cu

foil which showed discrete bilayer graphene domains on a monolayer graphene background in

AP-CVD. The capability of a dilute Cu(0.61 at% Ni) foil for growing a wafer-scale bilayer

graphene film was ascribed to the metal surface catalytic activity of Cu and Ni in a dilute

Cu(0.61 at% Ni) foil and the (001) continuous crystallographic surface of a foil. In a dilute

Cu(0.61 at% Ni) foil, a high surface concentration of Ni compared to a low bulk concentration

of Ni was confirmed with TOF-SIMS and XPS.
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CHAPTER 8

General conclusions and future work

8.1 Introduction

In this chapter, the main results reported and discussed in chapter 5, 6 and7 are summarised below,

including a summary of growth substrates and high-quality bilayer graphenecoverage obtained

on these substrates (using CVD and CH4 as a carbon source) found in literature and this study.

This chapter includes a brief discussion on the possible future work of thisstudy. It is worth

mentioning that graphene films prepared in this study were carried out under optimized AP-CVD

growth conditions for monolayer and bilayer graphene growth on Cu foils.A detailed study on

the optimization of these growth conditions was carried out by M. Fabiane in thePhD thesis [1].

Though, a term wafer usually refers to thin substrates (≥10 cm in diameter) of semiconductor

material (e.g silicon) used in electronics industry. In this study, a term wafer-scale was used to

refer to the Cu foil substrate size (≈4 cm2).

8.2 General conclusions

The purpose of this study was to synthesize high-quality large-area or wafer-scale (≈20×20 mm2)

AB-stacked bilayer graphene films using AP-CVD. The major interest in the AB-stacked bilayer

graphene film stems from its unique band structure with a tunable bandgap which determines

transport and optical properties; as a result, it offers the possibility forpractical applications such

as field-effect transistors and light detectors [2-5].
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156 8.2. General conclusions

For the synthesis of high-quality large-area or wafer-scale AB-stacked bilayer graphene films using

AP-CVD, this study proposed the use of homogeneous dilute Cu(Ni) foil withan average Ni

bulk concentration of 0.5 at% and continuous or large-area (001) surface orientation. Firstly, this

study focused on growing high-quality large-area AB-stacked bilayer graphene on commercial

Cu(0.5 at% Ni) foil (MaTeck) consisting of a diverse crystallographic surface. Secondly, the

study focused on the solid state diffusion doping of a 25µm thick annealed Cu foil for graphene

growth (Alfa Aesar) with 0.5 at% Ni. A Ni doping of this particular Cu foil was motivated by

its continuous crystallographic surface composed of a single (001) orientation which is known to

grow multilayer graphene. Finally, the capability of a Ni-doped Cu foil for growing a wafer-scale

AB-stacked bilayer graphene film using AP-CVD was demonstrated.

In chapter 5, this study focused on growing monolayer and bilayer graphene films on commercial

dilute Cu(0.5 at% Ni) foils (MaTeck) using AP-CVD and from the Raman opticalmicroscope

images of these graphene films, a wafer-scale monolayer and large-areabilayer graphene films

were distinguished and confirmed with Raman spectra data. The Raman data suggested a Bernal

stacking order in prepared bilayer graphene film. A four-point probe sheet resistance of graphene

films confirmed a bilayer graphene film sheet resistance distinguished fromthat of monolayer

graphene. The large-area part of bilayer graphene film obtained wasassisted by Ni surface

concentration since Ni has higher methane decomposition rate compared to Cu. A relatively

higher Ni surface concentration in Cu(0.5 at% Ni) foil was confirmed with TOF-SIMS. The

diverse crystallographic surface of a foil (confirmed with EBSD) couldbe a reason for incomplete

wafer-scale bilayer graphene film since Cu(111) surface typically grows monolayer graphene

which influences graphene growth of adjacent grains [6-9]. Consequently, this part of the study

proposed a homogeneous dilute Cu(0.5 at% Ni) foil consisting of low index Cu(001) or Cu(101)

surfaces to achieve a wafer-scale AB-stacked bilayer graphene film inAP-CVD.

Interestingly, a 25µm thick annealed Cu foil for graphene growth (Alfa Aesar) has a

continuous crystallographic surface composed of a single (001) orientation (confirmed with

EBSD). Therefore, in chapter 6, this foil was doped with≈0.5 at% Ni for a wafer scale bilayer

graphene growth using AP-CVD. In graphene films obtained from the Ni-doped Cu foils, the

number of graphene layers contained in films and the AB stacking order of synthesised graphene

films were confirmed by Raman and electron diffraction pattern measurements.The Ni-doped

Cu foil demonstrated the good capability of growing large-area AB-stacked bilayer graphene by
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increasing Ni content in Cu surface layer thus altering a composition of a Cusurface where the

decomposition of hydrocarbons occurs.

In chapter 7, this study demonstrated the synthesis of a wafer-scale and high-quality AB-stacked

bilayer graphene film on a dilute Cu(0.61 at% Ni) foil (the Ni-doped Cu foil (Alfa Aesar)) using

AP-CVD. AFM, SEM, Raman, TEM/SAED and four-point probe/sheet resistance analysis showed

that a bilayer graphene film obtained on a dilute Cu(0.61 at% Ni) foil has high-quality and is

continuous over entire graphene film (and mainly AB-stacked). A CVD substrate with a surface

layer elemental composition of about 97 at% Cu and 3 at% Ni grow bilayer graphene with an

AB-stacked yield in the range of 95-100 % which is attributed to the surface catalytic graphene

growth mode with a certain methane decomposition rate [10]. In a dilute Cu(0.61 at% Ni) foil, a

high surface concentration of Ni compared to a low bulk concentration of Ni was confirmed with

TOF-SIMS and XPS.

Generally, a Cu foil (in CVD synthesis of graphene) has a challenge of growing large-area

bilayer graphene with uniform thickness (it only grows discrete bilayer graphene domains on

monolayer background, (see table 8.1)) and such challenge of Cu is ascribed primarily to the low

decomposition rate of hydrocarbon which leads to the insufficient supply of carbon atoms required

for large-area bilayer graphene [6,10,19]. A Cu surface engineered with Ni has demonstrated a

capability of growing large-area bilayer graphene (see table 8.1). It is worth mentioning that

in non-dilute commercial Cu(88.0 wt%)-Ni(9.9 wt%) [20] and Cu(67.8 wt%)-Ni(31.0 wt%) [6]

foils and Cu/Ni thin films [10], CVD graphene growth could dominate from carbon segregation

process, because of increased solid solubility of carbon in Cu by Ni which leads to variation in

the thickness uniformity and reduced yield of AB-stacked bilayer graphene [6,11-13]. However,

in dilute Cu(Ni) foils, carbon segregation process would be suppresseddue to a much lower solid

solubility of carbon in dilute Cu(Ni) foil and as a result, graphene growth willpredominantly occur

through surface growth mechanism during hydrocarbon exposure.

In summary, this study clearly showed the capability of a dilute Cu(Ni) foil (AlfaAesar) (the

Ni doped Cu foil) for growing a wafer-scale AB-stacked bilayer graphene film (substrate size,

≈400 mm2) compared to a commercial Cu(0.5 at% Ni) foil (MaTeck) which showed large-area

bilayer graphene (≈900µm2) and a pure Cu foil which showed discrete bilayer graphene domains

(lateral size of≈10 µm) on a monolayer graphene background. The capability of a dilute Cu(Ni)
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Growth Preferential surface Largest bilayer
Ref. substrates orientation of domains Remarks

growth substrates lateral size

>20 µm Discrete bilayer
[14] Cu foil enclosure − (≈70 % foil graphene

coverage) domains
Discrete multilayer

[15] Flat Cu − ≈10 µm graphene
domains

50 µm Discrete bilayer
[16] Cu foil − (67 % foil graphene

coverage) domains
20 µm Discrete

[17] Cu foil − (≈90 % foil graphene
coverage) domains

Discrete bilayer
[18] Cu foil − − graphene

domains
Discrete multilayer

[19] Cu foil − <10 µm graphene
domains

Cu-Ni foil >6400µm2 Large-area,
[20] Cu(88.0 wt%) − (>96 % foil uniform bilayer

Ni(9.9 wt%) coverage) graphene
(commercial)

Cu-Ni foil Large-area,
[6] Cu(67.8 wt%) (111) and (100) >4900µm2 uniform bilayer

Ni(31.0 wt%) graphene
(commercial)

Cu/Ni thin films ≈5806 mm2 Substrate size,
[10] Cu(1200 nm) − (substratesize) uniform bilayer

Ni(400 nm) (≈98 % foil graphene
coverage)
≈10 µm Discrete bilayer

This study Cu foil Continuous (>90 % foil graphene
(001) surface coverage) domains

Dilute Diverse ≈900µm2 Large-area,
This study Cu(0.5 at% Ni) crystallographic (≈80 % foil uniform bilayer

foil (MaTeck) surface coverage) graphene
(commercial)

Dilute ≈400 mm2 Substrate size,
This study Cu(0.5 at% Ni) Continuous (substratesize) uniform bilayer

foil (Alfa Aesar) (001) surface (≈98 % foil graphene
(Ni doped) coverage)

Table 8.1: Summary of growth substrates and high-quality bilayer graphene (largest domains
lateral size and foil coverage) obtained on these substrates using CVD and CH4 as
a carbon source.
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foil for growing a wafer-scale AB-stacked bilayer graphene film was ascribed to the metal surface

catalytic activity of Cu and Ni and the (001) continuous surface orientationin a dilute Cu(Ni) foil.

On a Cu(100) surface, atomic carbon is more stable and the stability is furtherimproved by Ni in

Cu-Ni(100) surface [7,21]. Consequently, the surface concentration of carbon on the Cu-Ni(100)

surface would be much higher than on pure Cu surface suggesting that the Cu’s capability of

decomposing the hydrocarbon is mainly enhanced by Ni surface concentration in Cu [7,21].

Both Alfa Aesar and MaTeck dilute Cu(Ni) foils showed the presence of impurities in the foil

surface. These impurities have much lower bulk concentrations, in a few ppm and Ni has 5000 ppm

(0.5 at%) which act as Ni supplier to reach high Ni surface concentrations in dilute Cu(0.5 at% Ni)

foils. As a result, surface Ni in dilute Cu(Ni) foils contributed significantly during CVD graphene

growth on dilute Cu(Ni) foils.

8.3 Future work

In this study and other published studies, the capability of Cu-Ni alloy to growlarge-area

AB-stacked bilayer graphene compared to Cu which is known to grow islands of bilayer

graphene with a significant fraction of non-AB stacking is discussed on the basis of hydrocarbon

decomposition rate (metal surface catalytic activity). However, a discussion on the driving energy

(formation energy) of a favourable growth of AB-stacked bilayer graphene layers on dilute Cu(Ni)

substrate compared to Cu is lacking in the literature. In addition, the "surfaceeffect" of the (100),

(110) and (111) surface orientations of a dilute Cu(Ni) foil on the AB-stacking of bilayer graphene

layers has not received attention.

Possible future work will involve the following: We will investigate the formation energy of a

favourable growth of AB-stacked bilayer graphene layers on dilute Cu(Ni) substrate compared to

Cu and the influence of the dilute Cu(Ni) surface ("surface effect") onthe AB-stacking of bilayer

graphene layers both experimentally (using AP-CVD growth) and computationally (using Density

Functional Theory). Lastly, we will study the electrochemical performance of the bilayer graphene

composites for micro-supercapacitor applications.
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