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Abstract

Graphene became one of the most investigated system in the last decade, being

considered by the scientific community the wonder material of this century. It is

formed from a single layer of carbon atoms packed in a honeycomb lattice with a

series of exotic and unique properties which make this system very convenient for

engineering new electronic applications. However, besides the outstanding mechani-

cal and electronic properties, graphene has also some serious limitations due to the

difficulty in the synthesis of high-quality monolayers at a large scale, or in creating

of an electronic band gap in the material, necessary for on-off switching operations

in the transistors technology. To overcame this problem, one solution comes from

the interaction between epitaxial graphene and transition metal substrates, but this

will results in a hardly controlled opening of an energy band gap at a Fermi level.

Another solution arises from the possibility to grow a second layer of graphene which

will employ a stable band gap.

At present, only the high temperature Chemical Vapour Deposition (CVD)

can supply large flakes of free standing graphene to an industrial level, but unfortu-

nately this process is self-limiting to one single graphene layer. Therefore, a different

approach is needed for the growth of high quality single- and multi-layer on a large

scale to overcome the aforementioned limitations.

My research activity during these three years was focused in developing

a new method of growing graphene, beyond the standard CVD. Specifically, we

were interested in the molecular beam epitaxy (MBE) growth, where C atoms are

directly delivered on the surface. To this purpose, a new solid carbon source was

designed and constructed, which is based on the electron bombardment principle

to achieve carbon sublimation from a hot graphite rod. This was used on different

substrates like Ir(111), where the CVD technique is well established, Ag(111) and

PbZr0.2Ti0.8O3 (PZT(001)), a ferroelectric oxide where CVD is precluded. The first

part is dedicated to the study of the growth mechanism of graphene on Ir(111) using

the carbon (MBE) at a very low substrate temperature (T=80 K) to reduce surface

diffusion. This allowed us to assimilate the origin of different species of carbon

atoms present in the incipient stage of graphene formation on the Ir(111). We also

exploit the possibility to grow a second layer of graphene using the C source, at a
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high substrate temperature which was impossible to achieve with standard CVD

method. The second part is dedicated to the growth of graphene on substrates where,

the dissociation of the hydrocarbon molecules used in the CVD is precluded. To this

purpose we involved carbon MBE to grow single and double layers on Ag(111) by

keeping the substrate at elevated temperature.

The last part of the thesis is dedicated to the graphene ferroelectric oxides

interfaces, which can be considered the forward step in the integration of graphene

in the new era of electronics. Specifically we were interested in the synthesis of

graphene on top of PZT(001 using the solid carbon source, because on this kind

of substrate the hydrocarbon used in CVD does not dissociate. A special cleaning

procedure was defined to promote carbon adsorption on the substrate. A key role

role is played also by the temperature deposition which not may exceed a certain

value in order that carbon to adsorb.
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Chapter 1

Introduction

Graphene, a single layer of carbon atoms packed in a honeycomb lattice, is con-

sidered by the scientific community the wonder material of the 21th century. The

first discussion of the unique properties of graphene dates back to more than 60

years ago when Wallace came with the first theoretical studies on a single sheet of

sp2 hybridized carbon [1]. Later, in 1962 Boehm et al. made the synthesis of single

and multilayer graphene from the reduction of graphene oxide [2]. However the

scientific community did not show particular interest till the beginning of the new

century because the material, in its free standing configurations, was predicted to be

thermodynamically unstable [3, 4].

Mono- and multi-layer graphene on transition metal surfaces were prepared

for the first time by surface scientists in vacuum, either by segregation of the carbon

containing materials or by exposure of hot samples to hydrocarbons. In 1968, a single

layer of carbon atoms obtained by hydrocarbon dissociation experiments on Pt (001),

was observed by means of low energy electron diffraction (LEED) [5, 6]. Later, most

of the interest in carbon-based materials was instead focused on fullerenes discovered

by Kroto et al. [7] in 1985, and then on carbon nanotubes, firstly identified by Iijima

[8] in 1991 (Figure 1.1).

Renewed interest on graphene emerged only in the last decade when Geim

and Novoselov succeeded in the isolation of a single layer of graphene in 2004

[9], which brought them the Nobel Prize award for the discovery of many exotic

properties of this material. In fact, graphene is strictly two dimensional, is very stable

under ambient conditions and has a high crystallographic quality. Moreover, the

1
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charge carrier mobility of graphene is very high, making it a better conductor than

copper at room temperature. It shows excellent thermal conductivity, high thermal

stability [10] and outstanding mechanical properties [11]. From the electronic point

of view, its charge carriers exhibit a giant intrinsec mobility with a zero effective

mass and at room temperature they can travel on average a few micrometers without

scattering [12].

Figure 1.1: Graphene (top left). Graphite (top right). Carbon nanotubes (bottom left). Fullerenes

(bottom right).

The honeycomb structure of graphene shown in Figure 1.2 consists in two

triangular sublattices, or in a unit cell with two non-equivalent atoms (A and B ). The

lattice vectors can be described as:

a1 =
a
2
(1,
√

3), a2 =
a
2
(1,−

√
3) (1.1)

where a = 2.46
◦
A is the lattice constant in the plane.

The velocity of delocalized electrons in graphene is constant and indepen-

dent of momentum, which lead to the conclusion that the charge carriers (electrons

and holes) can be described by the Dirac equation for the massless particles with

an effective speed of light vF ≈ 106m/s. The relativistic character of charge carriers

results in some interesting phenomena such as ambipolar electric field effect [13] or

an unusual behaviour of the quantum Hall effect [14].

The band structure of graphene presented in Figure 1.3 is different from a

metal and is also different from the semiconductor band structure because there is no

energy gap. For this reason, graphene can be considered a zero band-gap material.
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Figure 1.2: Graphene lattice representation. The two inequivalent atoms of the unit cell, A and B,

are highlighted with different colors.

Actually, the band structure of graphene is positioned somewhere around this two

extremes, which make graphene to act like a semimetal. In a closer look at Figure 1.3

it can be observed that the valence and conduction bands meet at the Fermi energy,

forming conical bands, which touch at the K and K
′

high-symmetry points in the

Brillouin zone. The extraordinary properties of graphene make it an interesting

material for a number of potential applications including spintronic devices [16],

fuel cells [17], touch-screens ultracapacitors [18, 19], gas sensors [20], transparent

electrodes [21, 22], flexible electronics [23] and high-frequency transistors [24, 25].

One of the main issues for graphene based technology is the synthesis

of high-quality monolayers at a large scale. The original method of mechanical

exfoliation is not suitable for technological applications due to limitations in the

quality and in the large costs of production. The Chemical Vapour Deposition

method (CVD) of carbon-containing molecules [26, 27] (i.e. hydrocarbons) represents

a reliable method for large-scale epitaxial growth of high-quality graphene layers on

transition metals. At present, free standing graphene flakes are industrially achieved

by high temperature CVD growth on copper foils [28], followed by chemical etching

of the metal substrate. Subsequently, graphene is transferred on the substrate of

choice, which is usually an insulator. This is because the direct growth of graphene

on an insulator using CVD is precluded.

The absence of an electronic band gap in graphene limits its applicability in

transistors technology where a band gap is needed for on-off switching operations.



Chapter 1: Introduction 4

Figure 1.3: Graphene energy bands close to the Fermi level. The conduction and valence bands

touch at K and K’ points. Adapted from [15].

To overcome this problem, one solution comes from the interaction between epitaxial

graphene and transition metal (TM) substrates, which frequently results in the open-

ing of an energy gap at the Fermi level [26, 27]. However, the value of this gap is

hardly controllable and evolves as soon as the interaction with the substrate changes.

Another solution arises from the possibility to grow a second layer of graphene on the

TM substrate, which creates a stable band gap [29]. Unfortunately, the CVD graphene

growth on metals is a self-limiting process which stops at monolayer completion [30].

A different approach is therefore needed for the growth of high-quality

single- and multi-layer graphene on a large scale which overcomes the aforemen-

tioned limitations. The strategy adopted in this PhD research activity is based on

Molecular Beam Epitaxy (MBE) and involves the use of a solid carbon source, able to

deliver elemental carbon species directly on the substrate of choice.

In order to do this, a solid carbon source has been designed and constructed.

The first part of this PhD thesis is dedicated to the investigation of the growth

mechanism of graphene on Ir(111), with the aim of comparing the growth process

and the quality of the graphene layer obtained by using the carbon source and those

obtained by using the standard CVD method. Different strategies were adopted:

• Graphene growth using the carbon source and the Temperature Programmed
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Growth (TPG) method (deposition at liquid nitrogen or room temperature and

then annealing of the substrate to high temperature);

• Graphene growth using the solid carbon source while keeping the substrate at

high temperature (HTG).

Photoemission spectroscopy was used to investigate the presence of the

carbon species on the Ir(111) surface. The assignment of the multiple components

observed in the photoemission spectra was achieved by comparison with theoretical

results obtained by the collaborating group of theoretician at King’s College London,

led by Prof. Lev Kantorovich. With this approach it was possible to reconstruct

the incipient stage of graphene growth on Ir(111), dominated by the diffusion of

monomers on the surface. We also demonstrate that a second layer of graphene can

be achieved using the solid carbon source.

The second part of the research activity of the present project was dedicated

to the growth of graphene on substrates where the dissociation of the hydrocarbon

molecules used in CVD is precluded, like noble metals or oxides. New architectures

based on graphene interface could pave the way for the manipulation of extreme

light concentration, highly efficient photoconversion [31, 32] or printed electronics

[33, 34]. However, the preparation of these interfaces is achieved after a complex

material processing which leads to a high concentration of contaminants and defects

in graphene that compromise its extraordinary properties [35, 36]. The direct growth

of graphene on the substrate of choice would overcome all these issues and enable the

fabrication of clean, well defined interfaces. To this purpose, we studied the growth

of graphene on a pristine Ag(111) by means of MBE. Different experiments were

performed in order to find the best substrate temperature during carbon deposition

for the graphene growth. Good results were obtained by using the HTG growth

method by dosing carbon on the sample at 970-1020 K, while with TPG graphene

did not form. The Photoelectron Spectroscopy experiments were complemented

with Low Energy Electron Diffraction (LEED) and Near Edge X-ray Absorption

Spectroscopy (NEXAFS) measurements, which confirmed the formation of graphene

flakes on the surface.

The last part of this research activity was dedicated to the study of graphene-

ferroelectric oxides interfaces. Associating graphene with ferroelectrics for the ex-
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ploration of novel catalytic properties is a completely new research area. The basics

of the phenomenon consist in the observation that an electric field, such as the one

produced by a ferroelectric surface with out-of-plane polarization may induce a

considerable change in the density of states in the graphene layer, promoting high

electrons or holes mobility which may activate surface reactions. Interesting side

effects may appear in stabilizing spin or charge density on the graphene layer, and

sometimes the dispersion law can be significantly changed by such interactions [37].

The main bottleneck for this part of the project is related to the modality to grow

graphene onto ferroelectric surfaces. This was achieved by depositing elemental

carbon atoms directly on the surface using the solid carbon source.
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Chapter 2

Experimental techniques and Setup

In this chapter are presented the experimental techniques used in this research project,

together with a brief description of the experimental facilities and the instrumentation

used to acquire the data. All the experiments were performed in Ultra High Vacuum

Conditions (UHV)( pressure of the order of 10−10 − 10−11 mbar), in the experimental

chambers of the SuperESCA beamline of Elettra, the italian synchrotron radiation

facility and in the Surface Science Laboratory of Elettra Sincrotrone Trieste. The UHV

conditions are needed to reduce the surface contamination rate and are adopted

to minimize scattering effects between the low energy electrons (50-300 eV) used

in electron based techniques and the residual gas molecules. Indeed, according

to the Hertz-Knudsen equation [1], if the sticking coefficient is close to 1 and the

background pressure 10−6 mbar, the surface will be fully covered by contaminants

in a few seconds. Only by lowering the pressure to 10−10 mbar, the contamination

time will be increased to a few hours, thus allowing to conduct surface science

experiments on a well defined and clean system. These vacuum conditions are

obtained by using a pumping system, but a complementary bake-out procedure

of the vacuum chamber is also needed to reach the 10−10 mbar range because of

the desorption of water molecules from the inner walls of the chamber. Before

each experiment, the samples were cleaned using the proper cleaning procedure.

For metallic surfaces, this generally consists in Ar+ sputtering cycles, followed by

annealing to high temperature to reorder the surface and, in some cases, oxygen

treatments to remove residual carbon. In the case of the ferroelectric samples, we

developed a cleaning procedure consisting in prolonged annealing of the sample

11
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introduced in UHV, at high temperature (up to 820 K) in oxygen atmosphere.

The characterization of the samples was performed using a variety of exper-

imental techniques, namely synchrotron radiation X-ray Photoelectron Spectroscopy

(XPS), Near Edge X-ray Absorption Fine Structure (NEXAFS) and Low Energy Elec-

tron Diffraction (LEED). For the sample synthesis, Molecular Beam Epitaxy technique

was used for the graphene growth on different substrates, while Pulsed Laser De-

position (PLD) was used for the fabrication of the oxide-ferroelectric substrates. In

addition, some of the experiments were paralleled by complementary theoretical

calculations, based on Density Functional Theory (DFT).

2.1 Molecular Beam Epitaxy (MBE)

The carbon Molecular Beam Epitaxy (MBE) method has shown its advantages in

controlling the growth of graphene mono or bi-layers on different substrates [2, 3],

in addition to the CVD method used on transition metals [3, 4, 5]. One of the main

advantages of this method is that carbon is directly deposited on the substrate of

interest, eliminating in this way the transfer process of graphene from the metal it

is grown on by CVD to the substrate onto which graphene will ultimately be used.

However, in order to obtain high quality graphene layers a few parameters, such as

substrate temperature, growth time, carbon flux and background pressure, have to

be carefully controlled.

MBE is a well known and widely used technique to produce high quality,

homogeneous epitaxial layers with reproducible thickness and composition. For all

these reasons, the MBE has become an attractive method to synthesize also graphene

films. This technique, which was developed for the first time in 1970 at the Bell

Laboratories in USA [6] is illustrated in Fig. 2.1. The left panel is intended to

be a definition of epitaxy, i.e. the commensurate growth of a single crystal layer

onto a single crystal substrate. The right panel evidences the three main growth

mechanisms, starting with the two extreme cases layer-by-layer and 3D clustering,

with the intermediate and more frequent behaviour (Stransky-Krastanov growth).

The conditions for applying molecular beams are satisfied when the mean

free path λ of the atoms is larger than the geometrical size of the chamber. This is
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easily fulfilled if the total pressure does not exceed 10−5 mbar. Therefore, the MBE

growth method shows good results if the UHV level is in the range of 10−10 mbar.

Any increase of this barrier induces contamination rates of the substrate comparable

with the growth rate of the target material. In carbon MBE, the Knudsen cell tipically

Figure 2.1: Different growth mechanisms on a single crystal surfaces. Adapted from [7].

used in a conventional molecular beam epitaxy technique is replaced by a custom

made evaporator in which a hot graphite rod is used as a direct source for the carbon

atoms in the epitaxial growth. The description of the evaporator and the best working

conditions are discussed in the next section.



Chapter 2: Experimental techniques and Setup 14

2.2 The solid carbon source evaporator

The carbon evaporator is based on the electron bombardment principle, that allows

to increase the temperature of a graphite rod tip to more than 2000 ◦C, which is

needed for carbon sublimation [8]. It is composed by a tip-shaped graphite rod

connected to the high voltage, which is heated by the accelerated electrons emitted

by W filaments placed close to the target tip. The evaporator is equipped also with

a wehnelt, represented by the small ring around the graphite rod (see Fig. 2.2 (b))

which is connected to a negative voltage for focusing the electrons to the carbon tip.

In our case, the wehnelt was set to ground.

Figure 2.2: (a) Image of the solid carbon source. (b) Close view of the carbon rod and the W filaments.

(c) Configuration of the carbon evaporator for in-situ measurements at the SuperESCA beamline.

In the preliminary characterization, the working conditions of the carbon

source were defined, namely the high voltage to apply to the tip and the current of the

W filaments, in order to achieve the proper electron emission current for tuning the

carbon flux. The best working conditions were found with a voltage of 1 kV applied

to the graphite rod and a current of 5 A in the W filaments, which implies an electron

emission current of ∼ 150 mA and a carbon deposition rate of ∼ 1.8x10−3 ML per
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seconds at the distance of 80 mm, where the sample was placed. A water cooling

system was added in order to reduce the contamination in the UHV chamber, due to

the excessive heating of the evaporator surroundings. The evaporator was placed

on the side of the electron energy analyzer, as shown in Fig. 2.2 (c). This allowed

us to make real-time XPS measurements during carbon deposition, maintaining

the background pressure in the 10−10 mbar range, thus reducing the adsorption of

unwanted species on the sample surface.

2.3 Pulse Laser Deposition (PLD)

Among the several applications of lasers, one is for physical vapour deposition where

a high-power pulsed and collimated laser beam is used in vacuum to hit a target of the

material that has to be deposited [9]. The main advantages of this deposition method,

that differentiate it from others such as vacuum thermal evaporation, arc evaporation,

chemical vapour deposition, etc., are related to the possibility of producing layers of

complex materials (oxides, nitrides) with the same stoichiometry of the target. The

use of laser pulses also benefits from the possibility to control a variety of parameters:

(i) laser radiation fluency, (ii) wavelength of the radiation (which typically is chosen in

the range where the target presents minimal reflectivity), (iii) frequency and duration

of pulses, which models the length and geometry of the plasma that forms on the

surface of the target. It is worth mentioning here that the characteristics of the plasma

are determined by the environmental gas pressure during deposition. In addition

the gas may contain a well-defined oxygen or nitrogen concentration, to adjust the

stoichiometry of the deposited layers (to avoid the production of coatings deficient

in oxygen or nitrogen). Finally the substrate temperature is defining the crystallinity

of the deposited layers.

The ferroelectric samples investigated in this work, were prepared in the

PLD set-up, shown in Fig. 2.3 and Fig. 2.4, by the group led by Dr. Lucian Pintilie

from the National Institute of Material Physics (NIMP), in Magurele, Romania. The

set-up consists of:

• target holders (several, to deposit multilayer composites and coatings);

• sample holder, with heating system (up to 1000 ◦C);
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• vacuum chamber (10−5 − 10−9 mbar);

• excimer laser KrF, λ = 248 nm;

• optical components for focusing and guiding the laser beam;

• in situ quality check of deposited layers (Reflection High Energy Electron

Diffraction (RHEED)).

Figure 2.3: Sketch of the PLD facility. Adapted from [7].
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Figure 2.4: The PLD experimental set-up used for the growth of PZT thin layers.
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2.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy is a non-destructive analysis technique that is used

to investigate the properties of surfaces, interfaces and thin layers. It is based on

the interaction of photons with matter (photoelectric effect). The technique involves

placing a sample in UHV, irradiating it with photons produced by a conventional

anode based X-ray source or soft X-ray synchrotron radiation and analysing the

kinetic energy of the photoemitted electrons.

The photoemission process [10] involves the absorption of a photon with

energy hν by an atom of the sample, leading to the emission of an electron with initial

binding energy EB, with final kinetic energy in vacuum EK given by

EK = hν− EB −Φ (2.1)

where Φ is the work function of the system (2-7 eV [11]), i.e. the difference between

the vacuum level and the Fermi energy, EF .

Figure 2.5: (a) Principle of X-ray Photoelectron Spectroscopy; (b) Origin of XPS components with

different binding energies for a thin film deposited on a substrate [12].
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In a photoemission experiment, the initial electron binding energy is calcu-

lated from the measured kinetic energy Emeas
K . The commonly accepted procedure is

to refer the binding energy scale to the position of the Fermi level, which is common

to the sample and the electron energy analyzer. The kinetic energy measured by the

analyzer, Emeas
K is therefore given by

Emeas
K = hν− EB −Φsample + (Φsample −Φanalyzer) = hν− EB −Φanalyzer (2.2)

Φsample and Φanalyzer is the work function of the sample and analyzer, re-

spectively.

Since core electrons in each element have a characteristic binding energy,

photoemission spectroscopy is the ideal tool for the chemical analysis of materials.

The deviation of the BE from the free atom case, because of formation of bonds, is

called chemical shift [13]. In most cases, core level shifts (CLS) may be used to assert

the nature of the compounds present in the sample. The binding energies depend

also on other factors, such as the surface or bulk nature of the emitting atoms, the

interaction of the emitting atoms with different species, or the occurence of some

defects in the neighborhood of these atoms, as represented in Fig. 2.5(b). Therefore,

an XPS spectrum for a given element is often the superposition of several compo-

nents and the isolation of the components is usually achieved by a computational

deconvolution procedure.

Another important property of photoelectron spectroscopy is related to its

surface sensitivity. The emitted electrons have kinetic energies ranging typically from

tens of eV to 1.5 keV. It is well known that, at these energies, electrons are subjected

to inelastic scattering. If I0 is the photoemission intensity in a solid material at depth

d with respect to the surface, the scattering phenomena mentioned above imply that

the detected photoemission intensity will be given by the Beer-Lambert law [10]:

I(E) = I0exp [−d/λ(E)] (2.3)

where λ(E) is called inelastic mean free path (IMFP) and its dependence on the

kinetic energy E is a universal curve (Fig. 2.6) with a minimum of 4− 5
◦
A for kinetic

energies of 50-100 eV. In the case of graphite, for example, the IMFP ranges between

4.57
◦
A and 31.5

◦
A for electron energy between 50 and 2000 eV as shown in Fig.
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2.6. Usually, at the SuperESCA beamline we measure the C 1s core level of graphite

(EB ∼ 285 eV) with 400 eV photon energy which results in a kinetic energy of ∼ 115

eV, corresponding to a IMFP in the range of 4.73
◦
A - 4.92

◦
A [14]. Equation 2.3 implies

that in the range of kinetic energies tipically used in XPS the electrons are coming

from a depth of 1.5-6 nm from the sample surface. This also implies that the sample

must present an advanced degree of cleanness of its surface, otherwise the electrons

from the sample surface may be strongly attenuated by the contamination layer. For

deeper layers investigation XPS may be combined with cycles of ion sputtering to

remove the topmost layers from the sample surface. This procedure, however, must

be applied with some care since, especially for compound samples such as oxides,

preferential sputtering may occur and the first layer composition might be affected

by the sputtering process.

Figure 2.6: Universal curve of electron inelastic mean free path. Adapted from [15], in which are

included the values for graphite from [14].

The photoemission signal intensity is proportional to the photoemission

cross section which is the probability of exciting a system from an initial state to a

final state with a flux of 1 photon x cm−2s−1 [16]. Figure 2.7 presents the variation of

cross section for some of the core levels analyzed in this thesis, namely C 1s, Ir 4f, Ag



Chapter 2: Experimental techniques and Setup 21

3d, Pb 4f and O 1s as a function of the incident photon energy. This figure brings out

one of the main advantages of using synchrotron radiation, i.e. the photon energy

tunability, which offers the possibility to change the sensitivity to a specific core level.

Figure 2.7: Photoemission cross-section for the Ir 4f, C 1s, Ag 3d, Pb 4f and O 1s core levels as a

function of incoming photon energy.



Chapter 2: Experimental techniques and Setup 22

2.4.1 Analysis of core level spectra

The analysis of core level spectra consists in reproducing the photoemission spectrum

with a proper theoretical function, in order to extract quantitative information on the

number, position and intensity of the individual components of the spectrum. One

of the most frequently used formalisms is the semi-empirical model formulated by

Doniach and Šunjić (D-S) [17]. To account for the core hole lifetime of the excited

atoms and also to describe the asymmetric tail at lower kinetic energies in the pho-

toemission spectra due to electron-hole pair excitations at the Fermi level, Doniach

and Šunjić developed a modified Lorentzian lineshape, in which the asymmetry is

introduced through the α parameter:

IDS(E) = I0
ΓE (1− α)[

(E− Eb)
2 + Γ2/4

](1−α)/2
ζ(E) (2.4)

where Γ is the Full Width Half Maximum (FWHM), ΓE is the Euler gamma function

and

ζ(E) = cos
[

πα

2
+ (1− α) arctan

(
E− E0

Γ/2

)]
(2.5)

The width of photoemission spectra is also affected by the phonon broaden-

ing and by the experimental resolution which is due to the electron energy analyzer

and the photon beam. These contributions are described by a Gaussian function:

IG(E) =
I0

σ
√

2
exp

(
− (E− EB)

2

2σ2

)
(2.6)

All XPS spectra presented in this thesis were analyzed using D-S functions

convoluted with Gaussians. [18]. The BEs of the different components were always

referenced to the Fermi level. The background is considered either Shirley type or

linear depending on the specific spectra. The Shirley type background is calculated

iteratively as follows [19]:

Si(E) ∝
∫ ∞

E
dE′(I(E′)− Si−1(E′)) (2.7)

where Si(E) is the Shirley net intensity at the i-th iterations and I(E) is the

photoemission intensity of experimental spectra.
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2.5 The Near Edge X-ray Absorption Fine Structure Spec-

troscopy (NEXAFS)

The Near Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS) is derived

from X-ray Absorption Spectroscopy and refers to the absorption fine structure close

to an absorption edge, extending from zero to about 30-50 eV above the edge (see Fig.

2.8). This is the energy region showing the largest variations in the x-ray absorption

coefficient. The other region, which extends from 50 eV up to a few hundreds of

eV beyond the absorption edge is called Extended X-ray Absorption Fine Structure

(EXAFS), but will not be the subject of this section.

Figure 2.8: Sketch of a typical absorption spectrum.

NEXAFS was first devised in 1980s [21], mainly to investigate the structure

and the orientation of adsorbed molecules on surfaces, by probing the intermolecular

transitions from a deep core shell (i.e. K shell) into unoccupied molecular orbitals

close to the vacuum level. The origin of the NEXAFS intermolecular transitions is

illustrated in Fig. 2.9, where the case of a diatomic molecule is shown. In this model,

the resonant transitions are superimposed in a step like shape around the ionization

threshold. These transitions are permitted only if the energy of the incoming photons

matches exactly the energy difference between the initial state and an unoccupied

(molecular) state with angular momentum quantum number `
′
= `± 1, where `

belongs to the initial state wave function. Besides the electronic structure of molecules,
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NEXAFS can also provide information about their orientation on the surface. To

this purpose, the polarization characteristics of synchrotron radiation are exploited.

Assuming that the synchrotron radiation is almost linearly polarized in the plane of

the storage ring, we can relate, in the dipole approximation, the initial state Ψi and

the final state Ψ f , to the absorption cross section σx (Fermi’s golden Rule):

σx ∝ |ε · 〈Ψ f |∇|Ψi〉|2ρ f (E) (2.8)

where ε is the polarization vector of the incoming radiation and ρ f (E) is the density

of final states. For a 1s initial state and a directional final state orbital (which is of

p-type) the matrix element 〈Ψ f |∇|Ψ1s〉 points in the direction Ω of the final state

orbital [22], and the absorption cross section becomes:

σ ∝ |ε · 〈Ψ f |∇|Ψ1s〉|2 ∝ |ε ·Ω|2 ∝ cos2 α (2.9)

where α is the angle between ε and Ω.

Figure 2.9: Schematic of the K-edge absorption spectrum (left) and potential (right) for a diatomic

(A,B) molecule. Besides the Rydberg states, π∗ and σ∗ resonances are allowed due the excitation of

atomic 1s core electrons to empty molecular orbitals. Adapted from [22].
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In the case of graphene, there are in plane unoccupied σ∗ bonds and, per-

pendicular to them, out of plane π∗ bonds. Therefore, from the equation 2.9 it results

that the modulation of the σ∗ and π∗ is opposite. In other words, when the impinging

electric field polarization is perpendicular to the graphene plane, only the 1s→ π∗

resonance is measured, while, when the electric field polarization is parallel to the

plane, only the 1s→ σ∗ resonance is at maximum intensity. In Figure 2.10 NEXAFS

C K-edge spectra of graphene on Ni(111) are shown as an example to highlight the

different behavior modulation of the σ∗ and π∗ resonances.

In a NEXAFS experiment, the sample is irradiated with monochromatic

X-rays with energy close to the ionization edge, resulting in the excitation of a core

electron to an empty level, leaving a core hole. The hole is subsequently filled by

an electron of an outer level. The energy released in this process can be transferred

to another electron which is emitted (Auger process) or it results in the emission of

a photon (Fluorescence process). The NEXAFS spectra can be measured in Auger

Electron Yield (AEY) or in fluorescence Yield (FY). The FY mode is more bulk sensitive

because of the larger penetration depth of photons as compared to electrons, while

with AEY the NEXAFS measurements are more surface sensitive. On the other hand,

for the elements with low atomic number, such as carbon, the probability of Auger

emission is much higher than that of fluorescence emission [23, 24]. In this work, the

NEXAFS spectra are measured always in the AEY mode.
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Figure 2.10: A series of NEXAFS C K-edge spectra of graphene on Ni(111) recorded at different

incident angles. Adapted from [20].

2.6 Low Energy Electron Diffraction (LEED)

LEED is a widely used method to characterize the surface structure of crystalline

materials [25, 26]. Since its discovery in 1927 by Davisson and Germer [27], LEED

remains one of the most powerful tools used in the investigation of ordered surfaces

due to its wide range of applicability, low cost and quite simple interpretation of

the LEED patterns within the kinematic theory. The long-range order of the surface

can be investigated through the analysis of the diffraction patterns produced by low

energy electrons (20-400 eV). The surface sensitivity is achieved thanks to the inelastic

mean free path, that is always less than 10
◦
A in this energy range.

According to the kinematic theory, we can consider the electron as a plane

wave that, interacting with the surface, which can be considered as a two dimensional

lattice, diffracted along particular directions that satisfy the Laue condition: ∆K|| =

G, where ∆K|| = ki|| − k f || is the scattering vector parallel to the surface and G is
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Figure 2.11: Reciprocal lattice of the Ewald Sphere.~ki is the incidend electron wave vector, and~k f

is the diffracted one.

the reciprocal lattice vector of the surface.

The elastic scattering conditions imply that the energy is conserved, i.e.

|k f | = |ki|. A LEED pattern can be considered as an immediate representation of

the reciprocal space (or the 2D k-space) of the surface, which can be interpreted

through geometric construction of the Ewald sphere (represented in Fig. 2.11). The

vertical lines perpendicular to the crystal surface are designed in correspondence to

the points of the reciprocal lattice. The directions of the scattered electrons can be

therefore determined by intersecting the vertical lines with the Ewald sphere which

correspond to the solutions of the Bragg equation that along one direction on the

surface can be written as nλ = dsinθ with d the interatomic distance, λ the deBroglie

wavelength of the electrons and θ the scattering angle.

A conventional LEED apparatus is presented in Fig. 2.12 (a). A collimated

monochromatic electron beam hits the sample with the desired energy. Once the

electrons reach the sample, they are backscattered from the surface and then collected.
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Figure 2.12: (a) Schematic illustration of the LEED apparatus. (b) Example of a LEED pattern.

The electrons from inelastic scattering are blocked by the supressor grids and only

the elastically scattered electrons are accelerated to a fluorescent screen by a positive

potential of a few kV. Then, the LEED patterns collected on the fluorescent screen are

typically recorded with a CCD camera (Fig. 2.12 (b)).

2.7 The Elettra synchrotron

The synchrotron facility localized in Trieste (Italy), known also as Elettra, is a third

generation storage ring and is operational since 1993. Synchrotron radiation is

produced when electrons traveling at relativistic speed are forced by a magnetic field

to follow a curved trajectory in the storage ring, thus resulting in a highly collimated

photon beam in the tangential direction [28]. At Elettra, the electron bunches are

generated by a thermoionic emission from a ceramic disc and first accelerated in a

straight line through a linear accelerator (LINAC). Then the electrons are injected

into a booster ring where they are accelerated to the operating energy (2 or 2.4

GeV) and finally are transferred in the storage ring. Different type of magnets are

used in the ring: the bending magnets (to deflect the electron beam into a circular

path), quadrupoles (for beam focusing), sextupoles (for compensating chromatic

and non-linear effects) and steer magnets that perform small adjustments to the

circular trajectory. The energy lost due to the emission of synchrotron radiation is

reintegrated by four radio-frequency cavities. On the straight sections of the ring
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are usually inserted undulators consisting of two periodic arrays of magnetic poles

forcing the circulating electrons to follow a wiggling trajectory, in such a way to

irradiate. These devices are the primary sources of high brightness x-ray beams

(see fig. 2.13). The strength points of synchrotron radiation are the high brilliance,

tunability and the high degree of polarization of the photon beam.

Figure 2.13: A sketch of the (a) synchrotron facility and (b) of the beamlines at Elettra Sincrotrone

Trieste.
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2.8 The SuperESCA beamline

SuperESCA is the first operational beamline at Elettra (1993) and is optimized for

photoelectron spectroscopy with soft X-rays [29]. The radiation source is a two-

sections 46 mm-period high brilliance undulator with 98 periods, that produces

linearly polarized photons in the energy range 90-1500 eV. The photon beam from

the undulator is monochromatized with an SX 700 monochromator and focused by

an ellipsoidal mirror into the center of the experimental main chamber. The resolving

power of the monochromator (E/∆E) is in the order of 104 at 400 eV, with a photon

flux of 1012 photons/s.

Figure 2.14: The SuperESCA beamline at Elettra.

The experimental station represented in Fig. 2.14 consists of two UHV

chambers separated by a gate valve. The upper chamber is made of stainless steel

and is designed for sample preparation. The bottom chamber is made of µ-metal in

order to screen the external magnetic fields and is designed for measurements. Two

manipulators can be mounted depending on the experiments to be performed. The

first one is a modified version of the CTPO from VG instruments, with 5 degrees

of freedom (3 on the x, y, z axes and 2 rotational fully automatized (Θ and Φ). The

allowed sample temperature is in the range of 120-1500 K. The second one is a liquid

He cryostat with xyz translations and only one rotational axes Θ, allowing to reach
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a sample temperature in the range 20-2000 K. The chamber is also equipped with a

LEED system, a series of evaporators, a quadrupole mass spectrometer and a SPECS

Phoibos electron energy analyzer with a mean radius of 150 mm, equipped with a

custom made delay line detector [30].

In Fig. 2.15 is sketched the Phoibos hemispherical electron energy analyzer

which consists of two concentric hemispheric electrodes of radius R1 and R2. The

potential difference between the two hemispheres is given by

V2 −V1 = V0

(
R2

R1
− R1

R2

)
(2.10)

From this equation we can determine the potentials to be applied to the hemispheres

in order to select the electrons with energy E0 = |e|V0, the so called pass energy.

In fact, the electrons which are passing through the hemispherical analyzer are

only those with kinetic energy E0, following a curved trajectory of radius R0 =

(R2 + R1) /2 to the detector. The device resolution depends on few aspects like

geometrical parameters of the analyzer, angular divergence of the electron beam and

the selected pass energy:

∆E = E0

(
ω

2R0
+

α2

4

)
(2.11)

where ω is the width of the entrance slit and α is the impinging angle of the electrons

at the entrance slit. The luminosity of the analyzer is improved by the electrostatic

lenses in front of the hemispheres which are collecting the electrons from a large

solid angle, focus them into the entrance slit of the analyzer and slow them down to

the selected kinetic energy E0. A compromise is required between energy resolution

and electron transmission in order to obtain a good signal-to-noise ratio. At the

SuperESCA experimental chamber, a microchannel plate based detection system is

used to measure the electrons reaching the detector of the analyzer. The experimental

spectra are usually acquired in sweep (or scanning) mode in which the voltages of the

two hemispheres V1 and V2 are held fixed, thus resulting in a fixed pass energy. At

the same time the voltage applied on the electrostatic lenses is modified in such a way

that each channel counts electrons with the selected kinetic energy for a given time

window. In order to drastically reduce the data aquisition time, the so called snapshot

(or fixed) mode is often applied. Basically, if the photoemission signal collected by the

channel plate detector is sufficiently strong and also if the energy dispersion of the
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Figure 2.15: The Phoibos hemispherical electron analyzer.

electrons at the detector plane, which depends on the pass energy, is sufficiently large,

it is possible to acquire the photoemission spectrum in one shot, with an acquisition

time of about 100 ms per spectrum.

2.8.1 Combined Spectroscopy and Microscopy on Surfaces (CoS-

MoS) at Elettra

One of the activities carried out in this PhD project is the implementation of the sur-

face science set-up CoSMoS (Combined Spectroscopy and Microscopy on Surfaces),

which belongs to the National Institute of Material Physics (NIMP) in Romania, at

the branchline of the SuperESCA beamline of Elettra. This installation was possible

thanks to a long-term project on the growth and study of ferroelectric-graphene

interfaces with XPS and NEXAFS. CoSMoS uses the same monochromatized beam

of SuperESCA. Basically, the synchrotron radiation beam enters first into the main

chamber of SuperESCA and then is refocused by a thoroidal mirror (Fig. 2.16) into

the XPS chamber of CoSMoS. (Fig. 2.17)
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Figure 2.16: Sketch of the SuperESCA branchline.

Figure 2.17: SuperESCA beamline (in the bottom image) and CoSMoS cluster (in the top right

corner of the image). The analyzer is standing up-right in the image.
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In Figure 2.18 it is shown a more detailed image of the CoSMoS facility. The

system is a single set-up from SPECS which includes three main chambers where

samples can be transferred from one to the other through a system of transfer bars.

One is dedicated to the molecular beam epitaxy (MBE), the second for Scanning

Tunneling Microscopy (STM) and the third one (where the synchrotron beam is

connected) for photoemission experiments. The system can host 10-12 samples,

accommodated on different storage facilities of the whole setup, which means that

all these samples might be prepared and characterized well in advance and ready for

synchrotron radiation measurements. Besides the load-lock chamber where the best

pressure is 10−8 mbar all the others work in the range of 10−10 − 10−11 mbar.

Figure 2.18: Detailed image of CoSMoS at NIMP.

In Fig. 2.19 is represented the scheme of the main devices in the MBE

chamber. This system is equipped with two sample manipulators, one with 5 degrees

of freedom (3 on the x, y, z axes and 2 rotational (Θ and Φ) with cooling capabilities

down to 80 K and heating up to about 1300 K and another capable to reach high

temperature (1800 K). In the bottom of the chamber are mounted five evaporators
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with Knudsen cells, one based on electron bombardment with 4 different targets

and a RF discharge plasma source. In the MBE chamber are also present a quartz

micro-balance (for the calibration of the evaporators fluence rate), a quadrupole mass

spectrometer (for the residual gas analysis), a ion gun (for sample cleaning) ) and a

LEED, RHEED thickness monitor. Basically in the MBE chamber one may synthesize

complex systems architectures (atomic clean samples, ultrathin layers, multi-layers

or alloys), which can be characterized in situ by the following techniques: LEED,

RHEED or thermal desorption analysis (by using quadrupole mass spectrometer).

Figure 2.19: Sketch of all devices present in the MBE chamber.

The STM microscope, mounted in the second chamber permits scanning tun-

neling microscopy measurements at variable temperature (80-600 K, see fig. 2.20(a)).

In fig. 2.20(b) and (c) are shown atomically resolved images of graphite acquired
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after the installation of CoSMoS at Elettra. The STM chamber hosts also a sample

cartridge where samples can be stored or annealed before STM measurements.

Figure 2.20: (a) Scanning tunneling microscope with variable temperature (80-600 K (b) 5 x 5 nm2

and (c) 2 x 2 nm2 image of graphite.)

The last chamber is dedicated mainly to the XPS measurements and is

composed by:

• sample manipulator (the same as in MBE chamber);

• a conventional monochromatized anode based gun for soft X-rays (Al Kα1

1486.3 eV, Ag Lα1 2984.31 eV);

• a 150 mm Phoibos hemispherical electron energy analyzer (the same of Su-

perESCA) with a mini-mott spin detector and 6 channeltrons;

• a low energy flood gun (max 500 eV), used to neutralize samples charging

effects;

• high energy electron gun (max. 5 keV) for Auger electron spectroscopy and

electron energy loss spectroscopy (EELS);

• an ion gun with beam focusing and sample scanning for sample cleaning and

compositional profiles investigations;
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• a high intensity UV lamp (UVS 300).

One of the main issues for the integration of CoSMoS with the SuperESCA

beamline was, besides the proper alignment of the center of the XPS main chamber

with the synchrotron beam, to have also the adequate geometry for the measurement

of all core levels, in particular of the s-levels. This implies that the analyzer had to be

moved from the up-right position shown in Fig. 2.17 which was initially adapted

for laboratory measurements with conventional sources at NIMP, to the horizontal

position displayed in Fig. 2.21.

Figure 2.21: The new position of the hemispherical electron energy analyzer.

The CoSMoS facility features the rare requisite to combine synchrotron-

based photoemission techniques with STM and an MBE deposition system, all the

preparation and measurement operations being performed in situ.
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2.9 The Surface Science Laboratory

The UHV chamber of the Surface Science Laboratory (Fig. 2.22) is optimized for X-ray

photoelectron spectroscopy with conventional X-ray sources, electron diffraction

and Temperature Desorption Spectroscopy (TDS) experiments. It has a flexible

configuration, thanks to the automated flange rotation and positioning system, which

allows to control the sample position in front of different instruments via a software

interface.

The experimental chamber is equipped with two conventional X-ray sources,

a Mg-Kα and Al-Kα (which produce photons with an energy of 1253.6 and 1486.3

eV, respectively) and a 150 mm mean radius hemispherical electron energy analyzer.

LEED measurements can be performed with a VG rear-view electron optical sys-

tem, while the diffraction patterns are collected with a CCD camera. On the other

hand, Spot Profile Analysis LEED (SPA-LEED) measurements are performed with a

Omicron system, with a custom written acquisition software. Besides photoemission

and electron diffraction experiments, TDS can be performed due to the temperature

control achievable with the particular sample mounting and to the quadrupole mass

spectrometer. Several different evaporators and instruments can be installed on the

different flanges of the chamber.

Figure 2.22: UHV experimental chamber of the Surface Science Laboratory.
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Chapter 3

Carbon Molecular Beam Epitaxy

(MBE) of graphene on Ir (111)

3.1 Introduction

Among the transtion metal surfaces that can be used for the epitaxial growth of

graphene, Ir(111) is the one presenting a weak C-substrate interaction [1, 2] which,

however guarantees a very high quality graphene, with a low density of defects

[3, 4]. For this reason, we choose Ir(111), a widely studied surface employed for

the graphene synthesis by CVD, to monitor the growth and characterize the carbon

layers obtained using molecular beam epitaxy.

This study was the starting point of our project aiming to demonstrate

that this approach is a viable method to grow graphene also on substrates where

dissociation of hydrocarbons is precluded. For example, carbon molecular beam

epitaxy has been used recently to synthesize graphene on noble metals such as Pt

(111), Au (111) [5] or Ag(111) [6] at low surface temperature.

The idea of using carbon MBE is not entirely new. This method was success-

fully implemented for the first time by Moreau and co-workers in 2009 when they

used it to grow graphene on SiC [7]. Later it has been demonstrated that this method

can provide the possibility, besides carbon segregation from the substrate [8], to grow

a second layer of graphene. Actually, in 2011, Niu and co-workers succeeded to grow

a second layer of graphene on a Ir(111) substrate using an elemental carbon source

after the first layer was grown in advance using the CVD method [9].
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The first section of this chapter is dedicated to the investigation of the

different C species which are produced and deposited through the C sublimation

process from the high purity graphite rod. The comparison of high-resolution XPS

data with ab initio DFT calculations allowed us to find that different carbon clusters

can be formed on Ir(111) upon low temperature carbon deposition. Besides carbon

monomers, also dimers, trimers and larger clusters are detected through C 1s core

level measurements. The signal of carbon monomers is then used as a fingerprint

of the presence of carbon monomers during the early stages of graphene growth by

ethylene chemical vapour deposition at high temperature. In the second part of the

chapter are described the properties of the C layers produced at high temperature

using carbon MBE. This method allows to prepare graphene multi-layers which were

analyzed by means of high-resolution XPS and LEED.

3.2 Carbon monomers and dimers on Ir(111): a study at

low temperature deposition

The interest of the materials science community in carbon monomers (C1) and dimers

(C2) has grown considerably in the last years because of their role in the synthesis of

high-quality graphene (Gr) monolayers on solid surfaces [10, 11, 12]. Carbon clusters,

especially those formed by a small number of atoms, play an important role in

determining the different atomistic mechanisms for the epitaxial growth of graphene

by means of chemical vapour deposition (CVD). The carbon monomers concentration

and the rate at which adatoms are generated from hydrocarbon feedstock are relevant

quantities for explaining the non-linear growth kinetics observed on different surfaces

[13]. The control of monomers supersaturation is an effective approach to modify not

only the growth rate, but also the morphology and the orientation of the Gr islands

[14]. In addition, monomers are essential for the growth of the graphene islands both

through direct attachment to the Gr edges and through the formation and attachment

of larger C clusters [15].

As for monomers, also dimers play an important role in the formation

of high-quality Gr monolayers characterized by a low density of defects such as

mono- and di-vacancies, disclinations, dislocations and domain boundaries [16]. For
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example, in the case of copper surfaces, where they represent the dominant feeding

species for Gr growth [17, 18], dimers have either a diffusion- or an attachment-

limited aggregation behavior depending on the crystallographic surface orientation

[19, 20]. More specifically, while the rate determining step for Gr growth on Cu(111)

is the energy barrier for their surface diffusion, in the case of Cu(100) the limit

is given by the energy barrier for the attachment of C2 to zig-zag and arm-chair

terminated Gr edges. On the other hand, the formation of dimers on transition metal

surfaces showing a large C-metal bond strength (such as Ir and Ru) is energetically

unfavorable [15]. The important role played by dimers in Gr growth has been

established also in the case of Ru(0001) [21, 22], Co(0001) [23, 24], Ni(111) [25, 26]

and even for CuNi surface alloys [27]. Besides their relevance for graphene epitaxial

growth, C2 species are extremely important for the formation of all carbon-based

three-dimensional materials [28], for the synthesis of carbon quantum dots and as

building blocks for metal-alkynide and alkynide complexes [29, 30].

The energetics for monomers and dimers attachment to step edges, which

represent the preferred Gr nucleation sites, have been investigated by means of

density functional theory on different metal surfaces [21]. While the step edges on

Ir(111) surface cannot serve as efficient trapping centres for single C1 adatoms, they

can readily facilitate the formation of C2 dimers. The opposite was found in the case

of Cu(111). Chen et al. explained this contrasting behavior as due to the interplay

between C-C and C-metal interaction strength.

The detection of C1 monomers using a spectroscopic approach is not an

easy task and for this reason their presence on solid surfaces has often been revealed

by exploiting changes in low energy electron reflectivity [14]. In fact, the diffusion

barrier of monomers and dimers is quite low [21], so that they can rapidly diffuse and

attach to step edges at the temperatures at which high-quality graphene is typically

grown on transition metals and their surface density is therefore low.

In order to overcome these problems and produce a high density of C

monomers and dimers in a stable configuration on the Ir(111) surface, we have

employed carbon MBE from a graphite target and low temperature deposition. As

discussed below this method allowed us to produce several C species which we

could reveal and characterise by means of high energy-resolution XPS supported by
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DFT calculations. The results of this characterisation have been then applied for a

spectroscopic study of the high temperature CVD growth of graphene with ethylene

where the C 1s core electron binding energy of C monomers was used as fingerprint

for the detection of carbon adatoms forming the lattice gas which constitutes the C

feedstock of the graphene growth [14].

All the theoretical calculations presented in the next sections were performed

by the group of Prof. Lev Kontorovich from the King’s College in London.

3.3 Experimental methods

All the measurements were performed at the SuperESCA beamline of Elettra. The

Ir(111) single crystal was cleaned by Ar+ sputtering at room temperature (E=1.5

keV), annealing to 1400 K, oxygen cycles to remove residual carbon (in the range

570-1070 K at P=5 x 10−8 mbar) and final hydrogen treatments to remove residual

oxygen traces (P=5 x 10−8 mbar, T=300-770 K). Surface cleanliness was checked by

inspecting C 1s, S 2p and O 1s signals and by measuring the Ir 4 f7/2 signal, which is

known to show a surface core level shift (CLS) of -550 meV when the surface is clean

[31]. Prior to the photoemission measurements, we acquired LEED images of the

clean surface, which show intense and narrow integer order diffraction spots with a

low background.

Carbon deposition was carried out at T=80 K by employing the carbon

source described in Chapter 2. During deposition, the pressure was always kept

below 1 x 10−9 mbar to prevent surface contamination. The Ir surface was placed

at a distance of 80 mm from the carbon evaporator, resulting in a carbon flux of

∼ 1.8 x 10−3 ML/s. The carbon coverage was calibrated by comparing the C 1s

photoemission intensity with the one measured for a single layer of graphene on

Ir(111)(3.87 x 1015 atoms/cm2=2.47 ML, where 1 ML corresponds to one C atom per

each Ir substrate atom). The C 1s core level spectra acquired after C deposition by

means of MBE were measured at hν = 400 eV and at normal emission, with an overall

energy resolution of 50 meV, that was determined by measuring the broadening of

the Fermi edge on a silver crystal. Core level spectra binding energies were always

calibrated with respect to the Fermi level. The high-resolution spectra presented in
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this work were measured at T=80 K in order to reduce the vibrational broadening

and enhance the possibility to better distinguish different components, as well as

to ensure that the C species were stable during the whole experiment, being their

thermal energy low with respect to their diffusion and reaction barriers. In the case of

graphene synthesis by ethylene, the uptake was instead performed at 820 K by using

a supersonic molecular beam [32], with a local C2H4 pressure of 5 x 10−8 mbar. The

fast-XPS data acquired during this uptake were measured in real time in snap-shot

mode. The short acquisition time for a single C 1s spectrum (500 ms), permits to

probe in-situ the evolution of the different carbon species during the ethylene uptake.

Besides the increased number of spectra available over the whole uptake experiment,

this operation mode allows more efficient sampling of the low coverage limit, when

we expect, according to previous LEEM investigation, to detect the presence of C

monomers.

The data analysis was performed by fitting all the C 1s and Ir 4 f7/2 spectra

with Doniach -Šunjić (DS) functions [33]- characterized by the singularity index α

and the Lorentzian width L convoluted with a Gaussian G. The inelastic contribution

to the photoemission spectra was described with a linear background. The procedure

for the determination of the DS lineshape parameters is discussed in detail in a

following section.

3.4 Theoretical methods

The geometry optimisation calculations for the carbon clusters were performed using

the CP2K code [34]. The Ir(111) surface was represented with an 8 x 8 cell of four

layers, and the vacuum gap was greater than 15
◦
A. Two bottom layers were fixed to

the Ir bulk geometry while the upper layers were allowed to relax. For the geometry

relaxation calculations the generalised gradient approximation (GGA) was used,

along with the PBE exchange-correlation functional [35], Goedecker-Teter-Hutter

(GTH) pseudopotentials [36], and the optimised m-DZVP basis set [37] (with a plane

wave cutoff energy of 300 Ry). The DFT-D3 method was used for van der Waals forces

[38]. The geometries were relaxed until the force on the atoms was less than 0.038

eV/
◦
A. The CLS calculations were performed using the Vienna ab-initio software
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package (VASP) [39, 40, 41]. The Ir(111) surface consisted of a 4 x 4 cell, again with

four layers of which the bottom two layers were fixed. The CLS for a particular C

atom in a cluster was calculated [42] as the energy difference between the system

with a core electron promoted to the valance band E(nc − 1), and the energy of the

unexcited system E(nc):

ECLS = E(nc − 1)− E(nc) (3.1)

3.5 Results and discussion

3.5.1 Experimental results

In Fig. 3.1 are represented the sequences of C 1s core level spectra measured after

each deposition (thick blue lines) of 0.11 (a), 0.32 (b) and 0.74 ML (c) of carbon and

after subsequent annealing to increasing temperatures (thin lines). The two spectra

measured at T=80 K for both the low (Fig. 3.1 (a)) and medium (Fig. 3.1 (b)) coverage

show two major components at about 283.4 (M) and 283.9 (D) eV. From this first

inspection it appears that at least two non-equivalent species are present on the

surface already at low coverage. Besides the M and D components, the highest

coverage spectrum measured after deposition at low temperature (Fig. 3.1(c)) shows

an additional shoulder (C) at 284.7 eV. It is worth to underline that while the D

component is quite broad with a full width half maximum of about 0.6 eV, the M

peak, though narrower, displays a shoulder at lower binding energy. This suggests

that, for the highest coverage, at least four non-equivalent carbon species, i.e in a

slightly different local environment, have been produced after deposition.

The annealing process induces clear modifications in the C 1s core level

lineshape, the major effects being (i) a reduction of the M component and (ii) an

increase and a shift to lower binding energies of the D and C components. The

reasons of the C 1s spectral changes can be searched in the modification of both, the

adsorption configurations and the density of the different surface species, as well as

in the formation of different carbon clusters as will be discussed below.

For the high coverage deposition the spectrum obtained after annealing

to 1270 K, is included which is known to produce large graphene islands [43]. The

binding energy of the main peak at 284.1 eV is in agreement with previous findings
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[44, 45, 46], while the shoulder at 284.6 eV could be assigned to carbon atoms in

defective configurations [47].

In order to obtain further information about the local carbon atoms config-

uration, along with the variations of the electronic structure of substrate Ir atoms,

Ir 4 f7/2 core level spectra were measured together with the C 1s ones. They are

displayed in Fig. 3.2, which shows a series of spectra corresponding to different

carbon coverage, from the clean surface (bottom), to the highest C structure (top). As

already reported [31] the spectrum corresponding to the clean Ir(111) surface can be

described by two peaks: the higher binding energy component at 60.85 eV, originates

from subsurface and deeper layers, while the lower BE peak S0, shifted by -550 ±10

meV with respect to the bulk peak, originates from the topmost Ir atoms. A two

component analysis gives best fit values for the Γ, α and G parameters respectively

of 0.25 eV, 0.10, and 0.10 eV for the bulk, and 0.25 eV, 0.17, and 0.12 eV for the surface

component.

All the spectra can be properly fitted by adding in sequence new surface

components, as revealed by the low fitting residual and by the chi-square analysis. In

order to evaluate the intensity and CLSs of the different surface components induced

by the proximity of C atoms, the Ir 4 f7/2 spectra were fitted, for each of the C doses.

The fit was performed by fixing the lineshape parameters of the bulk peak, while all

the surface components were constrained to be equal to those found for the clean

surface.

The low carbon coverage of 0.11 ML leads to the appearance of two addi-

tional core level shifted components, S1 and S2, shifted by -430±20 and -220±20

meV with respect to the bulk one, while the original S0 surface peak intensity de-

creases. Upon increasing the C coverage (0.32 ML spectrum), a further decrease

of S0 is observed, accompanied by the growth of a third carbon-induced surface

component, S3, at a binding energy close to the BE of the bulk component (-120±

20 meV). Finally, in order to properly fit the 0.77 ML spectrum (Fig. 3.2 top), a

new component, with a positive surface CLS (+180±20 meV), had to be included.

Although the different components cannot be unambiguously assigned to specific

cluster configurations, the trend observed can be explained as due to a progressive

increase in the coordination of the first-layer Ir atoms with C atoms: according to
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what was measured before for several atomic adsorbates on a variety of transition

metal surfaces [48, 49, 50, 51, 52, 53, 54, 55], surface core level shifted components are

linked to surface atoms forming a single, double and even larger number of bonds

with adsorbates. However this model is over simplified in the present case, as it

only considers the number of C atoms coordinated with Ir atoms, while possible

differences in the local geometry are not taken into account. For example, within

this approach the adsorption of two C monomers results in the production of the

same surface CLS as for a single carbon dimer. Nevertheless, from a qualitative point

of view, the results of the Ir 4 f7/2 core level analysis suggest that the surface gets

increasingly occupied by C species in such a way that at a coverage of 0.77 ML, the

density of pristine first-layer Ir atoms not coordinated with adsorbates is negligible.

This indicates that at the highest coverage the system is formed by a large number of

different and contiguous C clusters placed in non-equivalent configurations. On the

basis of these results the C 1s core level analysis was carried out only for the two low

coverage systems, namely 0.11 and 0.32 ML.
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Figure 3.1: C 1s spectra after deposition (T=80 K) of (a) 0.11 ML, (b) 0.32 ML and (c) 0.74 ML

carbon coverage (dotted blue lines), and after subsequent annealing to increasing temperature (thin

lines). Spectra are measured at hν=400 eV and normal emission. The gray filled spectrum corresponds

to graphene island formation. The binding energy positions of carbon monomers (M), and dimers (D)

and larger clusters (C) are indicated.
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Figure 3.2: Ir 4 f7/2 core level spectra corresponding to the Ir (111) surface after cleaning (bottom)

and after deposition on different carbon coverages. Deconvoluted bulk (grey) and surface (red)

components are shown together with carbon-induced surface core level shifted peaks (S1-S4). Spectra

are measured at hν=200 eV.
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3.5.2 Theoretical results: cluster configurations and core levels

To explain the origin of the different components in the C 1s photoemission spectra,

DFT calculations were performed in order to investigate the preferred adsorption

sites, adsorption configuration and formation energies of carbon clusters with differ-

ent sizes, ranging from monomers (C1) to pentamers (C5). In Fig. 3.3 are presented

the DFT results. For all these clusters (C1-C5) the C 1s CLS of each of their atomic

constituents was calculated, as reported in Table 3.1. In particular, carbon adatoms

(C1) can adsorb in three configurations, i.e. TOP, three-fold hollow-either FCC or

HCP-, while the bridge adsorption site is energetically unstable and relaxes to the

hollow site. The favoured adsorption is HCP, with an energy gain of 0.15 eV with

repect to the FCC, while the TOP site is considerably less stable. By setting the zero

of the binding energy scale to the value of the calculated C 1s core electron binding

energy for the C monomers in HCP (C1,A) shifts of -0.12 (C1,B) and +0.11 (C1,C) eV

for monomers in FCC and TOP sites, respectively, were found. Carbon dimers (C2)

are stable only when the two C atoms (C-C bond length of 1.38
◦
A) are placed in FCC

and HCP adsorption sites: being the two carbon atoms non-equivalent, the C 1s BE

is shifted by +0.51 and +0.65 eV respectively for the C atoms that locally occupy the

FCC (C2,A) and HCP (C2,B) configurations.

Finally, the most stable adsorption sites for C trimers (C3) are those with an

almost linear atomic arrangement whose central atoms are placed close to either FCC

(C3,B) or HCP (C3,E) sites, but slightly out of axis, being displaced towards the nearest-

neighbour first layer Ir atoms. The two C atoms placed at the edges in each trimer are

instead both in HCP (C3,A and C3,C) or FCC sites (C3,D and C3,F), respectively. The

two adsorption configurations are energetically degenerate. The corresponding CLS

for both types are positive (see Table 3.1) with a negligible difference between the

values calculated for the side atoms of each configuration: these values are a further

indication of the high-symmetry configurations of the C3 clusters.

It is clear that C1 monomers in FCC and HCP sites are energetically favorable

with respect to dimers and trimers, in agreement with previous experimental and

theoretical findings [21]. This is also valid for the formation energies of clusters

made of 4 (C4) and 5 carbon (C5) atoms, which are positive, as shown in Fig. 3.3

(right side). As a consequence it is expected that the density of monomers on Ir(111)
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terraces during high-temperature ethylene molecular dissociation, which is known

to produce only C adatoms [56], is much larger than the density of C2-C5.

Figure 3.3: Stable configurations of the carbon species adsorbed onto the Ir(111) surface. The

formation energies of each species are also included. Non-equivalent carbon atoms are labelled with

different letters.
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Monomers Dimers Trimers Tetramers Pentamers

A 0 +0.650 +0.920 +0.727 +0.745

B -0.120 +0.510 +0.370 +0.152 +0.351

C +0.110 +0.920 +1.022 +1.486

D +0.780 +0.543 +0.310

E +0.190 +0.609 +0.559

F +0.780 +1.514 +0.680

G +0.614 +1.908

H +0.614 +1.270

I +0.773 +0.675

L +1.488 +0.688

M +0.773 +0.828

N +0.773 +0.366

O +0.890 +0.343

P +0.679 +0.164

Q +0.651 +0.797

R +0.972

Table 3.1: Calculated C 1s CLS of different cluster atoms.

3.5.3 Analysis of low temperature C 1s core level spectra

The analysis of the C 1s spectra (Fig. 3.4) was performed on the basis of the afore-

mentioned theoretical results. The search for the optimal parameters in terms of C 1s

lineshape and CLSs was performed in their multi-dimensional space by adopting

an efficient strategy to understand correlation effects between parameters, which

has already been successfully used in previous works [57]. In particular, the χ2

contour plots were analysed, in which the evolution of the χ2 is mapped while two

fitting coefficients are simultaneously varied, and the presence of deep and localized

minima in the phase space diagram was evaluated. The values obtained for the other

free fitting parameters were plotted in parallel, as a function of the same coordinates.

This procedure allowed us to estimate the error bar affecting the fitting parameters:
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for each contour plot, the region where the χ2 lays within 10% from its minimum was

selected and the corresponding variation in the fitting coefficients was calculated.

The analysis started from the data acquired for the lowest coverage (see Fig.

3.4 (bottom)), where it is expected that only a few C species are present on the surface,

namely single C1 adatoms or very small clusters, such as C2 dimers and C3 trimers.

The calculated C 1s CLSs suggest that the C monomers are the surface species with

the lowest C 1s BE, and therefore could originate the narrow spectral components in

the range between 283.5 and 283 eV.

The calculated and the experimental binding energy scale were aligned in

such a way that the highest intensity component at about 283.35 eV corresponds to

the most favorable configuration, i.e. the C1 species in HCP sites (C1,A), and the BE of

all other components is expressed in terms of their separation from this one.

The lineshape of the components originating the M double peak was firstly

determined. This was done by analyzing the region of minimum χ2 of the fit while

ranging step by step the Gaussian parameter G1 around an initial guess and the

CLS around the theoretically calculated value. This procedure was repeated twice,

allowing the Lorentzian L and the asymmetry parameter α, one at a time, to relax for

each point in the parameter space explored. Using this procedure, we found a CLS of

-170 meV between monomers adsorbed in HCP and FCC (see Fig. 3.5 (a)), in good

agreement with the theoretically calculated value of -0.12 eV.

This procedure was then adopted to determine the lineshape and CLS for

the highest binding energy photoemission components where, according to the

theoretical CLSs, the spectral intensity is most probably originated by the presence of

dimers and trimers. Their DS lineshape parameters (L and α) were fixed to the values

already found for the low binding energy component. A further constraint was used

for the intensities I of the different carbon species, by keeping I(C2,a)= I(C2,b), I(C3,a)=

I(C3,b)= I(C3,c) and I(C3,d)= I(C3,e)= I(C3, f ). Moreover, since the deconvolution of these

components cannot be easily performed due to their small CLSs (as pointed out in

the calculations), we decided to fix their relative shifts to the theoretically calculated

values, refining the BE shift between all of them and the reference (the monomers in

HCP sites), and the lineshape was kept equal for all these components – i.e. a single

parameter for the Gaussian G2,3 of all C2 and C3 clusters photoemission components
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was used. We then monitored the evolution of the χ2 as a function of this Gaussian

G and of their CLS from the HCP monomer. The image plot of the minimum χ2,

reported in Fig. 3.5 (b), reveals that the CLS experimental results are consistent with

the theoretically calculated values to within 70 meV. The best lineshape parameters

are L=120 meV, α=0.117, while the Gaussian values are G1=120 and G2,3=316 meV,

for monomers and dimers/trimers respectively.

C1- HCP C1- FCC C2 C3- HCP C3- FCC others Total

Experiment
0.037 0.021 0.040 0.016 0 0 0.114

(32.5%) (18.5%) (35%) (14%)

Random

Deposition

Model

0.0478 0.0478 0.0154 0.0012 0.0012 0.006 0.114

(42%) (42%) (13.5%) (1%) (1%) (0.5%)

Table 3.2: Coverage of different components calculated from experimental data and from a random

distribution model.

The fitting residual, which shows no appreciable modulations, suggests that

the system is composed by clusters formed by at most three atoms. The intensity of

the different components (see Table 3.2) provides the coverage and concentration of

monomers (in HCP and FCC adsorption sites), dimers and trimers.
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Figure 3.4: Calculated C 1s core level binding energies (top) and C 1s spectra after deposition of

0.11 ML (bottom) and 0.32 ML (middle) carbon coverage (T= 80 K) together with the deconvoluted

components of each carbon species. Spectra are measured at hν=400 eV and in normal emission.
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Figure 3.5: Two-dimensional contour plots referred to the fit of C 1s core-level spectrum (0.11 ML

carbon coverage) measured at hν=400 eV and in normal emission. The plots show the normalized chi

square χ2 / χ2
MIN as a function of (a) Gaussian FWHM of monomers C1 versus C 1s core level shift

between monomers adsorbed in FCC and HCP three-fold sites and (b) Gaussian FWHM of dimers C2

and trimers C3 versus core level shift between dimers C2 and monomers adsorbed in HCP three-fold

sites.

The same procedure was applied for the analysis of the C 1s spectrum

acquired at higher coverage (0.32 ML), shown in Fig. 3.4. However in this case it was

necessary to take into account also larger clusters, namely tetramers and pentamers,

to correctly describe the experimental data. This was particularly important for the

high binding energy shoulder at about 284.7 eV, that according to the DFT calculations
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can only be justified by assuming that the C4 and C5 species are present on the surface.

The first step in the analysis of this spectrum was to introduce only one type of

tetramer or pentamer at a time with a free Gaussian G4,5 component, still keeping

L and α at the value found for the lower coverage spectrum. The best agreement

was achieved by including tetramers formed by C4,H, C4,L, C4,M, C4,N. Only in the

final step a new species was added in order to minimize the χ2: pentamers with C

atoms arranged in linear fashion (top structure in Fig. 3.3-Pentamers) were those

providing the lowest χ2. While it is not possible to draw a clear cut picture about the

concentration of the different C4 and C5 species, these results unambiguosly show

that the 0.32 ML coverage structure cannot be described by including just monomers,

dimers and trimers, as was the case for the lowest coverage spectrum. Owing to this

behaviour and to the results of the Ir 4 f7/2 analysis described above, we did not fit

the 0.77 ML spectrum, shown in Fig. 3.1. Nevertheless this spectrum is consistent

with the theoretical findings, as it displays an increased spectral intensity towards

high BEs, were it is expected to have, besides the C dimers at 284.8 eV, also larger C

clusters.

3.5.4 Origin of carbon monomers and dimers

The analysis of the coverage of the different species obtained after low temperature

deposition gives interesting information about the growth of graphene. As reported

in Table 3.2 the deposition of 0.11 ML at T=80 K results in the formation of 0.037,

0.021 and 0.040 ML of monomers HCP, monomers FCC and dimers, with 0.016

ML of trimers. We compared these results with those obtained using a random

deposition model, in which C atoms are randomly distributed on the (111) surface,

with the possibility to occupy with equal probability HCP and FCC three-fold sites

and with the assumption that, when sitting in nearest-neighbour three-fold sites,

they form a dimer. Besides the strong preference for the occupation of HCP sites

if compared with FCC sites, in agreement with the theoretical findings, the main

difference between experimental and theoretical results is found in the relative

populations of dimers and monomers. In fact the experimental occupation of C

atoms in dimer configuration (35 %) is much larger than the value obtained with the

random deposition model calculation (13.5 %). This discrepancy can be explained as
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due to (i) diffusion of energetic C adatoms on the surface (effect not included in the

random deposition model) and formation of dimers already at low temperature or

(ii) deposition of C dimers on the surface directly originating from the graphite rod in

the sublimation process. The first hypothesis can be disregarded since the barrier for

the formation of dimers from monomers is large (1.29 eV) and, most of all, because

C dimers are energetically unfavored with respect to C monomers by 0.68 eV. In

order to support the second hypothesis about the sublimation of different C species,

Nudged Elastic Band (NEB) theoretical calculations were performed to determine

the minimum energy paths for carbon sublimation on graphite with different initial

state geometries. In particular a graphite surface showing both zig-zag (Fig. 3.6(a))

and armchair monoatomic step edges (Fig. 3.6(b)), was considered in the calculation.

These step edges have been experimentally found in scanning tunneling microscopy

measurements on highly oriented pyrolytic graphite [58]. In these defective sites the C

atoms have to break a smaller number of bonds with respect to the sp2 configuration.

For both configurations a monomer and a dimer was removed and the energy barrier

of the process was calculated. It is clear that the detachment mechanism showing

the lowest barrier (Ebarrier= 8.36 eV) is the removal of a dimer from a zig-zag edge.

These results are in agreement with what was observed experimentally, for instance

in high temperature transmission electron microscopy measurements [59]. While it is

possible that several other local defective configurations are present on the graphite

rod surface, these results suggest that dimers can be directly deposited by means of

sublimation from graphite, which represents therefore the ideal source for the study

of their properties.
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Figure 3.6: Initial (left) and final (right) geometrical configurations in NEB calculations for the

sublimation of carbon monomers (dark arrow) and dimers (white arrow) from zigzag (a) and armchair

(b) graphite edges. Corresponding energy barriers are also reported.
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3.5.5 Graphene growth at high-temperature by means of chemical

vapour deposition

In order to obtain information about the different C species which are present during

the CVD growth, we exploited the snap-shot fast-XPS operation mode, in which the

evolution of the C 1s core level is monitored in real time while dosing ethylene on

Ir(111) at T=820 K, by using a supersonic beam of C2H4 molecules.

Figure 3.7(a) shows a two-dimensional plot of the time-lapsed C 1s spectra,

with the photoemission intensity being represented as a density plot in gray-scale,

ranging from low (black) to high (white). As previously found with temperature

programmed growth experiments [44] the C 1s intensity is centered at around 284.1

eV and can be ascribed to C atoms forming small graphene islands growing with a

very high surface density . The variation of the BE is due to the modified coupling

of the C layers from the Ir substrate with increasing size of the nucleating graphene

islands. The most interesting feature which dominates at the beginning of the growth

process is a low binding energy C 1s component centered at 283.35 eV. Indeed (as

shown by the selected uptake spectra in Fig. 3.7 (b)), while for large exposure the C 1s

spectrum can be fitted with just three components - one due to the atoms at the center

of the clusters, the others either to atoms at the periphery of the Gr clusters bound to

2 C atoms (BE=283.7 eV), or to C atoms bound to 3 C atoms and directly bound to

the periphery (BE=284.4 eV) - in the very low coverage range a small component has

to be included at the same BE found for the monomer species to obtain a proper fit of

the experimental data. This peak, growing in intensity up to a maximum coverage

of 0.08 ML, slowly disappears with increasing the ethylene exposure. This coverage

can be compared with the C adatoms concentration needed to nucleate graphene

on Ru(0001) at 940 K as reported in electron reflectivity measurements [13]. Besides

the use of C 1s BE as a fingerprint of the presence of monomers on the surface, a

further proof of the assignment of the low binding energy component in Fig. 3.7

(b) to monomers comes from the plot of the monomers coverage as a function of

the carbon coverage in the graphene clusters (see Fig. 3.8), which can be simply

calculated by summing the intensity of three components which are assigned to the

different C species forming the small graphene flakes. The plot clearly shows that

above a critical coverage the monomers coverage diminishes with a linear behavior,
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which is consistent with the density of monomers depending on the free surface

area, i.e. the portion of the Ir surface which is not covered by graphene clusters.

It is therefore the portion of clean Ir(111) surface which determines the density of

monomers diffusing on the surface before attaching to the edges of the C clusters.

These results suggest therefore that a C lattice gas is present also in the early stage of

graphene growth on Ir(111) by means of C2H4 CVD.

Figure 3.7: Evolution of C 1s spectra during ethylene uptake at T= 820 K (hν=400 eV). (a) Coverage-

dependent C 1s core-level spectra (about 1250 spectra) shown as a two-dimensional intensity plot. (b)

Deconvoluted C 1s components from selected spectra of the uptake (numbered from 1 to 4 in (a)). (c)

Evolution of the C coverage of the different species: C atoms at the center of the graphene clusters

CD1 (gray), atoms at the periphery of the clusters bound to 2 C atoms CD2 (green), and sp2 C atoms

directly bound to the periphery of the clusters CD3 (blue). (d) Evolution of the intensity of C1 (red)

components representing monomers coverage.
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Figure 3.8: Evolution of the population of C monomers as a function of the C coverage corresponding

to graphene clusters during ethylene uptake at T=820 K. The coverage was calculated by summing the

intensity of the three components CD1, CD2 and CD3 in Fig. 3.7 (b).

3.6 Carbon deposition at high temperature

The knowledge acquired in the low temperature deposition experiments was used

to understand the process of mono and multi-layer graphene formation at high

temperature. One of the main goals of this project is indeed the understanding of

the growth mechanism of graphene layers produced using carbon molecular beam

epitaxy and the comparison with other well established methods, such as chemical

vapour deposition. The solid state carbon source was then used to deposit C atoms

and dimers on Ir(111) at a temperature of 1200 K which is known, from previous

CVD experiments, to result in the formation of a high-quality graphene layer.

Figure 3.9 (a) shows the sequence of high resolution C 1s core level spectra

measured in situ during C deposition. At the beginning of the uptake a single

component A at 284.15 eV binding energy is detected. With increasing C coverage a

second component B appears at higher binding energy (284.35 eV), while the spectral

weight of the low BE component (A) decreases. This spectral series can be compared
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with the one measured in graphene CVD growth at the same temperature, which

is shown in Fig. 3.9 (b). As previously reported, in the latter case only a single

component can be detected throughout the whole experiment, at the same binding

energy of the A peak revealed in (a). This trend suggests that, while in the first stages

of the growth the two methods produce similar C species, another non-equivalent C

species appears at higher coverages when depositing carbon using molecular beam

deposition.

Figure 3.9: The sequence of high resolution C 1s core level spectra measured in situ during (a) C

deposition and (b) CVD growth at T= 1200 K.

The modification in the C 1s spectral lineshape can be also appreciated in Fig.

3.10 (a) where the two-dimensional plot of the time-lapsed C 1s spectra is reported,
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with the photoemission intensity being represented as a density plot in grayscale,

ranging from low (black) to high (white). In order to quantitatively determine the

evolution of the different species at different C coverages the C 1s spectra was fitted

in two steps. The low-coverage spectra were analysed first, using a single component

(orange peak-Fig. 3.10 (b)): a good fit was obtained using a DS lineshape similar to

the one used to fit the spectrum acquired at room temperature corresponding to a

complete graphene layer on Ir(111), as discussed in Section 3.5.1 (L=200 meV, G=180

meV, α=0.155). The main difference is a larger Gaussian width, that can be explained

as due to phonon-induced broadening effects because of the high temperature. This

single component was sufficient to properly describe the spectrum (as demonstrated

by low fitting residuals without an appreciable modulation) up to a coverage of 2.4

ML, corresponding to a full ML of graphene on the Ir(111) surface.

A new component B (red peak) was included at higher binding energy for

fitting the high-coverage part of the uptake in order to properly describe the C 1s

spectrum. This peak has a Lorentzian width of 213 meV, a Gaussian width of 150 meV

and an asymmetry parameter of 0.046. The evolution of the two different components

as a function of the deposition time can be appreciated in Fig. 3.10 (b), where the

deconvoluted components are reported together with selected C 1s spectra. The

reduction of the intensity of the A component clearly appears in Fig. 3.10 (c), where

the intensities of the A and B components are plotted as a function C exposure. It is

interesting to note that the growth of the B peak starts exactly after the A component

has reached its maximum. The evolution of the two components suggests that

the new B species could originate from second- and multi-layer graphene formed

on top of the first monolayer graphene: the photoemission intensity decrease of

the A components is indeed explained as due to the increased screening of the

photoemission signal from the first carbon layer exerted by the additional layers of

carbon atoms which are formed above it.

To achieve a quantitative assessment of the total Carbon coverage deposited

using the carbon source one has to consider the screening effect both for the Ir 4 f7/2

and C 1s levels by each layer of graphene due to the limited mean free path of the

photoelectrons at the kinetic energy considered (115 eV). For the case of the C 1s, it

is important to consider that not only the A component is screened by the 2nd and
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Figure 3.10: (a) The two-dimensional plot of the time-lapsed C 1s spectra. (b) Plot of HR spectra at

different deposition time (dotted-lines) together with the evolution of the two different compo-

nents (in color). (c) The intensity evolution of A and B components plotted versus carbon

source exposure.

further layers (producing the B component), but also the total intensity of component

B is given by the sum of the contributions of each additional layer (if more than one),

each one screened by the layers lying above it. This contribution, however, cannot be

simply modelled since it requires the knowledge of the growth method of the extra

layers and the average size of these islands. For this reason, the number m of the

further layers was calculated by evaluating their attenuation on the first layer, which

can be modelled as:
IA

IA,MAX
= αm (3.2)

where α is the attenuation by a single C layer and

m =
θB

2.47
(3.3)

is the number of layers not in contact with the metallic surface (2nd and further).

In order to quantify α and m, we measured the effect of the screening by

a full monolayer of graphene on the Ir 4 f7/2 core level in an experiment where the

photon energy was tuned in such a way that the photoelectron kinetic energy was

the same as in the excitation of the C 1s core electrons. In fact, the mean free path
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of electrons depends on its kinetic energy through the universal IMFP curve as

explained in chapter 2.

Figure 3.11: Ir 4 f7/2 and C 1s intensity signal : (a) of clean sample; (b) after deposition of 1 ML

graphene by CVD; (c) after deposition of 1 ML graphene by C source; (d)after deposition of multi

layers graphene by C source. The spectra were shifted in the vertical scale for clarity.

In particular, we evaluated the attenuation of the Ir 4 f7/2 signal by single

and multi-layer graphene, as shown in the left panel of Fig. 3.11. The signal after the
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growth of a full ML of graphene via CVD (b) is attenuated with respect to the signal

of the clean surface (a) by a factor 0.43, which therefore corresponds to the value of α:

IIr

IIr,0
= αn (3.4)

where n= m+1 is the total number of GR layers, that in this case is 1.

It is interesting to notice that this is the same attenuation that is obtained

from the growth using the C source, when the second component starts to appear

(Fig. 3.11 (c) and point 2 of the uptake in Fig. 3.10 (b). Finally, the attenuation of the

Ir 4 f7/2 signal at the end of the experiment is 0.16: by applying the same formula,

this yields n=2.23, corresponding to a total C coverage of 5.50 ML.

The right part of Fig. 3.11 shows instead the photoemission intensities of

the A and B C 1s components in the same systems. At (c), component A has the same

intensity as the one obtained in the CVD experiment (b), whereas component B is

just 0.01 times as intense, whereas at (d) component A has decreased to 0.35 times

its original intensity, while the intensity of B is 0.86 times that of the full monolayer

graphene at (b).

An important observation is that the ratio between A and B components in

the C 1s spectra taken at high temperature (as seen in Fig. 3.10) does not correspond

to the one obtained from measurements at room temperature (fig. 3.11). This can

be explained in terms of a reduced mean free path which could be attributed to

enhanced electron-phonon scattering at high temperature. Therefore, in order to

calculate the correct C coverage for the uptake experiment presented in Fig. 3.10, the

following procedure has been applied. As long as a single component was present,

the coverage was considered proportional to the photoemission intensity. For the

part of the experiment where the second component was present, the coverage of the

first component was fixed to the maximum value it had reached. The value of α1200K

at T=1200 K was obtained from the ratio of the A component of the C 1s spectrum

between the last points and its maximum value, by employing the value m=n-1=1.23

obtained from the room temperature measurements. Finally, the ratio of the intensity

of A with respect to its real coverage was used to quantify the number m of C layers

covering it.

Figure 3.12 compares the evolution of the C coverage in the uptakes per-

formed at the same temperature using the carbon MBE and CVD with ethylene (see
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Fig. 3.12 (a)). In order to be able to compare these two different methods, it was

necessary first of all to correctly align the reaction coordinate for the two experiments,

namely the C flux on the sample and the exposure of the surface to the gas precursor,

respectively. This was achieved by calculating an effective exposure coordinate for

the carbon deposition experiment, obtained by multiplying the time coordinate of

the experiment by a factor in order to obtain the overlap of the C 1s photoemission

signals in the two uptakes at the early stage of the graphene growth, by matching the

first derivatives of the intensities. This strategy is based on the approximation that

at the early stage of graphene nucleation (i.e. in the very low coverage regime, <0.1

ML) the change in the coverage depends mainly on the C supply rate (either from

C2H4 molecules or from monomers/dimers originated by the source) and not by the

specific structures present on the surface. The two curves corresponding to the A

peak, shown in Fig. 3.12 (a) (blue-for ethylene uptake, orange for C deposition), reach

the same maximum intensity, which corresponds to 2.47 ML. The main differences

in the coverage evolution can be appreciated starting from 1 Langmuir, where the

slope of the curve corresponding to the CVD growth experiment is clearly decreasing

with respect to the carbon MBE experiment, as highlighted in the zoom shown in Fig.

3.12(b). This suggests that the adsorption rate with the carbon source is larger than

in the case of CVD when large graphene island are already formed on the surface,

and becomes even larger when the saturation is approached.

Finally, Fig. 3.12(c) displays the C coverage of each component and the total

coverage evolution during the experiment. As can be seen in the graph, this value

reaches saturation after about 30 L effective dose. This fact can be explained by the

fact that the extra C layers are growing not on the top of the first GR layer, but on the

substrate below, as already observed in previous LEEM experiments [60]: as further

layers grow, it becomes increasingly difficult for the C atoms to intercalate and reach

the surface, which is required to continue the growth.

Another interesting result obtained in the carbon MBE experiment can be

appreciated in Fig. 3.13 (a), where the core level binding energies of the A and B

components measured during the high temperature uptake (T=1200 K). At the end of

the uptake, when 2.23 layers (i.e. 5.50 MLs of C atoms) are present, the binding energy

difference results to be about 150 meV, as shown in the top spectrum of Fig. 3.13(b).
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Figure 3.12: (a) Evolution of C coverage using the carbon source (orange and red colors) and CVD

with ethylene (blue color). (b) A zoom-in to highlight the difference of the growth rate between the

two sources. (c) C coverage evolution of each component and of the total intensity (grey color) as a

function of exposure.

However, when the Ir(111) crystal is at room temperature, the two components, while

keeping a similar spectral weight ratio, are characterized by a quite different core level

shift, which amounts to 210 meV. This change can be explained as due to the different

thermal expansion of monolayer and free-standing graphene. Because of the weak

van der Waals coupling between different C layers the topmost graphene layers can

be considered as free-standing, while the first C layer is directly interacting with the

graphene substrate. Therefore its thermal expansion is driven by the positive thermal

expansion of the Ir substrate underneath, while for the upper and decoupled layers

the thermal expansion is expected to be negative, as for free-standing graphene. For

a quantitative evaluation we compared our experimental findings with the expected

C 1s core level shift for epitaxial and freestanding graphene, calculated by means of

DFT and molecular dynamics simulations and reported in Ref. [61]. By increasing

the temperature from 300 K to 1000 K the differences in the calculated C 1s core

levels shift amounts to 90 meV, which is in quite good agreement with our measured

changes of +150 meV. Small discrepancy can be explained as due to the coupling of

graphene first layer and the new carbon layers above it.
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Figure 3.13: (a) Evolution of the core level BE of A and B components from Fig.3.12 measured at

1200 K. (b) HR spectra to highlight the CLS difference of the same components at 1200 K and 300 K.

The system was further characterized by acquiring low energy diffraction

images corresponding to the different systems, as reported in Fig. 3.14. The Gr

monolayer prepared by CVD shows the typical diffraction pattern with the presence

of several spots aligned with those of the Ir(111) surface (Fig. 3.14 (a)) due to the

formation of the long-range order periodicity of the moiré superlattice. Interestingly,

the image corresponding to the multilayer formation (Fig. 3.14 (b)) still shows the

same moiré spots, even though the background intensity has increased. This is

a further proof that the growth of the new C layers takes place by migration of

C monomers/dimers at the interface between the monolayer graphene and the Ir

substrate, and not above graphene. In the latter case one would expect the formation

of rotational domains and the appearance of ring-like diffraction features as in the

case of highly oriented pyrolytic graphite.

The information obtained by the high-energy resolution XPS and LEED ex-

periments allows us to make important comparison between the process of graphene
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Figure 3.14: LEED image of graphene to show the moiré pattern after (a) 1 ML graphene prepared

by CVD and (b) after multi layer of graphene prepared with the C source.

growth on Ir(111) using CVD and MBE. While in the first case the growth is limited

by the amount of Ir clean surface area, which acts as the catalyst for the dissocia-

tion of hydrocarbon molecules, in the second approach we demonstrated that it is

possible to grow more than one C graphitic layers. The difference in the uptake

behavior, in particular the higher C rate of adsorption achieved with the C source

is interpreted as due to the possibility of C monomers and dimers to stick not only

on the bare Ir surface, but also on the already formed graphene monolayer. In this

case, because of the low energetic barriers, monomers and dimers can rapidly diffuse

on the Gr surface until they reach the periphery of a Gr island, where they attach

to the edges and contribute to the island growth. It is important to note that the

slope of the sub-monolayer uptake curve in the MBE experiment (A component in

Fig. 3.12 (a) and (b)) does not show a linear behavior. This implies that, besides

the surface diffusion, part of the C monomers and dimers can also desorb from the

Gr layer. In order to prove this, further DFT calculations by the group led by Prof.

L. Kantorovich at King’s College London, UK are at the moment under progress.

The possibility to reach almost a saturation stage using the carbon source can be

explained also by considering the desorption probability of monomers and dimers.

As soon as the Gr defects (mono- and di-vacancies, grain boundaries, etc) are filled by

the C atoms, the process of intercalation of C atoms at the graphene-Ir(111) interface
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is inhibited and the growth of further layer is therefore blocked. Infact at the high

growth temperature the probability of C spieces to go back into the gas phase via

a desorption mechanism become larger and larger with decreasing the density of

graphene areas where the C atoms could penetrate at the interface.

3.7 Conclusions

By combining high resolution XPS data with theoretical calculations we have shown

that the C 1s core level BE can be used as a fingerprint for C monomers in two

systems where either small C clusters (dimers, trimers, etc) or graphene nanoislands

are present together.

In particular, we have shown that the low temperature deposition of carbon

atoms using a solid carbon source results in a distribution of C clusters whose sizes

depend on the surface density of carbon atoms and that high resolution core level

spectroscopy can provide quantitative results on the relative concentration of the

different species and, for the case of monomers, even on their adsorption sites.

These measurements allowed us to conclude that the species which are present on

the surface depend not only on the way they interact on the surface, but strongly

depend on the dynamics by which they are generated by the C source. Based on

the interpretation of the low temperature data, the presence of a carbon lattice gas

during ethylene uptake performed at 820 K was demonstrated, in particular in the

early stages of the graphene growth, when a significant density of monomers (C 1s

component at 283.35 eV) was detected already before the nucleation process started.

We believe therefore that C 1s high resolution core level spectroscopy can provide

very useful information about the role of monomers and dimers during the growth

of graphene on different metal surfaces.
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[2] I. Pletikosič, M. Kralj, R. Brako, J. Coraux, A.T. N’Diaye, C. Busse, and T. Michely,

Dirac Cones and Minigaps for Graphene on Ir(111), Phys. Rev. Lett. 102, 056808

(2009).

[3] A.T. N’Diaye, J. Coraux, T.N. Plasa and T. Michely, Structure of epitaxial graphene

on Ir(111), New J. Phys. 10, 043033 (2008).

[4] J. Coraux, A.T. N’Diaye, C. Busse and T. Michely, Structural Coherency of Graphene

on Ir(111), Nano Lett. 8, 565-570 (2008).

[5] I. Hernández-Rodríguez, J.M. García, J.A. Martín-Gago, P.L. de Andrés, and J.

Méndez, Graphene growth on Pt(111) and Au(111) using a MBE carbon solid-source,

Diam. and Rel. Mat. 57, 58-62 (2015).

[6] B. Kiraly, E.V. Iski, A.J. Mannix, B.L. Fisher, M.C. Hersam, and N.P. Guisinger,

Solid-source growth and atomic-scale characterization of graphene on Ag(111), Nat.

Commun. 4, 2804 (2013).

[7] E. Moreau, F.J. Ferrer, D. Vignaud, S. Godey and X. Wallart, Graphene growth by

molecular beam epitaxy using a solid carbon source, Phys. Stat. Solidi A 207, 300-303

(2010).

[8] J.C. Shelton, H.R. Patil, J.M. Blakely, Equilibrium Segregation of Carbon to a Nickel

(111) Surface-Surface Phase-Transition, Surf. Sci. 43, 493–520 (1974).

75



BIBLIOGRAPHY 76

[9] S. Nie, A.L. Walter, N.C. Bartelt, E. Starodub, A. Bostwick, E. Rotenberg, and K.F.

McCarty, Growth from Below: Grahene Bilayers on Ir(111), ACS Nano 5, 2298-2306

(2011).

[10] P. Wu, W. Zhang, Z. Li, and J. Yang, Mechanism of Graphene Growth on Metal

Surfaces: Theoretical Perspectives, Small 10, 2136-2150 (2014).

[11] H. Tetlow, A.J. Posthuma de Boer, I.J. Ford, D.D. Vvdensky, J. Coraux, L. Kan-

tarovich, Growth of epitaxial graphene: Theory and experiment, Phys. Rep. 542,

195-295 (2014).

[12] C.M. Seah, S.P. Chai, A.R. Mohamed, Mechanisms of graphene growth by chemical

vapour deposition on transition metals, Carbon 70, 1 (2014).

[13] E. Loginova, N.C. Bartelt, P.J. Feibelman, and K.F. McCarty, Factors influencing

graphene growth on metals surfaces, New J. Phys. 11, 063046 (2009).

[14] E. Loginova, N.C. Bartelt, P.J. Feibelman, and K.F. McCarty, Evidence for graphene

growth by C cluster attachment, New J. Phys. 10, 093026 (2008).

[15] P. Wu, H. Jiang, W. Zhang, Z. Li, Z. Hou, and J. Yang, Lattice Mismatch Induced

Nonlinear Growth of Graphene, J. Am. Chem. Soc. 134, 6045 (2012).

[16] O.V. Yazyev, Y.P. Chen, Polycrystalline graphene and other two dimensional materials,

Nat. Nanotech. 9, 755-767 (2014).

[17] S. Riikonen, A.V. Krasheninnikov, L. Halonen, and R.M. Nieminen, Role of Stable

and Mobile Carbon Adspecies in Copper-Promoted Graphene Growth, J. Phys. Chem.

C 116, 5802-5809 (2012).

[18] T. Niu, M. Zhou, J. Zhang, Y. Feng, and W. Chen, Growth Intermediates for CVD

Graphene on Cu(111): Carbon Clusters and Defective Graphene, J. Am. Chem. Soc.

135, 8409 (2013).

[19] P. Wu, Y. Zhang, P. Cui, Z. Li, J. Yang, and Z. Zhang, Carbon Dimers as the

Dominant Feeding Species in Epitaxial Growth and Morphological Phase Transition of

Graphene on Different Cu Substrates, Phys. Rev. Lett. 114, 216102 (2015).



BIBLIOGRAPHY 77

[20] L. Zhong, J. Li, Y. Li, H. Lu, H. Du, L. Gan, C. Xu, S.W. Chiang, and F. Kang,

Unraveling the Influence of Metal Substrates on Graphene Nucleation from First-

Principles Study, J. Phys. Chem. C 120, 23239-23245 (2016).

[21] H. Chen, W. Zhou, and Z. Zhang, Contrasting Behaviour of Carbon Nucleation in

the Initial Stages of Graphene Epitaxial Growth on Stepped Metal Surfaces, Phys. Rev.

Lett. 104, 186101 (2010).

[22] M. Gao, Y.-F. Zhang, Z. Yang, Growth mechanism and controllable synthesis of

graphene on Cu-Ni alloy surface in the initial growth stages, Phys. Lett. A 379, 1361

(2015).

[23] L. Xu, Y. Jin, Z. Wu, Q. Yuan, Z. Jiang, Y. Ma, and W. Huang, Transformation of

Carbon Monomers and Dimers to Graphene Islands on Co(0001): Thermodynamics and

Kinetics, J. Phys. Chem. C 117, 2952 (2013).

[24] L. Xu, Y. Ma, Z. Wu, B. Chen, Q. Yuan, and W. Huang, A Photoemission Study of

Ethylene Decomposition on a Co(0001) surface: Formation of Different Types of Carbon

Species, J. Phys. Chem. C 116, 4167-4174 (2012).

[25] J. Li, E. Croiset, and L. Ricardez-Sandova, Carbon clusters on the Ni(111) surface: a

density functional theory study, Phys. Chem. Chem. Phys. 16, 2954 (2014).

[26] J. Gao, Q. Yuan, H. Hu, J. Zhao, and F. Ding, Formation of Carbon Clusters in the

Initial Stage of Chemical Vapor Deposition Graphene Growth on Ni(111) Surface, J.

Phys. Chem. C 115, 17695-17703 (2011).

[27] F. Zhaoming, Y. Zhang, Z. Yang, Growth mechanism and controllable synthesis of

graphene on Cu-Ni alloy surface in the initial growth stages, Phys. Lett. A 379, 1361

(2015).

[28] A.J. Page, F. Ding, S. Irle, and K. Morokuma, Insights into carbon nanotube and

graphene formation mechanisms from molecular simulations: a review, Rep. Prog.

Phys. 78, 036501 (2015).

[29] N.J. Long, C.K. Williams, Metal Akynyl σ Complexes: Synthesis and Materials,

Angew. Chem. Int. Ed. 42, 2586 (2003).



BIBLIOGRAPHY 78

[30] V.W.-W. Yam, Molecular Design of Transition Metal Alkynyl Complexes as Building

Blocks for Luminescent Metal-Based Materials: Structural and Photophysical Aspects,

Accounts. Chem. Res. 35, 555 (2002).

[31] M. Bianchi, D. Cassese, A. Cavallin, R. Comin, F. Orlando, L. Postregna, E.

Golfetto, S. Lizzit, and A. Baraldi, Clean and oxygen induced surface core level shift

on Ir(111), New J. Phys. 11, 063002 (2009).

[32] A. Baraldi, L. Rumiz, M. Moretuzzo, M. Barnaba, G. Comelli, S. Lizzit, G.

Paolucci, R. Rosei, F. Buatier de Mongeot, and U. Valbusa, A supersonic molecular

beam for gas-surface interaction studies with synchrotron radiation, J. Vac. Sci. Technol.

B 20, 683 (2002).
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Chapter 4

Temperature-driven graphene growth

on Ag(111) using the solid carbon

source

4.1 Introduction

The growth of graphene on metallic substrates has driven a huge research effort in

the last years, aiming to unveil and describe the properties of these technologically

relevant interfaces. Chemical Vapour Deposition (CVD) has been proved to be the

most reliable and potentially scalable way to grow large graphene flakes on many

metallic substrates. Such process exploits the capacity of some metal surfaces to

catalyse the dissociation of hydrocarbon molecules and the formation of a graphene

lattice [1, 2, 3].

However, this approach is not successful on noble metals, gold and sil-

ver, where no catalytic decomposition of hydrocarbons was ever detected. Some

alternative solutions have been then developed, aiming to deposit graphene layers

and graphene-based nanostructures on these metals such as irradiation of the metal

surface with a high energy beam of hydrocarbon molecules [4], sputtering of carbon

films [5] or evaporation and polymerisation of a tailored molecular precursor [6, 7, 8].

A promising approach to grow graphene on non-reactive metals is based on

the dose of atomic carbon directly on the surface through an atomic carbon source.

Such system has been employed to grow graphene layers on several substrates and it
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appears to work efficiently also on noble metal surfaces [9, 10, 11].

In this chapter are discussed the results obtained on the growth of graphene

on a Ag(111) single crystal by evaporating carbon from the solid carbon source. Two

different methods of growth were employed. First, we evaporated carbon on Ag

while keeping the sample at high temperature (High Temperature Growth, HTG).

In a second moment we tried to grow graphene by exposing the metal at RT to the

C flux and then annealing at high temperature (Temperature Programmed Growth,

TPG). In both cases high-resolution and fast XPS and NEXAFS provided information

on the nature of the carbon bonds at the surface and on their orientation. Structural

properties were investigated by means of LEED.

4.2 Experimental methods

The experiments were performed at the SuperESCA beamline of Elettra. The Ag(111)

single crystal was cleaned in UHV by several cycles of Ar+ sputtering (EK =1 keV),

followed by annealing to 820 K. The sample temperature was measured by means

of two thermocouples spot-welded in close contact with it. The base pressure in the

UHV chamber during the experiments was better than 10−10 mbar.

High-resolution XPS data and NEXAFS spectra were acquired by means

of a Phoibos hemispherical electron energy analyzer, integrated with an in-house

developed delay-line detector. The spectra of the C 1s and Ag 3d core levels were

acquired by using a photon energy of hν = 400 eV and hν = 480 eV, respectively with

overall energy resolution of the order of 50 meV and in normal emission conditions.

Carbon deposition was performed in conditions similar to the ones used for the

growth of graphene on Ir(111) with MBE described in chapter 3, with a carbon flux

of ∼ 2 x 10 −3 ML/s with the ML now reffered to the Ag(111) surface atomic density.

As usual, all the XPS spectra have been normalised by the number of scans and beam

current and the binding energy scale was referred to the Fermi level of the Ag sample.

The experimental data were fitted with a Doniach-S̆unjić function [12] convoluted

with a Gaussian distribution and a Shirley background. The C K-edge NEXAFS

spectra were recorded in the Auger yield mode by revealing the photoelectrons at

kinetic energy of 260 eV corresponding to the C-KLL transition. Angular dependent
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spectra were taken as a function of the angle θ between the photon beam (which was

horizontally polarized) and the substrate plane. The angle θ was varied between 20◦

(grazing incidence) and 90◦ (normal incidence) by rotating the sample.

4.3 Results and discussion

4.3.1 High Temperature Growth (HTG)

The first deposition experiment was carried out by exposing the Ag(111) sample

to the carbon source output while keeping it at 1000 K. This growth protocol was

intended to reproduce the outcomes observed in earlier literature [10]. The evolution

of the C 1s core level during the growth (Fig. 4.1) showed only a single component

growing almost linearly during the whole exposure without reaching saturation.

Figure 4.1: (a) Time evolution during carbon uptake on Ag(111), with sample kept at 1000 K. (b)

Intensity evolution of the C 1s peak during the uptake extracted from peak-fit analysis.

The high-resolution C 1s core level spectrum (Fig. 4.2(a) acquired at RT after

carbon deposition showed only a single component centered at 284.70 eV binding

energy (BE) with best fit parameters of: L=0.3 eV, α=0.1, G=0.22 eV, resulting in

a FWHM of the C 1s peak of ∼ 0.52 eV. This single peak can be associated to the

growth of graphene on the metallic substrate. The relatively large shift of the position

of the C 1s peak (ca. 600 meV when compared to the C 1s binding energy for the

almost self-standing graphene/Ir(111) case [13] where a slight graphene p-doping

is present [14]) could result from a charge transfer process from the metal to the
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graphene overlayer, similarly to what observed for other graphene/metal interfaces

[3]. By considering that for weakly-interacting metals [15] a negative shift in the BE

of the C 1s level is the footprint of a comparable shift of the Dirac cone, we infer that

graphene on Ag(111) is relatively strongly n-doped. In panel 4.2(b) we show the

Figure 4.2: (a) HR XPS spectrum of the C 1s core level acquired on the HTG sample. hν = 400 eV.

(b) Ag 3d core level of the clean and graphene-covered sample. (c) NEXAFS spectrum of the HTG

sample acquired at different incidence angles of the photon beam. The geometry of the experiment is

sketched in the panel.

Ag 3d core level acquired before and after the carbon deposition. The intensity of the

signal after the carbon dose is attenuated by ca. 20% with respect to the clean surface.

It is worth mentioning that no oxygen contamination was observed on the

sample, unlike what shown in earlier literature for the growth of graphene on Ag

(111) [10]. This ensures a very precise of the graphene growth on the surface and it

allows a detailed assessment of the graphene-Ag interaction.
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In order to confirm that graphene has formed on the surface, NEXAFS

spectra at the carbon K-edge have been acquired to detect and monitor the direction

of the carbon bonds. The outcomes of the experiment are shown in Fig. 4.2(c). Three

spectra acquired at different angles of incidence of the photon beam with respect

to the sample surface are plotted. The geometry of the experiment is sketched in

the same panel. Two important features are evident in the absorption spectrum at

285.3 and 291.6 eV photon energy, with their intensity depending on the incidence

angle. In order to establish a link and validate our hypothesis, we can compare these

NEXAFS spectra with those reported in literature for graphene on various substrates

[15, 16, 17, 18].

The structure at 285.3 eV can be associated with the transition of C 1s

electrons towards conduction π∗ states around the M and L points of the Brillouin

zone (BZ), while the structure observed at 291.5 eV originates from the promotion of

core electrons into σ∗ states in the centre of the Brillouin zone. A difference can be

seen in the NEXAFS signal for the π∗ and σ∗ structures acquired at different photon

incidence angles. An enhancement of the π∗ resonance was observed in grazing

incidence conditions (i.e. θ = 20◦), indicating that the orientation of the π orbital is

perpendicular to the sample plane. Likewise, the enhancement of the σ∗ structure

with the polarisation vector of the light parallel to the surface indicates that the

σ orbital lies in the plane of the sample. However, the dichroism observed is not

complete, when compared to other graphene samples [15, 18], since the contributions

of the π∗ and σ∗ resonances are always visible. This outcome hints at the presence

of C sp2 bonds which are tilted with respect to the sample plane and therefore are

indicative of disordered structures. Since the dichroic signal is quite significant, we

can infer that the Ag surface is mostly covered by a graphene lattice, but also some

disordered carbon structures are present.

Low-energy electron diffraction (LEED) patterns acquired on the sample, as

shown in fig. 4.3, provided important information on the structure features of the

deposited layer. Besides the (1, 0) spot of the Ag(111) substrate, a ring-like structure

with an even distribution of the intensity is visible, which corresponds to a lattice

parameter smaller than that of the Ag substrate. By assuming that aAg = 2.88Å, we

could extract the value of the lattice parameter corresponding to the ring, which
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results to be agr = 2.46± 0.02Å, well in agreement with the values reported for

graphene. The even intensity of the ring-like structure indicates that the graphene

layer does not display azimuthal order and it is likely to be formed by several

graphene domains oriented in any azimuthal direction. Interestingly, a ring-like

structure was present in LEED patterns acquired on graphene samples grown on

Au(111) and Pt(111) with a similar deposition technique [11], whereas the intensity of

the ring structure was not evenly distributed as for our growth on Ag(111), showing

instead marked maxima. These maxima are indicative of preferential orientation of

the graphene layer and therefore pinpoint to an active role of the substrate interaction

in orienting the graphene flakes. In our case, since no clear intensity maxima were

observed, we infer that the interaction of graphene on Ag(111) is weak and it is

not acting as a template to orient the graphene layers, producing a distribution of

random azimuthally rotated graphene domains.

Figure 4.3: LEED pattern acquired on the HTG sample, Ep = 76 eV. The reciprocal lattice vectors

for Ag and graphene are highlighted.
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The stability of this structure has been tested by annealing the freshly pre-

pared sample while monitoring the evolution of the C 1s core level with fast XPS, as

shown in Fig. 4.4. The HTG graphene sample was initially annealed with a ramp

of 2 K/s up to 1100 K and subsequently kept at this temperature for 1 hr. During

this interval, we observed a slow but constant decrease of the C 1s signal until its

almost complete disappearance. Such behavior indicates that the graphene layer is

not stable at high temperature on the silver surface because the C layer dissolves into

the Ag bulk.

We then conclude that the structure grown by exposing the Ag(111) surface

to carbon, while keeping the substrate at 1000 K, has graphene character and it is

comparable with what produced in similar conditions in earlier reports [10, 11]. The

azimuthal disorder observed in LEED and the consequent presence of several domain

boundaries in graphene can result in a broadening of the C 1s core level (FWHM

= 520 meV), when compared with graphene grown by CVD on weakly interacting

metals, such as Ir(111). This outcome is consistent with what observed in XPS spectra

for a defect-rich graphene layer [19], where the broadening of the C 1s peak is a sign

of the presence of vacancies defects and domain boundaries. Moreover, we point out

that the C 1s lineshape is also determined by the interaction of graphene with the

underlying substrate in case of strongly interacting systems, as already observed for

Re(0001) [20] and Ru(0001) [21], due to the coexistence of carbon atoms differently

interacting with the metal underneath, thus having slightly different binding energy.

However, in our case the first hypothesis of defects causing the broadening of the C

1s peak is more likely because graphene/Ag(111) is a weakly interacting system [10].
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Figure 4.4: Time-evolution of the C 1s core level as resulting from fast XPS acquisition during an

annealing ramp. The trend of the sample temperature vs time is shown in the right panel.

4.3.2 Temperature Programmed Growth (TPG)

A different strategy can be devised in order to grow graphene with the C source.

Such protocol is usually labelled as Temperature Programmed Growth (TPG) and it

consists of two steps: the initial deposition of a carbon precursor on the metal surface

at RT followed by annealing at high temperature, which transforms the deposited

material into an ordered graphene layer. This approach was successfully exploited to

grow graphene on Ir(111) by CVD [13] or to grow layers of other 2D materials, such

as hBN [22] or MoS2 [23]. In this section the feasibility of this approach to grow an

ordered graphene layer by employing the atomic C source is assessed.

In Fig. 4.5 (a) it is shown the evolution of the C 1s core level during carbon

uptake, while keeping the sample at RT. A broad peak is detected in a few minutes

and it appears to be very different from what observed for the HTG. An intense peak

centered at ca. 283.7 eV BE was observed, sided by two other peaks as evidenced in

the high resolution C 1s spectrum acquired after the deposition and shown in Fig.

4.5-(b). These broad components are located at 282.85 (C1), 283.79 (C2) and 284.31 eV

(C3) BE. As evidenced in Fig. 4.5-(c) the components C1 and C2 grew simultaneously

during exposure, while C3 kept a smaller growth rate. After ca. 150 s of exposure,

we noticed that the trend of growth of C1 significantly changed and decreased with
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Figure 4.5: (a) C 1s core level during the uptake of C from carbon source on Ag(111) at RT.

hν = 400 eV. (b) C 1s core level after the growth, together with peak fit analysis (c) Evolution of the

three components of the C 1s level during the growth.

respect to C2. This outcome is remarkably different from what observed for the HTG

process.

NEXAFS spectra (Fig. 4.6) acquired on the sample were considerably dif-

ferent than those described in the previous section for the HTG sample. It was

still possible to individuate some structure that we could identify as belonging to

C 1s → σ∗ and C 1s → π∗ transitions. However, the π∗ structure at 285.3 eV did not

show any appreciable dichroism as we observed for the HTG sample, while only a

minor dichroic signal was detected for the σ∗ component. This could indicate that

the sample is constituted mainly by areas covered with carbon species with bonds

different than sp2 or whose sp2 bonds are not oriented in an ordered lattice. However,

a small portion of these bonds lies parallel to the surface and originates the modest

dichroism of the σ∗ peak. We speculate that this signal could be due to graphene-like
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Figure 4.6: C K-edge NEXAFS spectra acquired at different incidence angles of the photon beam.

structures originating also the C3 component in the C 1s core level.

In addition, the LEED pattern (not shown) showed only attenuated spots

belonging to the Ag substrate, hinting at the growth of a disordered overlayer rather

than graphene.

The second step of the TPG protocol consists in the annealing up to 1100 K

of the carbon deposited sample with an heating ramp of 2 K/s. The evolution of the

C 1s during this post-annealing is shown in Fig. 4.7. It can be noticed that, despite

a change in the binding energy of the peaks, the overall shape of the C 1s level

does not change with the temperature. Moreover, in contrast with what happens

for the HTG growth, the carbon overlayer does not dissolve into the crystal bulk at

high temperature. One can then imagine that the carbon species arriving on the Ag

surface at RT do not have the necessary mobility to diffuse on the metal surface and

to form an ordered graphene layer. Given the stability of the TPG sample even at high

temperature and the shape of the C 1s core level we can speculate that amorphous

carbon clusters form on the surface which do not dissolve into the crystal bulk.

These combined results highlight the crucial role of the temperature sub-

strate during C deposition in order to obtain an ordered graphene layer. We found

that 1000 K is the optimal temperature to avoid the formation of carbon clusters and
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promote the growth of graphene. Indeed a graphene growth attempt performed an

intermediate temperature (800 K) returned a mixture of graphene and carbon clusters

on the surface, as indicated by the C 1s and the NEXAFS measurements.

Figure 4.7: (a) C1s intensity plot during the TPG growth annealing with heating rate of 2K/s. (b)

Photoemission spectra acquired at different temperatures outlined by the cuts in (a).

4.4 Conclusions

In summary, we have shown the importance of the sample temperature to achieve

an ordered graphene layer when depositing carbon with an atomic C source on

Ag(111). A combination of HR-XPS and NEXAFS measurements showed that the

HTG deposition performed at 1000 K yields the formation of a graphene layer, which

results to be n-doped. However, the acquisition of LEED patterns evidenced a ring-

like structure corresponding to the lattice periodicity of graphene hinting at the

presence of several rotated graphene domains. On the other hand, the TPG growth

did not succeed in producing a graphene layer. The outcomes are instead indicative
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of the presence of amorphous carbon on the surface. A post-annealing after the

deposition at room temperature did not alter significantly the situation, leaving the

C 1s core level unaltered, which is at variance with the complete dissolution at 1100

K of the graphene layer produced with HTG.



Bibliography

[1] M. Batzill, The surface sciennce of graphene: Metal interfaces, CVD synthesis, nanorib-

bons, chemical modifications, and defects, Surf. Sci. Rep. 67, 83-115 (2012).

[2] Y. Dedkov and E. Voloshina, Graphene growth and properties on metal substrates,

Journ. of Phys.: Cond. Matt. 27, 30 (2015).

[3] E. Voloshina and Y. Dedkov, Graphene on metallic surfaces: problems and perspectives,

Phys. Chem. Chem. Phys. 14, 13502-13514 (2012).

[4] A.J. Martínez-Galera, I. Brihuega, and J.M. Gómez-Rodríguez, Ethylene Irradi-

ation: A New Route to Grow Graphene on Low Reactivity Metals, Nano Lett. 11,

3576-3580 (2011).

[5] G. Pan, B. Li, M. Heath, D. Horsell, M.L. Wears, L. Al Taan, and S. Awan, Transfer-

free growth of graphene on SiO2 insulator substrate from sputtered carbon and nickel

films, Carb. 65, 349-358 (2013).

[6] J. Cai, P. Ruffieux, R. Jaafar, M. Bieri, T. Braun, S. Blankenburg, M. Mouth,

A.P. Seitsonsen, M. Salex, X. Feng, K. Müllen, and R. Fasel, Atomically precise

bottom-up fabrication of graphene nanoribbons, Nature 466, 470-473 (2010).

[7] S. Linden, D. Zhong, A. Timmer, N. Aghdassi, J.H. Franke, H. Zhang, X. Feng,

K. Müllen, H. Fuchs, L. Chi, and H. Zacharias, Electronic Structure of Spatially

Aligned Graphene Nanoribbons on Au(788), Phys. Rev. Lett. 108, 216801 (2012).

[8] J. Tesch, P. Leicht, F. Blumenschein, L. Gragnaniello, M. Fonin, L.E.M.

Steinkasserer, B. Paulus, E. Voloshina, and Y. Dedkov, Structural and electronic

properties of graphene nanoflakes on Au(111) and Ag(111), Sci. Rep. 6, 23439 (2016).

94



BIBLIOGRAPHY 95

[9] J. Park, W.C. Mitchel, L. Grazulis, H.E. Smith, K.G. Eyink, J.J. Boeckl, D.H.

Tomich, S.D. Pacley, and J.E. Hoelscher, Epitaxial Graphene Growth by Carbon

Molecular Beam Epitaxy (CMBE), Adv. Mater. 22, 4140-4145 (2010).

[10] B. Kiraly, E.V. Iski, A.J. Mannix, B.L. Fisher, M.C. Hersam, and N.P. Guisinge,

Solid-source growth and atomic-scale characterization of graphene on Ag(111), Nat.

Commun. 4, 2804 (2013).

[11] I. Hernández-Rodríguez, J.M. García, J.A. Martín-Gago, P.L. de Andrés, and J.

Méndez, Graphene growth on Pt(111) and Au(111) using a MBE carbon solid-source,

Diam. Rel. Mat. 57, 58-62 (2015).
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Chapter 5

Synthesis of sp2 carbon on lead

zirco-titanate (001)

5.1 Introduction

Ferroelectric materials are characterized by a spontaneous polarization that can be

switched by applying an electric field. Recent studies have shown that graphene-

ferroelectric systems open new possibilities in the creation of new transistor ar-

chitectures. Graphene is supposed to constitute the conduction channel in a field

effect transistor with a ferroelectric gate material. Novel memory properties may

emerge from such a structure. Moreover, it has been reported that graphene field

effect transistors prepared on Pb(Zr,Ti)O3 (PZT) substrates of high quality exhibit

a mobility in the range of 105 cm2V−1s−1, considerably larger when compared to

SiO2–gated graphene devices [1]. For applications in electronics one needs a gap in

the semiconducting material. However, intrinsic, single-layer graphene is gapless.

The opening of a gap was reported when an electric field is applied perpendicular

to a bilayer graphene [2, 3]. Hence, an out-of-plane ferroelectric polarization might

help in this sense. It has to be noted also that graphene synthesized on ferroelectrics

with alternate domains (with inward P(−) and outward polarization P(+)) results

in micrometric areas with excess electrons, respectively holes and the formation of

micrometric p-n junctions inside the graphene layers [4]. The topology of these p-n

junctions and their logical applications can be varied by the ferroelectric polarization

distribution. Therefore, placing graphene layers on ferroelectrics may offer valu-
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able solutions for engineering memory devices, controlled by the polarization of

the substrate. The aim of the study exposed in this chapter was to undertake the

first steps towards exploiting the remarkable conduction properties of graphene by

synthesizing such layers on ferroelectric substrates.

5.1.1 Polarization state of the lead-zirco titanate surface

Fig. 5.1 shows the structure of lead zirco-titanate, Pb(Zr,Ti)O3. The origin of the

polarization P is due to the displacement of the central Ti and Zr ions which creates

an electric field oriented in the same direction.

Figure 5.1: The structure of the PZT crystal.

A ferroelectric thin film with polarization P, assumed uniform inside the film,

with polarization oriented out-of-plane, will develop a bound surface charge density

of magnitude P and hence a depolarization field Ed = P/(ε0εr), where ε0 is the

permittivity of vacuum and εr the dielectric constant of the material. For PZT, which

is the ferroelectric material used throughout this chapter, P ≈ 1C/m2, εr ≈ 180 [5],

thus the depolarization field results as about 630 MV/m. This is huge compared with

typical coercitive fields, in the range of 20 – 30 MV/m [6]. As a consequence, such

state is highly instable and can adopt different solutions to eliminate this instability

such as for example the use of compensating charges from adsorbates (e.g. hydroxyl,

carboxyl radicals, or protons) to compensate from outside the bound charges, the use

of compensating charges from metal electrodes in the case of metal / ferroelectric /
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metal sandwich structures, or the use of compensation charges generated inside the

ferroelectric crystal, generated by photoelectric or photovoltaic effects [7].

The compensating charges may be produced by the bottom electrode or

generated by defects inside the film. In particular, oxygen vacancies are shallow

donors with energies 0.06 – 0.3 eV below the minimum of the conduction band

(EC) [8]. The difference between the donor level and the Fermi level is found to be

EF − ED ≈ 0.04 eV [9], thus such levels are relatively easy to be thermally ionized. A

particular case is that when the film thickness decreases under 100 nm. In that case,

in order to obtain a sufficient surface charge density for the compensation of bound

charges, the ferroelectric material should produce a larger amount of defects (oxygen

vacancies), and indeed a thickness dependent study of sample compositions revealed

the increase of the free carrier density together with that of oxygen vacancies when the

film thickness decreases [9]. The various sources of electrons needed to compensate

the depolarization field near the free surface for a PZT layer with outwards (P(+))

orientation grown on a metal (SrRuO3, SRO) are schematized in Fig. 5.2.

Figure 5.2: Schematics of charge migration in order to compensate the depolarization field of a

ferroelectric with outwards polarization. Red disks represent ionized oxygen vacancies, white disks

represent neutral oxygen vacancies, and arrows represent migrating electrons. Adapted from [9].

The compensating charges organize inside the ferroelectric in layers placed

in the vicinity of the extremal surfaces [10]. When inside the ferroelectric the de-

polarization field is fully compensated, all bands are horizontal (see Fig.5.3). Then,
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near surfaces, more precisely in the region between the surface and the depolarizing

charge sheet, some residues of the depolarization field subsist and this will induce

a band bending whose magnitude may be written as ePδ/(ε0εr), where e is the ele-

mentary charge. Again for the practical case of PZT discussed above, by supposing

δ ≈ 3 nm [5], the obtained band bending is between 1 and 2 eV. This is a quite visible

shift in X-ray photoelectron spectroscopy, provided all charging effects are properly

taken into account.

Figure 5.3: Band diagrams near ferroelectric surfaces. (a) Polarization oriented outwards, P(+).

(b) Polarization oriented inwards, P(−). The binding energies of core levels originating from regions

near surface will be shifted to higher binding energies for (a) and to lower binding energies for (b).

Reproduced from Ref. [11].

Indeed, in-situ experiments from a BaTiO3(001) single crystals sandwiched

between electrodes revealed shifts in binding energies (Ba 3d, Ti 2p) by about 1.2 eV

between states with polarization P(+) and P(−) [12]. For PZT(001), Figure 5.4 shows

the XPS spectra of all core levels of single layers with outwards (P(+)), inwards (P(−))

and no out-of-plane polarization (P(0)) [13].

The different polarization states were obtained as function on the contamina-

tion of the layers and concentration of oxygen vacancies. For instance, if the films are

heated under ultrahigh vacuum, they loose oxygen and then the oxygen vacancies

are in sufficient number to create an electron depolarizing sheet near surface, such as

in Fig. 5.3 (a). If the films are extensively outgassed in oxygen atmosphere such as

to remove carbon-containing molecules from their surface, then a state with cation

vacancies may be stabilized, and these cation vacancies produce holes such as to

re-create the situation from Fig. 5.3 (b). The layer with no out-of-plane polarization
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Figure 5.4: X-ray photoelectron spectroscopy spectra of (a) Pb 4 f7/2; (b) Zr 3d; (c) Ti 2p3/2; (d) O

1s for similar PZT(001) samples (20 nm thick) with different polarization states. Adapted from [13].

was a highly defective layer obtained by repeated annealing cycles. It is clear then

that binding energies may be used not only to derive the surface composition but

also to assess the polarization state of the film near surface.

5.2 Experimental methods

Single crystals 10 nm thick PZT layers were grown by pulsed laser deposition (PLD)

on Pt(001) by the group of Dr. Pintilie at the NIMP in Magurele, Romania. The

PLD setup is operated with KrF radiation (248 nm wavelength), 0.7 J x 20 ns pulses,

repetition rate 5 Hz, laser fluence 2 J cm−2. During growth, the substrate was annealed
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to 850 K in a partial O2 pressure of 0.2 mbar [14]. Under these preparation conditions,

there is a general agreement that the preferred polarization of the PZT layers is P(+)

[15, 16]. The samples were exposed to air, then introduced in the UHV analysis

chamber.

The measurements related to the cleaning procedure of the PZT samples in

UHV were performed at the CoSMoS facility at Elettra. Different photon energies

were used to measure the core levels of the different elemental species: Pb 4f and Zr

3d were measured at 260 eV, Ti 2p and O1s at 600 eV, C1s at 400 eV and valence band

at 120 eV photon energy, respectively. The overall energy resolution (photon beam

plus analyzer) was always better than 100 meV. The measurements were performed

at room temperature. The measurements on the growth of sp2 carbon on PZT were

performed in the SuperESCA chamber. The carbon-dose set-up used for carbon

deposition was the same as the one used in the experiments of chapters 3 and 4,

with same evaporation rates. In order to calibrate the carbon coverage on PZT

we compared the C 1s intensity with the one of graphene on Pt(100), which was

achieved by standard CVD with ethylene at a temperature of 970 K. All the core

level spectra are referenced to the Fermi level measured on an Ag foil placed in the

vicinity of the sample. The NEXAFS spectra were measured in Auger Yield mode by

collecting the Auger KLL electrons with the electron energy analyzer in an energy

window of 10 eV. All spectra were analyzed by using Doniach Šunjić functions with

asymmetry set to zero (Voigt profiles) and associated backgrounds for accounting

inelastic losses [17, 18]. The integral amplitudes were then used, calibrated by the

atomic photoionization cross sections [19] at different photon energies and by the

flux of the undulator, to obtain approximate compositions of the layers.

5.3 Cleaning procedure in ultrahigh vacuum

In general, the composition of lead zirco-titanate PbZr0.2Ti0.8O3(001) may change

during the annealing needed for the cleaning process of the surface after introduction

in UHV. For this reason, we developed a specific cleaning procedure, in UHV which

consists in prolonged cycles of oxygen dose at a specific temperature followed by

annealing. The most efficient conditions were found to be O2 partial pressure of 5
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x 10−5 mbar at 670 K for a total time of 5 hours, followed by annealing in UHV at

870 K for having a PbO terminated surface which changes to (Ti, Zr)O2 termination

after 1 hour annealing to 850 K in 5 x 10−5 mbar O2 pressure. The XPS spectra are

represented in Fig. 5.5 and in Table 5.1 are presented the ratios between the different

components of the PZT after each single treatment. The integral intensities were

normalized with the photoionization cross section (2.142 Mb for Pb 4f at hν= 260 eV,

4.716 for Zr 3d at hν = 260 eV, 1.203 for Ti 2p at hν = 600 eV, 0.412 for O 1s at hν = 600

eV) [19] and a further correction of I(260 eV)/I(600 eV) = 2.31 was considered for the

variation of the synchrotron beam intensity I at the two different photon energies.

The as introduced sample has a clear excess of Pb and oxygen, since the PZT target

of the PLD set-up is enriched in PbO. After the first oxygen treatment at 670 K, the

initial carbon peak of Fig. 5.5 (e) almost disappears and the oxygen content in the

sample drastically increases. However, only after the subsequent annealing in UHV

to 870 K the C 1s peak intensity goes to zero and the Pb/(Zr+Ti) decreases towards

unity. A second oxygen treatment at 670 K did not lead to appreciable changes.

Values of Pb/(Zr+Ti) larger than 1 are to be expected from photoelectron inelastic

mean free path (IMFP) effects. The ratio Pb/(Zr + Ti) ≈ exp(±c/(2λcosθ), where c

is the out-of-plane lattice constant, λ the IMFP, and the photoelectron take-off angle

θ which was of 40◦. The IMFP is considered roughly the same for all core levels

analyzed, since the photon energies were chosen such that the measurement is highly

surface sensitive. The sign ‚+’ is valid for PbO termination, while the sign ‚–’ is valid

for (Ti,Zr)O2 termination (see sketch from Fig. 5.1). From the values from Table 5.1,

one obtains λ ≈ 6.1 Å for the surface after the second O2 treatment (assumed to

be PbO – terminated) and λ ≈ 4.6 Å for the surface after the final annealing to 850

K in O2 atmosphere (assumed to be (Ti,Zr)O2 – terminated). These values are in

reasonable agreement with the expected values of 5-7 Å from the universal curve

of IMFP for kinetic energies between 70 and 140 eV [20]. Therefore we can derive

with a good approximation which is the termination of the layers. Note also that the

O/(Zr + Ti) ratio exceeds in both cases the estimated ratio 1 + 2exp(−c/(2λcosθ)], or

2 + exp(−c/(2λcosθ) for PbO and (Ti,Zr)O2 terminations, respectively. This points

towards a lack of cations near surface. Since the polarization is clearly P(+), as found

from the binding energy position of the peaks which is consistent with accumulation



Chapter 5: Synthesis of sp2 carbon on PZT(001) 104

of electrons near surface and this implies the creation of oxygen vacancies, we believe

that this method is partially inadequate for of a precise determination of compositions.

Thus, the ratios from Table 5.1 will not be taken as absolute values, but we will rather

investigate their relative variations. However, the Pb/(Zr + Ti) ratio seems more

adequate to be analyzed in the following.

Figure 5.5: X-ray photoelectron spectroscopy spectra of (a) Pb 4f; (b) Zr 3d; (c) Ti 2p; (d) O 1s; (e) C

1s. Bottom curves are for the "as introduced" sample while top curves are after the last treatment of

Table 5.1. The curves are vertically shifted for displaying purpose. Adapted from [21].
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Core level binding energies (eV)

Sample Comp. Pb 4 f7/2 Zr 3d5/2 Ti 2p3/2 O 1s Composition

"as

introduced"

C1 136.355 181.151 457.713 529.470 Pb/(Zr+Ti) 5.383

C2 137.923 182.041 458.392 530.840 O/(Zr+Ti) 4.321

C3 138.626 - - 531.770 Zr/(Zr+Ti) 0.534

First O2 treatment.

5 x 10−5 mbar. 670 K.

t= 5 h then cool

down in O2

C1 136.626 180.937 457.541 529.928 Pb/(Zr+Ti) 5.427

C2 137.726 181.596 458.651 529.107 O/(Zr+Ti) 7.543

C3 138.367 - - 530.979 Zr/(Zr+Ti) 0.419

C4 132.468 - - -

Annealing

in UHV at

870 K

C1 136.923 182.388 458.403 530.072 Pb/(Zr+Ti) 1.376

C2 138.416 182.325 458.832 531.151 O/(Zr+Ti) 3.942

C3 138.761 - - - Zr/(Zr+Ti) 0.474

C4 133.274 - - -

Second O2 treatment.

5 x 10−5 mbar. 670 K

t= 3h then cool down

in O2

C1 136.485 181.299 457.822 529.578 Pb/(Zr+Ti) 1.535

C2 138.414 182.046 458.230 531.151 O/(Zr+Ti) 4.443

C3 137.885 - - - Zr/(Zr+Ti) 0.486

C4 132.730 - - -

Annealing at

850 K in

5 x 10−5 mbar

O2 pressure

C1 137.119 182.066 458.909 530.306 Pb/(Zr+Ti) 0.568

C2 139.152 182.731 458.389 531.861 O/(Zr+Ti) 2.924

C3 138.437 - - - Zr/(Zr+Ti) 0.630

C4 133.694 - - -

Table 5.1: Binding energies and compositions extracted from the XPS data for all core levels (Pb 4f,

Zr 3d, Ti 2p, O 1s ), and for all components, denoted with C1, C2, C3 and C4 used in the fit for the

"as introduced" sample and after the cleaning procedure. The integral intensities are normalized by

the photoionization cross section and by the photon flux at a specific photon energy.
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5.4 Experimental results

The growth of carbon layers was achieved by dosing carbon with the solid carbon

source, on the (Ti, Zr)O2 terminated PZT(001)/Pt(001) keeping the substrate at high

temperature. This is needed to increase carbon mobility on the surface which is

important to achieve a high quality carbon layer.

Photoelectron spectroscopy was used to investigate the polarization state of

the substrate, by following the core level shifts due to the surface band bending. After

surface preparation, as explained in previous paragraph, a first carbon deposition was

performed at 670 K for 30 min, then the layer was annealed. Keeping the temperature

at 820 K carbon was removed (Fig. 5.6 (a) and (b)). In the second deposition (Fig.

5.7), the layer was initially heated to 820 K, then C evaporation was initiated and the

temperature was decreased to 730 K, where carbon sticking on the surface increased

considerably. The sample was then again annealed up to 780 K during carbon dose in

order to provide the highest surface mobility to the carbon atoms. After deposition 2

we added further carbon by performing the following depositions 3 and 4 always at

780 K. All depositions were characterized by photoelectron spectroscopy as shown

in the figures, while depositions 2, 3 and 4 were analyzed also by NEXAFS at the

carbon K-edge.

Figure 5.6: Time evolution shown as a two- dimensional plot of (a) Pb 4 f7/2 and (b) C 1s during

annealing at 820 K after deposition 1. Adapted from [21].
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Figure 5.7: Two dimensional plot of the time evolution of (a) Pb 4f7/2 and (b) C1s during deposition

2. Carbon starts to adsorb on PZT film at a temperature of 730 K. The polarization of the substrate

(binding energy of the Pb core level) is unchanged. Adapted from [21].

In Fig. 5.8 is presented the evolution of the main peaks for the various

depositions. All binding energies of the main lines from the substrate (Pb 4 f7/2, Zr

3d5/2, Ti 2p3/2, O 1s) are consistent with the P(+) polarization of the PZT (001) as

explained in the previous paragraph. This polarization state does not change upon

carbon deposition.

The results of the analysis of the peaks obtained after the various carbon

depositions are summarized in Table 5.2.
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Figure 5.8: X-ray photoelectron spectroscopy of Pb(Zr, Ti)O3 layers for cleaned (red curves) and

after carbon deposition ( grey curves, which represent from bottom to top: deposition 1, deposition 2,

deposition 3 and deposition 4): (a) Pb 4f, hν = 260 eV; (b) Zr 3d, hν = 260 eV; (c) Ti 2p, hν = 600

eV, (d) O 1s, hν = 600 eV, (e) C 1s, hν = 400 eV; (f) valence band, hν = 120 eV. The spectra are

vertically shifted for displaying purpose. Adapted from [21].
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Core level binding energies (eV)

Sample Comp. Pb 4 f7/2 Zr 3d5/2 Ti 2p3/2 O 1s Composition

Clean

sample

C1 137.119 182.066 458.909 530.306 Pb/(Zr+Ti) 0.568

C2 139.152 182.731 458.389 531.861 O/(Zr+Ti) 2.924

C3 138.437 - - - Zr/(Zr+Ti) 0.630

C4 133.698 - - -

Deposition 1

t= 30 min

C1 137.205 182.816 458.662 530.713 Pb/(Zr+Ti) 0.134

C2 138.851 183.144 459.081 531.962 O/(Zr+Ti) 3.412

C3 139.588 182.048 459.495 - Zr/(Zr+Ti) 0.492

Annealing

820 K

C1 137.144 181.924 458.654 530.615 Pb/(Zr+Ti) 0.411

C2 138.754 182.912 459.072 531.806 O/(Zr+Ti) 3.507

C3 139.459 - 459.473 - Zr/(Zr+Ti) 0.491

C4 132.730 - - -

Deposition 2

t= 100 min

(fig. 5.7)

C1 136.747 182.970 457.904 530.770 Pb/(Zr+Ti) 0.036

C2 138.866 - 458.995 531.954 O/(Zr+Ti) 2.993

C3 139.336 - 459.452 - Zr/(Zr+Ti) 0.515

C4 138.083 - - -

Deposition 3

t=75 min

C1 136.714 182.939 457.986 530.719 Pb/(Zr+Ti) 0.028

C2 138.999 - 458.923 531.944 O/(Zr+Ti) 2.670

C3 140.065 - 459.408 - Zr/(Zr+Ti) 0.564

C4 137.802 - 457.221 -

Deposition 4

t= 50 min

C1 136.670 183.010 457.661 530.770 Pb/(Zr+Ti) 0.005

C2 139.021 - 458.837 - O/(Zr+Ti) 2.537

C3 - - 459.433 - Zr/(Zr+Ti) 0.632

Table 5.2: Binding energies and compositions extracted from the XPS data for all core levels (Pb 4f,

Zr 3d, Ti 2p, O 1s), for samples after different C depositions and treatments.

After the first deposition, it can be observed that the Pb/(Zr + Ti) ratio

decreases drastically (from about 0.57 to about 0.13). This deposition implies a

quite small amount of carbon, far below one monolayer as will be explained in the

following. Thus, this decrease in the intensity from Pb means either that some Pb

is ejected from the sample by carbon deposition, or some Pb is ‘pushed’ inside the
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ferroelectric layer. After the annealing to 820 K and removal of all carbon (see Fig.5.6

(b)), the ratio Pb/(Zr + Ti) is partially recovered, to about 0.41. It is therefore likely

that Pb is pushed inside the film somehow, by the presence of carbon at the surface,

thus it recovers at the surface upon carbon desorption. Larger amounts of carbon

deposited (depositions 2, 3 and 4)(though still below the surface density of graphene)

yield quite low amount of detectable Pb signals (Pb/(Zr + Ti) decreases to 5 x 10−3).

A reaction such as Pb(Zr,Ti)O3 + C → (Zr,Ti)CO3 + Pb could be possible, but no

carbonate peak is visible in the C 1s or in the Ti 2p spectra. The C 1s spectra of

the depositions 1 and 2 (see Fig. 5.9) are fitted with two components with binding

energies of 284.3 eV and 285.8 eV. The first should be a C–C bond, whereas the

second peak may be attributed to C-O bonds [22]. Thus, we may rule out a chemical

reaction like the one proposed above (moreover, such reaction should be at least

partly reversible, according to the observations with the partial retrieval of the Pb

intensity after carbon desorption). This should rather be a physical process leading

to the Pb burying inside the film.

A strong decrease of the peak from the valence band with about 11 eV

binding energy is also observed (Fig. 5.8 (f)). Practically, this peak is seriously

reduced starting already with deposition 2. Theoretical calculations [23] traced the

origin of this feature as a mix of Pb 6s and O 2p states. The fact that the occupancy

of these states is strongly reduced by carbon ad-atoms is consistent with the strong

decrease of the Pb signal due to the migration of Pb inside the PZT bulk.

In Fig. 5.10 is presented the evolution of the C 1s spectra, for the different

carbon doses together with the deconvolutions by using either two Voigt profiles (1st

and 2nd deposition ) or Doniach- Šunjić function ( deposition 3 and 4, and graphene

on Pt(100)). We index the C1s spectra with the surface area occupied by one carbon

atom, which, for graphene, is 2.62 Å2. The peak corresponding to C–O bonds at

about 285.8 eV decreases in intensity for the 2nd deposition ( Fig. 5.9), whereas for the

3rd and 4th deposition was not detected anymore (Fig 5.10). At the same time, the C

1s signal starts to be better described by a Doniach-Šunjić lineshape combined with

a Gaussian distribution [24], which is a sign that the C layer behaves like a metal.

This happens, indeed, when the C surface density approaches that of graphene (one

carbon per 2.85 Å2, as compared with one carbon per 2.62 Å2 for graphene). From this
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Figure 5.9: XPS spectra for C 1s core level after deposition 1 and deposition 2. The black circles

represent the experimental data, the grey line is the fit and the color lines are each separate component.

The spectra were fitted with a Voigt function . The spectra are vertically shifted for displaying purpose.

Adapted from [21].

we may state that carbon layers may be synthesized with a surface density similar

to graphene, with electrons delocalized and no (or weak) chemical bond with the

substrate. The value of the Doniach-Šunjić asymmetry α parameter obtained from

the fit, was close to that obtained for the graphene grown on Pt(001): α ≈ 0.12 for

graphene/Pt(001), 0.18 for the deposition 3 (1 C / 3.49 Å2) and 0.28 for the deposition

4 (1 C / 2.84 Å2)(Fig 5.10).
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Figure 5.10: XPS spectra for C 1s core level after each Carbon deposition and for Graphene deposited

on Pt(001). The black circles represent the experimental data, the grey line is the fit and the color lines

are each separate component. The spectra of deposition 1 and 2 were fitted with a Voigt function, while

all other spectra were fitted with a Doniach-Šunjić convoluted with a gaussian broadening. A Shirley

background was included in the fits.Adapted from [21].

The two dimensional character of the deposited carbon layers is quantified

by NEXAFS measurements. In general, NEXAFS spectra of graphitic systems present
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well-defined π∗ (built from pz orbitals) and σ∗ (built from pxy orbitals) resonances

[25]. Taking into account that the photoabsorption cross section implies mostly

transitions on p orbitals oriented along the direction of the incoming electric field,

it follows that a different ratio between π∗ and σ∗ lines (the so called dichroism) is

observed when the direction of the electric field is varied with respect to the surface .

Normal incidence absorption (θ = 90◦) results in the increase of the σ∗ resonances

and a quenching of the π∗, while the opposite is observed when the electric field

is normal to the surface (grazing incidence) [26]. In the ideal case, like Gr/Pt, σ∗

resonances disappear at grazing incidence, while π∗ resonances disappear at normal

incidence [26, 27]. We have performed measurements on the Gr/Pt(100) sample

and the result is shown in Fig. 5.11. An almost complete dicroism is observed for

this sample, as expected from the previous considerations. The fitting of the σ∗ and

π∗ resonances with sin2θ and cos2θ dependence, respectively, confirms that the sp2

bonds of graphene are aligned parallel to the surface.

Figure 5.11: NEXAFS spectra at C K edge for different incidence angles, in the case of Gr/Pt(001).

The inset shows the geometry of the experiment. Adapted from [21].
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In the case of the carbon layers deposited on PZT (see Fig. 5.12), we detected

a clear σ∗ and π∗ resonances with a noticeable dichroism for deposition 2 (Fig. 5.12

(a)) and a weaker effect for deposition 3, (Fig. 5.12 (b)) while for deposition 4, the

dichroism vanishes (Fig. 5.12(c)). This shows that the carbon layers have a graphitic

character and start to grow with the sp2 bonds parallel to the PZT surface but, at

increasing coverage, this order is lost and the sp2 bonds tend to be randomly oriented.

Figure 5.12: (a) NEXAFS spectra at C K edge of (a) deposition 2 (b) deposition 3 (c) deposition 4

taken at different angles θ. Inserts in (a) and (b) are the fits of the intensities of σ∗ and π∗ with sin2θ

and cos2θ dependence, respectively. The inset in (c) shows the geometry of the experiment. Adapted

from [21].

5.5 Conclusions

This set of experiments are the first evidence that carbon layers can be grown on

PZT(001) without influencing the P(+) polarization of the ferroelectric. A key role is

played by the deposition temperature which should not exceed 780 K in order for the

C atoms to adsorb on the surface. The dichroism of the C K- edge NEXAFS shows
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the prevalence of in-plane sp2 bonds for layers whose effective coverage is below the

graphene surface density. A side effect is the quenching of the Pb signal upon carbon

adsorption, which is probably due to the Pb migration inside the PZT. Carbon does

not substitute lead (otherwise, it should form titanium and zirconium carbonates

with different signatures in XPS, which are not observed). We may also speculate that

the small amount of Pb left on the surface has binding energy close to that of metallic

Pb. Moreover, we cannot exclude the formation of Pb–C bonds on the surface.
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Outlook and perspectives

The main goal of the research activity presented in this PhD thesis was to develop new

methods of growing graphene beyond the usual Chemical Vapour Deposition (CVD).

The strategy followed for doing this was the molecular beam epitaxy (MBE), where

C atoms are directly delivered on the surface. The initial activity was focused on the

design and construction of a solid C source, and on its subsequent use on different

substrates like Ir(111), where the CVD technique is well established, Ag(111) and

PbZr0.2Ti0.8O3 (PZT(001)), which is a ferroelectric oxide, where CVD is precluded.

For most of the samples two different strategies were used: the Temperature

Programmed Growth (TPG), in which C is deposited on the substrate at low temper-

ature followed by annealing at high temperature and the High Temperature Growth

(HTG), in which the substrate is hold at high temperature during C dose. We used

TPG on Ir(111) to understand the incipient stage growth mechanism of graphene.

We firstly performed C deposition at T=80K in order to reduce surface diffusion.

The C1s XPS measurements, coupled to DFT calculations, revealed that at very low

coverage not only C monomers, but also C dimers are present on the surface, while

with increasing C coverage and substrate temperature also C clusters with 3, 4 and 5

atoms form. By using HTG we were able to grow graphene on Ir(111) of high quality,

comparable to that grown by CVD. Moreover, with HTG it was possible to produce

more than one layer of graphene. The growth of a second and third layer takes places

at the Ir surface after C intercalation through the first graphene layer.

In the case of Ag(111), we were able to grow single layer graphene using

the HTG method, at a sample temperature of 1000 K, while with TPG the carbon

deposited at room temperature did not convert into graphene upon annealing. An-

nealing Temperatures of the graphene layer higher than 1000 K led to the dissolution

of graphene into the Ag bulk, while at lower deposition temperatures the graphene
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quality decreased, as seen with XPS, LEED and Near Edge X-ray Absorption Spec-

troscopy (NEXAFS). In any case also the best graphene layer produced presented

azimuthal disorder with no preferential orientation, while the NEXAFS spectra as

a function of the incidence angle of the photon beam with respect to the substrate

confirmed that the sp2 bonds were aligned with the sample surface. From the po-

sition of the C1s peak it was also possible to estimate that the graphene layer on

Ag(111) is slightly n-doped. The growth of graphene on top of PZT(001) turned

out to be quite challenging. Prior to C deposition, we developed a method to clean

the as-introduced samples in UHV, which consisted in prolonged cycles of oxygen

dose at high temperature followed by annealing in UHV. This procedure produced a

PbO terminated PZT(001), while the (Ti,Zr)O2 termination was obtained after fur-

ther prolonged annealing in oxygen atmosphere at high temperature. Although the

polarization state of the atomically clean PZT(001) surface is able to polarize the

CO molecules leading to their adsorption and partial dissociation, ethylene, that is

commonly used in the CVD growth of graphene, does not adsorb on PZT(001), nor

does it dissociate. Therefore, the need of using the carbon source to attempt graphene

growth. The C layers grown on PZT(001) exhibited a nearly two dimensional charac-

ter, up to a carbon surface density approaching that of graphene. The dichroism of

C K-edge NEXAFS showed the prevalence of in-plane sp2 bonds. However, a side

effect of the carbon dose was a strong quenching of the Pb signal, most probably due

to Pb migration into the PZT bulk.

This work has to be continued on several aspects. Other experiments with

more systematic investigations and on other substrates where CVD is precluded

need to be done. One particular case is the direct growth of graphene on top of Al2O3

formed by oxidation of the Ni3Al alloy. This system has been already studied but

the graphene layer was first produced on Ni3Al, then the substrate was oxidized

via oxygen intercalation through graphene. The comparison between the two meth-

ods would give further insight into the strategy to be used to grow a high quality

graphene on an insulator. Photoemission spectroscopy and NEXAFS measurements

should be complemented with scanning tunneling microscopy investigations in order

to determine the structure of the system at the atomic level.



Publications

Papers related to the thesis:

• N.G. Apostol, G.A. Lungu, I.C. Bucur, C.A. Tache, L. Hrib, L. Pintilie, D. Ma-

covei and C.M. Teodorescu, Non-interacting, sp2 carbon on a ferroelectric lead

zirco-titanate: towards graphene synthesis on ferroelectrics in ultrahigh vacuum, RSC

Advances 6, 67883 (2016).

• F. Presel, C.A. Tache, H. Tetlow, D. Curcio, P. Lacovig, L. Kantorovich, S. Lizzit,

A. Baraldi, Carbon monomers and dimers on Ir(111): and experimental and theoretical

C1s core level shift study, to be submitted.

• L. Bignardi, C.A. Tache, P. Lacovig, D. DeAngelis, D. Curcio, A. Baraldi and S.

Lizzit, Temperature-driven graphene growth on Ag(111) using a solid carbon source,

to be submitted.

Other paper realized during the thesis:
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