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Le graphéne est, par définition, un matériau bidimensionnel, cristallin, constitué d’un réseau
d’atomes de carbone en nid d’abeilles répartis sur une monocouche atomique. Le graphéne est
la «brique élémentaire » du graphite. Cependant, une évolution sémantique dans la
communauté scientifique ne limite pas seulement le terme « graphéne » a une monocouche de
carbone, mais jusqu'a une dizaine de couches?, ce qui représente une épaisseur de 1’ordre de 3
a 4 nanometres. En outre, de nos jours, la littérature scientifique utilise le terme « graphéne et
matériaux associes » (Graphene and Related Materials) pour dénommer toute variante de ce

matériau élaboré par divers procédés de synthese?.

Le graphene a suscité un grand intérét dans les communautés scientifiques au cours des 15
derniéres années, en raison de propriétés remarquables, en particulier la conductivité electrique,
la transparence optique, la résistance et la conductivité thermique, avec de nombreuses
applications technologiques potentielles, comme les électrodes transparentes, 1’émission de

champs, les biocapteurs, les futures générations de batteries, les matériaux composites, etc.

Les recherches sur le graphéne constituent I’exemple méme des programmes les plus récents
des travaux contemporains sur les matériaux a base de carbone, aux échelles micrométrique et
nanométrique, si I'on considere les travaux antérieurs sur d’autres matériaux carbonés comme

le Diamond-Like Carbon (DLC), les nanotubes de carbone (CNT) et les fullerénes.

La recherche sur le graphéne a pris son essor avec les travaux pionniers de Geim et Novoselov
en 2004, travaux qui ont conduit a I’attribution du prix Nobel de physique en 2010. Ce fut le
point de départ d'une production scientifique colossale a I’échelle internationale, comme nous
I’évoquerons dans notre bibliographie, production basée sur des programmes scientifiques et
technologiques ambitieux dans de nombreux pays et continents, comme le Flagship Européen
sur le graphéne actuellement en cours. Aujourd'hui, aprés 15 ans de recherches intensives, les
communautés scientifiques et industrielles cherchent a consolider et fiabiliser les méthodes de
synthése du graphene pour mieux comprendre les relations entre synthése et propriétés, et
produire des couches de graphéne de qualité reproductible sur de grandes surfaces selon les
standards de la microélectronique. Dans un article récent, Reiss et al.? ont observé que 124 ans
séparent la découverte de silicium en 1824 et la premiére puce de silicium en 1958, et de nos

jours la production de puces a base de silicium est une activité industrielle de masse. Le
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graphene nécessitera-t-il une période de gestation aussi longue? Probablement pas, si I'on
considere les moyens scientifiques et techniques mobilisés actuellement sur ce sujet.
Cependant, prétons attention a une affirmation des auteurs de I’article de Reiss et al.? : « Mettre
un nouveau matériau sur le marché n'est pas sans défi et, de nos jours, les gens semblent penser
que le développement de matériaux peut étre aussi rapide que les développements de logiciels,
ce qui n'est clairement pas le cas. Les innovations basées sur de nouveaux matériaux sont
difficiles, longues et colteuses, et souvent elles ne se concrétisent pas » (De Réf.2, traduit de

I’anglais). La « réussite » du graphéne n’est donc pas encore un acquis !

En conséquence, le plus grand défi, avec le graphene, demeure le contrdle et la reproductibilité
de la synthése sur de grandes surfaces, ainsi que 1'étude analytique, a I’échelle nanométrique,
de films si particuliers a une échelle trés réduite, films constitués de 1’élément carbone formant
une ou plusieurs couches déposées (ou transférées) sur des substrats adéquats en fonction des
applications visées. Les scientifiques engagés dans la recherche sur les matériaux a base de
graphene, soulignent a l'unanimité le besoin impérieux de valider la fiabilité et la
reproductibilité des procédés, en explorant méticuleusement les relations nanostructure -

propriétés macroscopiques non sans lien avec le procédé d’élaboration.

Ces recherches constituent un immense défi dans 1’étude des matériaux en ce début du 21°™®
siécle. L'objectif de cette these est d’apporter une contribution a ces efforts déployés sur le long
terme a 1’échelle internationale. Nous avons choisi une approche particuliere pour réaliser la
synthése du graphene, le dépbt par ablation laser pulsée (Pulsed Laser Deposition), qui permet
en particulier le dopage des couches de graphéne par des atomes choisis, de maniére contrdlée
et reproductible. En effet, par dopage, il est possible de modifier a la demande les propriétés
intrinseques du graphéne. Ainsi, le graphéne dopé peut présenter des propriétés intéressantes
dans les domaines de I’¢électronique et du magnétisme, ou encore en chimie et électrochimie.
Un large éventail d'applications utilisant des matériaux a base de graphéne dopés est attendu.
Différents types de dopants peuvent étre introduits dans le graphéne, tels que 1’azote, le bore,
le phosphore, le soufre, et bien d’autres encore, comme nous le détaillerons dans notre étude

bibliographique.

A ce jour, le dépdt chimique en phase vapeur (Chemical Vapor Deposition) apparait comme la
méthode la plus étudiée et la plus prometteuse pour la synthése du graphéne. Cette méthode est
déja bien développeée dans les laboratoires et commence a étre utilisée dans I’industrie pour la
production du graphéne. Cependant, elle nécessite une étape a haute température (environ
1000°C), une source de carbone gazeux et un processus de transfert des couches de graphene
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sur le substrat choisi, ce qui reste souvent problématique. En matiére de dopage, se posent des
difficultés récurrentes de controler la concentration en dopants dans le graphene, a partir des

phases gazeuses précurseurs.

Dans cette thése, nous proposons une méthode de synthese alternative basée sur un procédé
physique (et non chimique), combinant le dépdt par laser pulsé (PLD) avec un recuit thermique
rapide (Rapid Thermal Annealing). La PLD est bien connue pour réaliser le dépot d’un
précurseur de carbone solide, et cette méthode est maitrisée par notre laboratoire depuis une
vingtaine d’années, notamment pour la synthése de DLC et de DLC dopés. Quant au RTA, il
est utilisé pour un chauffage rapide qui permet d'obtenir du graphéne a partir du précurseur
élaboré par PLD, avec la possibilité d’éviter le processus de transfert. Les températures de
chauffage peuvent étre significativement inférieures a celles utilisées en CVD. La PLD consiste
a vaporiser, grace a la lumiere focalisée d'un laser, une cible généralement constituée du
matériau que I'on veut obtenir sous forme de film mince. Le matériau est ablaté sour la forme
d’un panache constitué d’un plasma, et déposé sur le substrat choisi. Le procédé PLD permet
souvent le dépot d'un matériau de stoechiométrie quasi identique a celle de la cible, et la co-
ablation ou l'ablation en présence d'un gaz réactif permet le controle de la composition d’un

film multi-élémentaire, donc en particulier dopé.

Les objectifs scientifiques de la présente thése sont donc d'étudier la croissance du graphéne et
du graphéne dopé au bore en utilisant le procédé de synthese par PLD combiné au traitement
thermique par RTA. Nous étudierons 1’effet de plusieurs parametres sur la nature des films de
graphéne obtenus. L'incorporation de bore dans le graphene vise a apporter de nouvelles
fonctionnalités au graphéne. Nous chercherons a comprendre le mécanisme de croissance du
graphene et du graphéne dopé au bore, synthétisés en présence d’un catalyseur métallique. Nous
caractériserons les films de graphéne purs et dopés, pour mieux comprendre l'influence du
procédé sur leurs nanostructures et leurs compositions. Enfin, nous explorerons les propriétés
électrochimiques des films de graphéne pur et de graphéne dopé au bore, pour esquisser une

perspective d’applications de ces films.

Méme si cette these n'est pas le premier travail sur le graphéne, elle ouvre une voie physique
originale pour la synthése et le dopage du graphéne d'une maniére contrélable et probablement
plus versatile que d’autres méthodes d’élaboration. Nos travaux cherchent a élargir les champs
d'études de la PLD dans le domaine de la synthese des couches minces. Ils contribuent a une

avancée des connaissances fondamentales sur la synthése du graphéne et du graphene dopé au
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bore, au cceur des efforts actuels de la recherche pour intégrer ces matériaux dans des

applications technologiques exigeants des performances toujours plus élevées.
Ce manuscrit de thése se structure en cing chapitres.

Le Chapitre 1 propose une synthése bibliographique sur notre sujet. Cette synthése se veut assez
bréve sur le graphéne, déja largement présenté dans des revues de synthése. Nous insisterons

davantage sur I’¢laboration du graphéne par le procédé PLD.

Le Chapitre 2 présente la méthodologie expérimentale que nous avons mise en ceuvre dans nos
recherches. Cette méthodologie concerne d’une part le procédé d’ablation laser pulsé couplé au
traitement thermique RTA pour la synthése du graphéne et du graphene dopé, d’autre part les
méthodes de caractérisation complémentaires afin de sonder, selon une approche multi-échelle,

la nanoarchitecture, la composition et les propriétés électrochimiques des films élaborés.

Le Chapitre 3 présente les mécanismes de croissance du graphéne a partir d’une couche mince
amorphe a base de carbone, ¢laborée par PLD. La méthode originale que nous avons utilisée
est une analyse chimique par spectroscopie de photoélectrons X (XPS) mise en ceuvre in situ
pendant le chauffage sous vide, et donc pendant la croissance du graphéne. Nous avons mis en
¢vidence un mécanisme de diffusion — ségrégation du carbone dans le catalyseur métallique a
base de nickel. Nous avons montré que la croissance du graphéne débute a des températures
relativement basses (300°C) et se poursuite au moins jusqu’a 500°C. Un modele de diffusion —
ségrégation a ¢ét¢é mis en ceuvre pour mieux comprendre les mécanismes observés

expérimentalement.

Le Chapitre 4 explore I’effet des parametres de synthese a priori les plus influents sur la nature
et la nanoarchitecture des couches de graphéne obtenus, en termes de nombre de couches, de
défauts, de tailles des amas de carbone graphéniques et d’homogénéité en surface. Nous
démontrons plus particulierement les effets de la nature des substrats a base de silicium, de
I’épaisseur initiale de la couche de carbone et de la couche du catalyseur métallique, et des
parametres du traitement thermique RTA, notamment la température. Aux températures les plus
¢levées, nous mettons en évidence un phénomene, déja connu, de démouillage du catalyseur
métallique, bien en-dega de son point de fusion. Nous avons cherché a mettre en évidence quels
pouvaient étre les liens entre ce démouillage (qui dépend de la température et de 1’épaisseur du
film catalytique) sur la qualité du graphene obtenu. Ces travaux nous ont permis de cerner une

gamme de parameétres (€paisseur de la couche carbonée précurseure, épaisseur du catalyseur,
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température RTA) permettant d’optimiser les couches de graphéne. Une perspective de

production de graphéne sans procédé de transfert ultérieur est ainsi ouverte.

Le chapitre 5 propose, sans doute pour la premicre fois a notre connaissance dans la littérature
scientifique, la synthése de graphéne dopé au bore, par couplage de la PLD avec le RTA. Nous
mettons en évidence qu’il est envisageable de controler la teneur en bore dans le graphéne, en
contrblant cette teneur dans la couche précurseure réalisée par co-ablation de carbone et de
bore, et ce méme si cette concentration est affectée par le traitement RTA. Enfin, nous avons
exploré le comportement électrochimique des couches de graphéne dopé au bore, comparées
aux couches de graphéne non dopé. Ces travaux, trés préliminaires et conduits en fin de thése,
mettent en évidence un effet significatif du dopage au bore sur la cinétique électrochimique

observée.

La conclusion permet une synthése de I’ensemble, et dessine quelques perspectives

scientifiques pour la suite de ces travaux de recherche.
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General Introduction

Graphene is, by definition, a one-atom-thick pure carbon crystal with a honeycomb-like
structure. However, a semantic evolution in the scientific community does not only limit the
term “graphene” to a carbon monolayer but up to 10 layers®. Besides, nowadays, the literature
uses the term “Graphene and related materials (GRM)” to name any variant of this wonder
material?. Graphene has become of great interest in both scientific and engineering communities
from the past 15 years, owing to its range of unique properties including high conductivity,
transparency, strength, and thermal conductivity, with many potential applications in research
and industry, as transparent electrodes, field emitters, biosensors, batteries, composites, and so
on. The research on graphene constitutes one of the most recent and contemporary stages of
investigation in the scientific community of carbon-based at the micrometer and nanometer
scales if one considers the literature dealing typically on Diamond-Like Carbon (DLC) films,
carbon nanotubes (CNT), fullerenes.
Research on graphene has emerged with the pioneering work of Geim and Novoselov in 2004
and their Nobel Prize in Physics in 2010. This was the “starting point” of a huge worldwide
scientific production, as mentioned later in our first chapter, based on ambitious scientific and
technological programs in many countries and continents, as the European Flagship on
Graphene presently in progress. Nowadays, about 15 years after the “graphene take-oft”, the
scientific and industrial communities are looking to consolidate the synthesis methods of
graphene to better understand and control the correlation between synthesis and properties.
In a recent paper, Reiss et al.? observed that 124 years separate the discovery of silicon in 1824,
and the first silicon chip in 1958, and now Si chip production is a mass-market activity. Does
graphene require such a similarly long period? Probably not, if one considers the scientific and
technical means mobilized today. However, let us mention an assertion written by the already
mentioned authors:

“Bringing a new material to market is not without its challenge and, in this day and age,

people seem to assume that materials development can be as quick as software

developments, which is clearly not the case. Innovations based on new materials are hard,

long, and expensive, and often it does not come to final fruition” (From Ref?).

As a consequence, the highest challenge, with graphene, remains the control and reproducibility

of the synthesis over wide surfaces, as well as the analytical investigation at (ultra) low scales,
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of films constituted by a light element (carbon) forming one or few-layer deposited (or
transferred) on adequate substrates depending on the targeted applications. Therefore, scientists
committed in graphene-based material research, emphasize unanimously the strong need to
provide trusted validation on graphene related-materials, meaning to explore meticulously the
nanostructure — macroscopic property relationships, in connection with the synthesis route.
This is a great challenge, and the objective of this Ph.D. project is to contribute to this long-
term work in progress, by considering a particular approach to achieve the graphene synthesis,
including doping of graphene layers in a controlled and reproducible way. Indeed, by doping,
it is possible to modify on demand the intrinsic properties of graphene. Thus, doped graphene
presents interesting properties such as superconductivity, ferromagnetism, and enhanced
chemical and electrochemical activity, which promote a wide range of applications using
graphene-based materials. Various types of dopants have been introduced in graphene material
such as N, B, P, or S, as mentioned later in our bibliography.

To date, chemical vapor deposition (CVD) appears the most promising route of graphene
synthesis, and this method is already well developed in both the laboratory and industry
environments. However, it requires high-temperature treatment, gas carbon source, and a
transfer process, which is still problematic. In this Ph.D. project, we propose an alternative
synthesis method, combining pulsed laser deposition (PLD) with rapid thermal annealing
(RTA). On one side, PLD allows the deposition of the solid carbon precursor, and on the other
side, RTA is used for rapid heating which makes it possible to obtain graphene without the need
for transfer. PLD consists of vaporizing, thanks to the focused light of a laser, a target generally
made up of the material that one wants to obtain in the form of a thin film. The material is
ejected into a plasma ablation plume and is deposited on a substrate. The PLD process generally
allows the deposition of a material of the same stoichiometry as the target, and co-ablation or
ablation in the presence of a reactive gas allows control of the film composition. The scope of
the present thesis is therefore to study the growth of graphene and boron-doped graphene by
using the PLD method combined with the RTA process. Indeed, the incorporation of boron
aims to bring new graphene functionality.

Firstly, we aim to understand the mechanism of PLD graphene growth. Secondly, the goal is to
synthesize and characterize pure and doped graphene films to better understand the influence
of the process on their structures and properties. Lastly, we started to explore the
electrochemical performance of pure graphene and boron-doped graphene films, to provide a
perspective of applications of such films. Even though this thesis is not the first work on

graphene, it paves a new physical route for graphene synthesis and doping in a controllable
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manner, which appears to be much easier compared to the other methods. It widens the
investigation fields of PLD in the field of thin-film synthesis. It also pushes a little further
scientific knowledge to consolidate the graphene topic, which is at a critical time in its existence
compared to the expected applications.

This Ph.D. project was performed in Laboratoire Hubert Curien of University Jean Monnet
(Saint-Etienne, France), in the frame of GRAPHENE project, labeled by LABEX
MANUTECH SISE (Surface and Interfaces Science and Engineering) of Université de Lyon, a
consortium of academic laboratories and industries supported by the French ‘“Plan
d’Investissements d’ Avenir”. Our investigations were supported by the research theme “Laser-
matter interaction” of Laboratoire Hubert Curien, focused on laser irradiation effects in
condensed matter for material processing, functionalization, and fabrication. We also relied on
the experimental tools and skills of four platforms of Laboratoire Hubert Curien: “Ultra-short
laser”, “Planar Technology and Instrumentation”, ‘“Characterization” and “Electron
microscopy”. Indeed, this work enabled access to different characterization spectroscopy and
microscopy techniques: Raman spectroscopy, Scanning Electronic Microscopy, Atomic Force
Microscopy, and Transmission Electron Microscopy were performed at Laboratoire Hubert-
Curien. Transmission electron microscopy was carried out by Yaya Lefkir and Stéphanie
Reynaud. X-Ray Photoelectron spectroscopies were performed either at Ecole Nationale
Supérieure des Mines de Saint-Etienne (Vincent Barnier), at Synchrotron SOLEIL (José Avila)
and Ecole Centrale de Lyon (Jules Galipaud), depending on the availability of the apparatus.
We also worked on a model of carbon diffusion developed by Frédéric Christien at Ecole
Nationale supérieure des Mines de Saint-Etienne. For electrochemical analysis, a collaboration
was made with Institut des Sciences Analytiques (ISA) of Lyon (Carole Farre and Carole Chaix)
for cyclic voltammetry measurements on our undoped and boron-doped graphene.

This manuscript is organized in five chapters as illustrated in Figure 0.1 and outlined below.
In Chapter 1, we discuss the graphene generalities and review the state of the art about the
growth of graphene using the pulsed laser deposition method. By doing so, we realized that
PLD has been less extensively used for graphene and doped graphene synthesis, which had
encouraged our work.

In Chapter 2, we describe the experimental protocols related to the synthesis method and the
characterization techniques including microscopies (SEM, AFM, and HRTEM), spectroscopies
(Raman, XPS, UV-Visible absorption) and cyclic voltammetry for electrochemical property

measurement.
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Chapter 3 is devoted to the study of the PLD graphene growth mechanism by carbon diffusion-
segregation through the nickel catalyst. Herein, we demonstrated, using thermal heating
performed with in situ XPS, how carbon starts to diffuse through nickel at relatively low
temperatures, and segregates into graphene sheets on the top surface, at a temperature well
below temperatures required in CVD processes to achieve graphene. Thanks to a model of
diffusion-segregation, we were able to discuss the graphene synthesis mechanism from a solid

carbon source obtained by PLD.

Graphene growth Multiparametric Boron doped
Sadet theart mechanism study (substrate, a-C and graphene
by in situ XPS Ni thickness) study synthesis and its

on PLD Experimental

graphene methods Chapter 3 effect on graphene electrochemistry

Chapter 1 Pt synthesis response
Chapter 4 Chapter 5

Figure 0. 1 Illlustration of the organization of the contents of this Ph.D. manuscript.

Chapter 4 reports the multi-parametric studies for the optimization of PLD graphene synthesis.
With this study, we observed that silicon-based substrates used for graphene growth highly
influence the quality and layer number of the resulting graphene, whether it is silicon or fused
silica. Moreover, the starting thicknesses of the amorphous carbon and the nickel catalyst, as

well as annealing temperature, affect considerably the synthesized graphene.

Chapter 5 concerns the boron doping effects in terms of structural, chemical, and
electrochemical properties of graphene. Here, we successfully demonstrated for the first time
the use of the PLD method for synthesis of boron-doped graphene exhibiting an electrochemical
performance much higher than the one of undoped graphene. All these results position the
pulsed laser deposition method as an alternative route for graphene and doped graphene

synthesis.

Finally, we summarized our main results in the general conclusions, paving the way towards

future research suggestions.
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Chapter 1: Graphene synthesis using pulsed laser
deposition: State of art

. Background on graphene

Graphene is an exceptional two-dimensional (2D) material that has a significant interest in both
academia and industry research. The first study on graphene, or 2D graphite, can be dated to as
early as 1947 when Wallace examined the electronic energy bands in crystalline graphite using
the ‘tight binding’ approximation®. Since it was shown that the semi-metallic phase is unstable
in two dimensions (2D)?, single-layer graphene has long been regarded as ‘academic’ material.
Even so, many experimental efforts were made to obtain single-layer graphene. For example,
in 1992, the single-layer graphite structure produced by hydrocarbon decomposition was
observed on the Pt(111) surface under a scanning tunneling microscope (STM)3. In 1997,
Ohashi and co-workers* cleaved graphite material to evaluate the thickness impact of graphite
crystals on electrical properties. They reduced with success the thickness of graphite films to
30 nm. In 2004, Novoselov and Geim?® inspired by the previous works presented a reliable
approach for making single-layer graphene by repeatedly peeling highly oriented pyrolytic
graphite (HOPG). This demonstration of the mechanical exfoliation technique, known as the
scotch tape method, caused a good sensation and excited several research groups to analyze the
structure and properties of graphene. Consequently, Geim and Novoselov awarded the Nobel
Prize in Physics 2010 for their innovative experiments on graphene material. Graphene
structure presents a 2D honeycomb lattice, with a compact single layer of carbon atoms. Being
the basic block for all graphitic materials, the graphene plane can be wrapped into 0D fullerenes,

rolled into 1D nanotubes, or stacked into 3D graphite®’ as shown in Figure 1.1.

1. Graphene crystalline structure

The word “graphene” is made up of the prefix “graph” from graphite and the suffix “ene” from
the carbon/carbon double bonds®. Graphene is a two-dimension (2D) form of graphite, in other
words, graphene can be called 2D graphite. The electronic structure of carbon is composed of
6 electrons including 4 of valence: 1s2 2s2 2p?, which gives rise to an s orbital and three p (px,
Py, P2) orbitals presenting sp2 or sp® hybridizations depending on the structure. Sp* hybridization
gives rise to four covalent bonds (this is the case of diamond or Diamond-Like Carbon (DLC)).

In the case of graphene, but also fullerenes (C60), carbon nanotubes, and graphite, sp?

25



Graphene synthesis using pulsed laser deposition: State of art

hybridization between the s orbital and two p (px and py) orbitals lead to a trigonal planar
structure with the formation of three covalent in-plane c-bonds (Figure 1.2). These covalent ¢
bonds between carbon atoms form the hexagonal structure of graphene with an interatomic
length of ~ 0.142 nm and are responsible for its good mechanical strength. The additional p;
orbital perpendicular to the planar structure of graphene occupies the out-of-plane = bond. The
overlap of the p; between neighboring carbon atoms gives rise to the formation of the 7 half-

filled bond, responsible for the electronic conductivity of graphene.

Graphene (2D) 2004

Wrap

Graphite (3D)

CNT (1D) 1901

Fullerene (OD)
1985

Figure 1. 1 lllustration of graphene as a mother of carbon allotropes and can be converted to fullerenes,
carbon nanotubes, and graphite. Adapted from reference’.

The structure of graphene is composed of a unit cell of two carbon atoms. It consists of two
triangular sublattices with two non-equivalent atoms illustrated by the blue and orange atoms
in Figure 1.3a. The interatomic distance of two atoms is ap = 0.142 nm and the lattice vectors
can be described as:

a; =-(1,V3), ap =2(1,-V3)

2

Where a = 0.246 nm is the lattice constant in the plane.
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Figure 1. 2 lllustration of the carbon sp? hybridization: (a) its electronic structure comprises an s orbital
and three p orbitals. (b) The sp? hybridization consists of three sp? orbitals and one p, orbital
perpendicular to the other three, (c) triangular planar geometry, (d) =, and o orbitals leading to the
graphene lattice.

The velocity of delocalized electrons in graphene is constant and independent of momentum,
which leads 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 ve = 10°m/s. The
band structure of graphene presented in Figure 1.3b is different from metal and is different
from the semiconductor band structure because there is no energy gap. For this reason, graphene
can be considered a zero bandgap material. The band structure of graphene is positioned
somewhere around these two extremes, which make graphene to act like a semimetal. In a closer
look at Figure 1.3b, 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 absence of an electronic bandgap in graphene limits its applicability in
various areas such as transistors technology where a bandgap is needed for on-off switching
operations. However, the bandgap of graphene can be tuned by electrical or chemical doping.
This is why graphene doping has emerged as a hot topic in the past few years. The discussion
about the chemical graphene doping with nitrogen and boron will be detailed further in this
chapter.

2 <

The term “graphene” is often prefixed by “monolayer or single layer,” “bilayer,” “trilayer,”

“few-layer” or “multilayer.” To address the discrepancy in definitions, the International
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Organization for Standardization (ISO) released its chosen terminologies for graphene and
graphene derivatives in 2017. It defines the layer numbers of graphene as the following: single-
layer graphene (SLG), bilayer graphene (BLG), and few-layer graphene (FLG) to be 1, 2, and
3-10, respectively®. This definition was based on the finding that SLG is a semimetal with zero

bandgap®, and its stacking changes the physical and electronic properties®0,

Energy

(b)

Conduction band

lence band

Figure 1. 3 (a) Graphene lattice representation: the two inequivalent atoms of the unit cell are highlighted
with blue and red colors. (b) Graphene energy bands close to the Fermi level: the conduction and valence
bands touch at K and K’ points. Adapted from!*.

In terms of the stacking order, single-layer graphene (SLG) does not have stacking but can exist
in a rippled form. The bilayer (BLG) and few-layer (FLG) graphene can display different
stacking arrangements, as illustrated in Figure 1.4. These stacking orders include mainly the
Bernal stacking (AB)*?, the rhombohedral stacking (ABC)?*3, and turbostratic stacking with an
interlayer spacing > 0.342 nm larger than that of crystalline graphene (0.335 nm)*4,

(a)

Figure 1. 4 Schematic stacking order for trilayer graphene with (a) Bernal or ABA stacking and (b)
Rhombohedral or ABC stacking order.

The turbostratic stacking is a specific lattice arrangement with no discernible stacking order
and exhibits relative rotational angles that cannot be described by the classic atomic plane
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families’ graphene. Furthermore, when the graphene with AB stacking go beyond 10 layers at
room temperature, the nanosized assembly becomes graphite-like and is called graphene
nanoplatelets (GNPs). Another structural parameter that may affect the graphene properties is
its edges. Graphene edges can exhibit armchair or zigzag configurations with different

electronic and magnetic properties!4-1.

2. Properties and potential applications

Graphene has exceptional properties, it is described as the thinnest, most flexible and strongest
material known'’, and it is impermeable to gases'®. Graphene has a C-C bond length of about
0.142 nm, with a weak Van der Waals interaction between layers. Table 1.1 lists some of the
outstanding properties of single-layer graphene. One of the most useful properties of graphene
is that it is a zero bandgap semimetal with very high electrical conductivity. Indeed, at the Dirac
point in graphene, the electrons and holes behave like the particles with zero effective mass.
Due to these physical properties, the carriers' mobility is about 200, 000cm?/Vs. However,
because of the presence of charge scattering by the underlying substrate and impurities or

wrinkles in graphene, all these properties could be strongly affected!®2°,

Properties Values Comparison with other References
materials
Optical transparency  97.7% An alternative to ITO  Nair et al., Science 320,
and FTO films 2008%°
Electron mobility 200 000 cm? | 140 x higher than Si Bolotin et al., Sol. Stat.
visgl Com. 146, 2008%
RT Thermal 5000 W m? 10 x higher than Cu Balandin et al., Nano
conductivity K1 Lett. 8, 200822
Theoretical specific 2630 m2g* 2 x larger than CNTs  Zittel, et al., Appl. Phys.
surface area A 78, 20043
Tensile strength 125 GPa 100 x greater than steel Lee et al., Science 321,
Elastic modulus 1 TPa 2008%
Fermi velocity 1x105ms?t .. Du et al., Nat. Nanotechn.
3, 2008%°

Table 1. 1 The most exceptional properties of single-layer graphene compared to other materials such
as ITO (Indium-Tin Oxide), FTO (Fluorine-doped Tin Oxide), Silicon, Copper, carbon nanotubes, and
steel.

Graphene absorbs 2.3% of incident white light®°. Besides, its transmittance linearly decreases
with its number of layers. Thanks to the low density of states near the Dirac point in graphene,
a shift of the Fermi level due to the gate causes a considerable variation of charge density,
leading to a striking change in transmission?®. Due to the strength of the C-C bonds, graphene

is the strongest material as the monolayer, with Young’s modulus of 1.0 TPa and stiffness of

29



Graphene synthesis using pulsed laser deposition: State of art

130 GPa?’. Besides, graphene has a very high current carrying capacity and high thermal
conductivity (up to 5000 W/mK)?2,

Source l\gm,?' _ Electronics:
Electrode Ll o  High frequency transistors

o Printed electronics

5i0, (insulator)
Back-Gate Electrode 1
— |

Photonics:
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o  Optical modulators
o Mode-locked lasers
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Figure 1. 5 Applications of graphene and graphene-based materials in various industrial sectors. Adapted
from?-3,

It is worth noting that most properties are recorded on high-quality monolayer graphene and
are not anymore the same when using bilayer or few-layer graphene. Moreover, it has been
shown that the physical properties of graphene are sensitive to the thickness or number of layers.
For instance, the transmittance of graphene decreases from monolayer to a few-layer
graphene®. A gradual change in its electronic properties has been observed when increasing
numbers of layers®3. The measured thermal conductivity is highly influenced by the graphene
thickness: the value for four-layer graphene is almost the same as that of bulk graphite3.
Hardness and elastic modulus are also substantially dependent on the number of graphene
layers, and a linear decrease in both properties has been observed when the number of layers
increases up to four®. All the exceptional properties of graphene have led to many promising
applications for electronic devices (High-frequency transistors, printed electronics), photonics

devices (photodetectors, optical modulators), composites and coatings (as reinforcements,
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barriers), energy devices (supercapacitors, batteries), sensors, and bio-applications (strain, gas,
organic and biosensing, drug delivery). Figure 1.5 shows some applications of graphene in
numerous industrial sectors. In electronics, the first graphene field-effect transistor (FET) was
reported in 2004, which shows a strong ambipolar electric field-effect, but could not be used
for the fabrication of effective FET due to the zero bandgap®. Later graphene field-effect
transistors (FET) on various substrates were fabricated to show high carrier carrying®-8, To
improve the on-off ratio for effective transistors, graphene nanoribbons fabricated by chemical
and lithographic methods have been studied theoretically and experimentally3®-41, For future
optoelectronic devices, graphene has a potential application as transparent electrodes for solar
cells and liquid crystal displays to replace ITO due to its high cost, limited supply, and brittle
nature of indium*>-#4, Due to the unique 2D structure and high mobility, graphene has been used
as an electron acceptor in photovoltaic devices, such as a layered graphene-quantum dot
hybrid*2. The tunable bandgap and large optical absorptivity of graphene are appealing for
photodetectors, optical modulators, and mode-locked lasers*®-. In the energy area, graphene
has a great potential to be implemented as electrodes/absorber in solar cells**-°1,
electrochemical/thermal energy harvester>-54, supercapacitors®->7, electrodes in LIBs (Li-Ion
Batteries)®®-%, hydrogen and bio-energy storage-%3, In composites and coatings applications,
graphene has raised considerable concern about the applications in many industrial fields
because of its excellent anti-corrosion properties. Therefore, graphene coatings can isolate
corrosive media from the base and provide effective protection for metals. However, defects in
graphene may accelerate the corrosion of substrate metals in the long term®4%. In the domain
of sensor and bio applications, chemical and biological sensors based on graphene FET are
keeping continuous interest because of its low noise, high sensitivity, chemical stability, and
biocompatible nature6-%8, The operational principle is based on the change of graphene
electronic conductivity due to the absorption of molecules on the graphene surface. Numerous
reports have shown evidence of the graphene sensor to Oz, Hz2, NO2, H202, SO2, NH3, DNA,
and dinitrotoluene®’%°-73, Besides, a variety of graphene-derivative (graphene, graphene oxide,
and reduced graphene oxide with metal-hybrid) are actively under investigation. In addition to
gas sensors, several graphene-based electrochemical sensors’*’®, mechanical (pressure’®,

strain’’, bio (DNA, glucose, peptide, bacteria, enzyme)’8-8! have been reported.
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3. Graphene synthesis methods

Graphene was first produced by micromechanical exfoliation of graphite®2. This method still
provides high-quality graphene in terms of purity, defects, and mobility and optoelectronic
properties. However, large-scale assembly is required for the widespread application of this
material. Numerous approaches are developed to produce a stable supply of graphene in large
areas and gquantities, exploitable for mass applications. These include growth by chemical vapor
deposition (CVD), thermal decomposition of silicon carbide (SiC), and liquid phase exfoliation
as shown in Figure 1.6. Since the graphene quality and performance are strongly dependent on
the process carried out for synthesis, here we briefly review the state-of-art of these most used

synthesis methods.

Mechanical exfoliation

CVD on Cu, Ni, Co,...

\,‘! Hydrocarbon gas

<

¥, 58%

Graphene
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e ',41-
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Liquid phase exfoliation

L @ Si

Epitaxial grotwh on SiC

PVD on Cu, Ni, Co,...

Figure 1. 6 A schematic illustration of the most used graphene synthesis methods and the less used PVD
technique, Adapted from®-%, The percentage represents the rate of published papers on the different
synthesis methods among 15 000 representative selected articles taken from Web of Science (accessed
31/01/2020).

a. Mechanical exfoliation (MC)

The mechanical exfoliation (MC) method is considered as a fundamental and groundbreaking
work reported by Novoselov and co-workers in 200423, This method illustrated in Figure 1.7,
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involves peeling off a piece of natural graphite or highly oriented pyrolytic graphite (HOPG)
employing adhesive tape®. It has been optimized to produce SLG of up to millimetres® in size,
and with high structural and electronic quality. Although MC is a method of choice for
fundamental research, with most key results on individual SLG being obtained on such layers,
its disadvantages are the low yield, and non-exploitable for large-scale applications.
Nevertheless, the obtained graphene films are useful for fundamental studies as well as proof
of concept waiting for large-scale manufacturing. Thus, although MC is impractical for large-
scale applications, it is still the method of choice for fundamental studies. Indeed, the vast
majority of basic results and prototype devices were obtained using the graphene sheets from
the MC method.

Figure 1. 7 Micromechanical exfoliation of 2D crystals. (a) Adhesive tape is pressed against a 2D crystal
so that the top few layers are attached to the tape (b). (c) The tape with crystals of layered material is
pressed against a surface of choice. (d) Upon peeling off, the bottom layer is left on the substrate®’.

b. Chemical vapor deposition (CVD)

The chemical vapor deposition (CVD) growth of graphene has proved to be one of the most
efficient methods to fabricate wafer-scale graphene layers. Graphene has been elaborated on a
variety of transition metals surfaces, such as copper (Cu)®, nickel (Ni)8°, ruthenium (Ru)®,
iridium (Ir)°%, and so on, acting as a catalyst to promote graphene generally at high temperature.
In general, the growth process involves the thermal decomposition of the hydrocarbon sources
on a heated substrate, as illustrated in Figure 1.8. During the process, the precursor gas serving
as carbon supply, e.g. methane, ethylene, or propanol, is sent into the furnace chamber with the
optimized pressure and flow rate. The precursor reacts with the metal catalyst at elevated

temperature (up to 1200°C) and forms a graphene sheet on the catalyst surface. The metal
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substrates not only act as a catalyst to lower the energy barrier of the reaction but also
determines the graphene deposition mechanism as shown in Figure 1.8 In the case of metal
possessing high carbon solubility (such as polycrystalline Ni, Co, and Fe), the carbon will
dissolve into the metal bulk according to the solubility of carbon and segregate to the surface
to form graphene films. On the other hand, for metal having low carbon solubility (such as Cu),
carbon atoms will nucleus to form graphene domains and expand laterally with the
decomposition of hydrocarbon at high temperatures.
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Figure 1. 8 Growth mechanism of graphene sheets on different types of metal catalysts. (a)
Inhomogeneous multilayer graphene tends to grow on Ni and Co, which has high C solubility. (b)
Uniform single-layer graphene can be grown on low C solubility metal, like Cu®.
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Since Li et al.?® have firstly produced the uniform monolayer graphene sheet on Cu foils at low
pressure in 2009, Cu has been considered as an ideal substrate. In the meantime, Reina et al.&
have demonstrated one or two layers of graphene can be grown on Ni surface during
atmospheric pressure CVD. They found that the non-uniformity of graphene layers was formed
along the boundaries of Ni grain. Indeed, Cu and Ni are the most commonly used catalysts due
to their low cost, etchability, and large grain size. There are many different variants of CVD

processes: thermal, plasma enhanced (PECVD), cold wall, hot wall, reactive, and many more.

c. Epitaxial graphene (EG) on silicon carbide (SiC)

The graphene growth on SiC by the sublimation method, illustrated in Figure 1.9, is usually
known as epitaxial graphene (EG). As early as 1975, graphite layers were first obtained by
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annealing the SiC substrate (> 800°C) under ultra-high vacuum (UHV)%. However, EG has not
attracted much attention until 2004 when Berger and co-workers® have detected the 2D
electron gas behavior by processing a field-effect transistor with ultra-thin graphite layers

grown on 6H-SiC (0001). Since then, the EG grown on SiC has been largely investigated and

considered as one of the most viable candidates for the graphene-based nanoelectronic devices

fabrication. o S T T
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Figure 1. 9 Growth of epitaxial graphene on silicon carbide wafer via sublimation of silicon atoms®.

Starke et al.% have studied the structural and electronic properties of graphene growth on both

SiC (0001) and SiC (0001). They showed the different surface reconstruction of SiC during the
graphene synthesis on two faces. For instance, when during graphene synthesis on SiC (0001),
they noticed the presence of the interfacial reconstructed carbon layer (known as buffer layer)

between graphene and SiC (0001), whereas it is absent in the case of graphene growth on SiC

(0001). However, the uniform graphene films were always difficult to obtain under the UHV
synthesis condition which was consistent with the results of theoretical calculations®’. The
prominent work concerning the improvement of the uniformity of EG happened later with the
works of Virojanadara et al.®® and Emtsev et al.®®. They synthesized large-scale homogeneous
graphene films using the sublimation of SiC (0001) using an argon (Ar) pressure. Besides, they
suggested that the growth kinetics under the argon pressure close to the atmospheric one (1 atm
Ar pressure) is under thermodynamic stability because of the higher growth temperature (>
1650°C) and the reduced Si sublimation rate. A higher growth temperature can enhance the
mobility of C and Si atoms, leading to easier surface reconstruction. These growth dynamics
have been later supported by theoretical calculations'®. Most importantly, this method has been
largely repeated by other research groups and similar results have been achieved which confirm

the reproducibility and controllability of this growth process. Indeed, the accessibility of wafer-
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scale and high-quality films, which is also compatible with the CMOS-based electronic devices,

is the major advantage of the sublimation growth of EG under Ar pressure.

d. Liquid-phase-exfoliation (LPE)

Liquid-phase exfoliation (LPE) of graphite was used for the first time in 2008 by Hernandez et
al.*%* through the sonication of graphite powder in N-methylpyrrolidone (NMP). Figure 1.10
describes schematically the liquid phase exfoliation method. Indeed, there have been several
techniques of LPE reported, such as sonication assisted LPE%2193 high-shear mixing®,
microfluidization®, etc. Historically, LPE includes mostly two exfoliation techniques of
graphite: cavitation in sonication and shear forces in a high-shear mixer. Lately, microfluidizer
has been proven effective for graphite exfoliation in suitable aqueous under high shear rate.
Sonication assisted LPE is an effective exfoliation method and has been widely used to prepare
graphene, but suffers from high energy-extensive consumption and low efficiency®.
Generally, the sonication power is used to induce a physical or chemical modification in certain

systems through the generation of cavitation bubbles.
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Figure 1. 10 A Liquid-phase exfoliation of graphene adapted from'%,

High-shear mixing assisted LPE has been shown that graphene can be exfoliated in the suitable
liquid under shear force. Moreover, the application of high shear forces by using high-shear
mixers has been examined as scalable routes of graphite exfoliation'%. In 2014, Paton and co-
workers'® made important progress within the graphene production using shear exfoliation,
which promoted the tremendous development of shear exfoliation technique. They
demonstrated that the high-shear mixing of graphite in suitable solvents could lead to the high-
concentrated dispersions of graphene films. Microfluidization is a high-pressure
homogenization route!®. It provides moderate exfoliation conditions, which can facilitate to

decrease the formation of defects. It is a recent technique, which has been used to produce
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graphene-based materials such as graphene quantum dots*°”:1% and graphene-based conductive

inks109,

e. Physical Vapor Deposition (PVD)

Apart from the above-mentioned most used techniques for graphene synthesis, various PVD
methods have been reported such as molecular beam epitaxy (MBE)?, pulsed laser deposition
(PLD)™!, filtered cathodic vacuum arc (FCVA)?, pulse arc plasma deposition (PAPD)!*3 and
magnetron sputtering'**. One of the common points of these PVD techniques for graphene
synthesis is that the carbon precursor is in solid form, compared to CVD with precursors in a
gaseous state (Figure 1.11). However, a clear consensus about the growth mechanism of
graphene on a metal surface by PVD based methods has not been established yet, in particular
in the presence of a metal catalyst. Chapter 3 of this work will contribute in this way. Indeed,
PVD is a mature technology for thin film deposition with specified functions by condensing
vaporized atoms, molecules, or ions onto a target substrate. PVD can also provide an easy way
to deposit pure carbon species onto desired substrates. Considering the compatibility with the
modern silicon-based manufacturing process, PVD may play an important role in future
graphene synthesis. Furthermore, for graphene synthesis, the most used PVD technique apart

from PLD method are magnetron sputtering, MBE and FCVA.

Evaporation
Sputtering System I : System II :
MBE
PVD FCVA Amorphous carbon Metal catalyst
PAPD Metal catalySt Amorphous carbon
L PLD ] '
| Substrate Substrate
Graphite Target
Thermal process
& cool down
Graphene
: Metal catalyst
Substrate

Figure 1. 11 Synthesis of graphene using various PVD methods: deposition of amorphous carbon using
PVD and transformation into graphene by thermal annealing.

Among these techniques, magnetron sputtering provides a constant flow of carbon atoms in a

given direction. Consequently, amorphous carbon can be deposited on various substrates in this
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manner. In this method, two fields are used: electrical and magnetic. The interaction between
both fields causes the electrons to spiral near the target surface (graphite for carbon deposition),
thereby increasing the probability that electrons will strike the argon gas (inert gas) to generate
ions. The generated ions collide with the target surface under the action of an electric field to
sputter the target, producing in this way the deposit on the substrate. Orofeo et al.*'° used this
method to deposit amorphous carbon on SiO»/Si substrate coated with nickel or cobalt catalyst.
After thermal annealing in vacuum, they found out that large area, homogenous, single-layer
graphene films were grown on the substrate. Another technique related to PVD is molecular
beam epitaxy (MBE) which has been widely used for epitaxial growth of high-quality
semiconductor thin films. Recently, it has also been used to deposit carbon films for graphene
growth on various substrates, including metal, semiconductors, and insulators. In MBE, the
growth occurs when the atoms and molecules from the starting materials are evaporated and
interact chemically on a heated substrate. The UHV nature of the MBE process produces
extremely high-purity thin films. For the growth of graphene using MBE, the carbon atoms are
directly evaporated from the heated graphite filament and reach the substrate surfaces in the
atomic form. For instance, with this MBE method, Lin et al.'*6 demonstrated the synthesis of
high-quality few-layer graphene on 100 um Cu foils at low substrate temperature 300 °C. The
FCVA technique has some distinct advantages over the conventional sputtering technique to
prepare the a-C film coating in the terms of the relatively high energy of the depositing particle
flux and the degree of ionization present'?, FCVA is a variety of arc deposition processes used
to deposit thin films for a wide range of applications. Originally, arc cathodic deposition was
used to deposit low-grade hard coatings. The deposition process uses a plasma created by
forming an electric arc between a carbon electrode and a graphite cathode. The beam produced
is small (1 to 10 pm) and has a very high current density (from 106 to 108 A.cm™2). This process
leads to the production of unwanted particles such as macroparticles that degrade the coating
performance. To address these problems, FCVA was developed to eliminate the macroparticles
using a magnetic filter. Indeed, the ejected particles from the process are fed into a curved duct
that has a focusing magnetic field and a steering field that separates the particles by mass, thus
“filtering” them. Oldfield et al.*'” reported the use of this FCVA method for synthesis of
multilayer graphene on SiO; substrate, at a moderate temperature of 750°C using the copper

catalyst. They concluded that FCVA can produce multilayer graphene.

Besides, when depositing the amorphous carbon (a-C) using PVD, two systems can be used as

shown in Figure 1.11: metal catalyst/a-C/substrate (the system 1) and a-C/metal
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catalyst/substrate (the system Il) stacking configuration. Both configurations lead to graphene
growth after thermal heating and cooling. However, one of the main differences between the
two stacking orders is that with the first configuration (metal catalyst/a-C), technically, the
metal catalyst can be heated before or during the a-C deposition. This procedure can increase
the metal catalyst grain size and consequently enlarge the grain size of the resulting graphene.
Furthermore, it is worth noting that using PVD methods for graphene growth, the thermal
heating is necessary to transform the deposited amorphous carbon (a-C) into graphene. Indeed,
combining PVD methods with thermal annealing to synthesize graphene is advantageous for
four main reasons. First, PVD deposition and annealing can be performed with a wide range of
substrate materials (e.g., Si, SiC, and SiO2) and transition metals or alloys'-12, Second, the
annealing temperature range is lower than that of traditional CVD methods. Third, these
methods are highly repeatable, straightforward, and controllable. Fourth, the growth process
can be adjusted to synthesize single-layer to multilayer graphene. The main disadvantages of
PVD-thermal annealing methods are the non-uniform thickness of graphene resulting from the
preferential growth of graphene from defects and the need for vacuum, inert, or reduced
environments. Since the scope of this thesis is to explore the potentialities of the PLD method
for graphene and boron-doped graphene synthesis, the next section shall describe this PLD

technique for graphene growth.

II.  Focus on Pulsed Laser Deposition (PLD) for graphene synthesis

1. General considerations

PLD technique was first used in 1965 by Smith and Turner!?! to fabricate semiconductors and
dielectric thin films using a ruby laser, which is considered as a very versatile thin-film growth
process. The basic principle of PLD consists of focusing a pulsed laser beam towards a target
material that is ablated, forming a plasma plume containing species ejected towards a substrate
on which thin film growth. Since the laser source is located outside the deposition chamber,
PLD deposition can be performed either in an ultra-high vacuum or in ambient gas*?2. In 1987,
Dijkkamp et al.'?® used the PLD method for the deposition of high-temperature
superconductors. Since that work, this deposition technique has been extensively used for all
kinds of oxides, nitrides, carbides, and for preparing metallic systems and even polymers!??, It
has been also used to deposit all kinds of carbon-based materials, including fullerenes, carbon

nanotubes, graphite, and diamond-like carbon'?4-12", Using this PLD method, the ablated
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species have high kinetic energy up to a few ke, which allows the deposition of adherent

thin films at relatively low temperatures.

Carbon and other
materials targets

I Plume of
ablated material

Substrate

Pumping

Figure 1. 12 Schematic of the illustration of the pulsed laser deposition technique.

Figure 1.12 is a scheme of the PLD working principle. Inside the vacuum chamber (ultrahigh
vacuum, UHV), targets of elementary or alloy elements are struck at an angle of 45° by high
energy focused pulsed laser beam (nanosecond or femtosecond). The ablated species from the
target(s) are deposited directly onto the substrate. The principle behind the PLD mechanisms
can be briefly described as the following. The focused laser beam is absorbed in the surface of
a solid target, induces an energetic plasma plume containing ions and atoms, impinging the
substrate in front of the target. Depending on various process parameters, including the
characteristics of the laser used, the ambient pressure, as well as the substrate temperature, a
single-crystal, a polycrystalline or amorphous film, can be obtained!?%1%, The quality of the
deposited materials is often controlled by adjusting the following experimental parameters: the
laser parameters (fluence, wavelength, pulse duration, and repetition rate), and the deposition
conditions (target to - substrate distance, temperature, nature, and pressure of the chamber,
etc.)13L132 With respect to CVD, the PLD method is conceptually simple, versatile, rapid, and
cost-effective. It allows good control of thickness and morphology, and usable with
temperature-sensitive materials, especially those with an active chemical surface. Indeed, by
CVD, the control of the stoichiometry of multicomponent materials (such as doped graphene)
is strongly dependent on the nature, pressure, and flow of the various gas precursor, whereas

PLD, is known to achieve better control of the stoichiometry of various complex materials, as

40



Graphene synthesis using pulsed laser deposition: State of art

already succeeded for superconductors oxides?3133, Indeed, composite thin films with complex
composition can be deposited by using several targets to perform co-ablation in a controlled
and reproducible way. The main drawback of PLD compared to CVD is the smaller deposited
areas due to the size of the plasma plume. This may be considered as a severe limitation for
industrial large-scale manufacturing. However, engineering developments have shown their
ability to cover large deposition areas, as made by Solmates Company from Netherlands*®*,
Moreover, PLD is considered as one of the most versatile methods for thin film deposition, in
particular, to explore a wide area of film compositions and nanostructures, before further
transfer and developments achieved with other deposition techniques in an industrial
perspective. Lastly, the energetic laser source used for PLD allows ablated species from
graphite target to have high kinetic energies and to further penetrate the substrate surface, rather
than remaining stacked on the film surface!®?. In comparison with other PVD methods, PLD
has two main specificities. Firstly, synthesis is carried out by a pulsed mode, meaning that a
small amount of matter can be ejected in a few microseconds. Secondly, due to the rapid intense
heating and high non- equilibrium bond breaking of the target material, stoichiometric growth
can be readily achieved using PLD%. In the context of graphene synthesis, PLD provides an
alternative way to control the thickness and composition of the graphene precursor, using laser
wavelength, power, and temperature and gas pressure. For graphene synthesis, PLD was used
for the first time by Cappelli et al.1%¢ in 2005. The authors reported the synthesis of nanosized
graphene clusters on Si <100> substrates, at temperatures ranging from room temperature (RT)
to 900-C using Nd: YAG laser operating in the near IR (A= 532 nm, repetition rate t = 10Hz,
pulse width T = 7 ns, fluence ¢ ~7 J/cm?, deposition time = 15min). Since then, many other
groups have used PLD to synthesize graphene. Tables 1.2 and 1.3 give an overview of graphene
synthesis using this versatile PLD method up to now. Table 1.2 lists the graphene synthesis
work using PLD without metal catalysts and Table 1.3 shows the graphene growth studies using
PLD with metal catalysts. Some groups certainly synthesize graphene by PLD without metals
catalysts to avoid the transfer process. However, there are some disparities in the results in
terms of graphene formation. For example, Kumar and Khare!3’ reported the growth of multi-
layer and few-layer graphene on SiO> substrate without a metal catalyst using Nd:YAG laser
ablation of a graphite target under temperatures ranging from room temperature to 300, 500,
and 700-C. By Raman spectroscopy, they found out that the intensity ratio of the 2D and G
bands for growth at RT was about I2p/lc ~ 0.33 corresponding to the formation of multilayer
graphene. In the same work, the synthesis at a high temperature of 700°C gives lop/lc ~0.47

indicating the formation of few-layer graphene. Furthermore, Kumar et al.'3® showed that
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without using a nickel catalyst, there is no graphene formation, while with using nickel catalyst
at 750°C, the observed graphene formation by Raman analysis with lop/lc ~ 0.57. Considering
these disparities, which can be due to the numerous parameters that may play a role during the
PLD graphene synthesis, other groups preferred using metal catalysts to improve the quality of
the graphene. Recently, we have published an extensive review papert!! gathering most of the
articles on the graphene growth using PLD, from which this chapter is largely inspired. In the

following section, we shall discuss the PLD graphene synthesis using a metallic catalyst.

2. PLD graphene synthesis using a metal catalyst

Using a metallic catalyst is one of the most widely used methods of producing graphene by both
CVD and PLD. That accelerates the graphene synthesis process and the resulting graphene
depends on the used metal catalyst. Figure 1.13 illustrates the PLD graphene synthesis using a
metal catalyst. It is worth recalling that as in all PVD techniques; PLD for graphene growth can
be performed using two stacking configurations: metal catalyst /a-C and a-C/metal catalyst.
Figure 1.13 shows only the one with the amorphous carbon on top, which is the most used
configuration in this work. Besides, after graphene growth, the metal catalyst is etched with
acid and then transferred onto another substrate of choice to obtain freestanding graphene. Like
in CVD, common metals have been used as catalysts for the synthesis of graphene with the
PLD technique. These include nickel (Ni), copper (Cu), cobalt (Co), and iron (Fe) that have
lattice constants of about 0.352, 0.361, 0.251 and 0.287 nm, respectively*®® as shown in Table
1.3. Among them, Ni and Cu have the smallest lattice mismatches with graphene lattice (0.357
nm). Co has the highest solubility for carbon and Fe is cheaper than Ni and Co. Other metals
and alloys including tin (Sn)? and nickel-copper (Ni-Cu) alloy**! have been used for graphene

SyntheSiS, Metallic catalyst ( Ni, Cu, Co,..)
-«
.....
..: .....
Substrate

PLD on Cu, Nij, Co,...

Graphite /

P

Graphene

—————
1 g
— Metallic catalyst
7 Substrate
plasma
%

Metallic catalyst
Substrate plurr

Thermal heating

Figure 1. 13 A schematic description of the different steps for PLD graphene synthesis using a metallic
catalyst thin film.
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Deposition Distance Graphene
Laser parameters Atmosphere conditions Targets Target/Substrate Types References
Graphene/Si<100> Nd:YAG, A=532nm,t=7ns, v [10° pa RT and HOPG 5cm Nano sized Capelli et al., Diam.
=10 Hz, fluence = 7 J/cm? 900 °C graphene Relat. Mater. 14, 959-964
/15min clusters (2005)1%
Graphene/Si<100> Nd:YAG, A= 1064 nm, = 7 ns, v 10'4 Pa RT to 800 | Graphite | N/A well-ordered Capelli et al., Appl.
=10 Hz, fluences =7.8, 11 and °C nanographene [ Surf.Sci. 254, 1273-1278
14 J/em? (2007)142
Graphene/Si Nd:YAG, A=532nm, t=7ns,v=1{109" Torr - grown in 1 Torr RT HOPG 15- 60 mm freestanding 2D | Qian et al., Appl. Phys.
1 Hz, fluences = 0.8 -20 J/cm? argon gas few-layer Lett. 98:173108 (2011)%
Graphene/SiO,/Si, KrF, A= 248 nm, 1=20ns,v= 10 |10 mpar - grown in 20 300,593, |HOPG 15 - 60 mm nanostructured | Sarath Kumar and
Graphene/SiNX/Si H, fluences = 3, 5, and 6 J/cm? mTorr Ar/O, gas and 973 K graphene Alshareef, Appl. Phys.
Graphene/p-Si Lett. 102:012110
(2013)43
Graphene/SiNx/Si KrF laser, | =248 nm, t =20 ns, v | Gr: 20 mTorr Ar; 973 K HOPG N/A Graphene thin | Sarath Kumar et al., Appl.
NGraphene/SiNx/Si =10 Hz, fluence= 6,1 J/cm? N-Gr : 20, 100, 250 and films of both p | Phys. Lett. 103:192109
500 mTorr N, gas and n-types (2013)144
Graphene/SiO, Nd:YAG, fluence =5 J/cm? 10 "° mbar + ambient RT to 800 | Graphite |3 cm Multi-few layer | Kumar and Khare, Appl.
oxygen during carbon °C /15 min graphene Surf. Sci. 317, 1004-1009
deposition (2014)%7
Graphene/Quartz KrF, A =248 nm, t=25ns,v=35 [19” pa - grown in 10 Pa Ar 750 °C/ HOPG 5mm few-layer Xu et al., Laser Phys.
Graphene/Sapphire Hz, fluence = 4 J/cm? gas 90s graphene Lett. 11:096001 (2014)4°
Graphene/n-Si
Graphene/Sapphire Nd:YAG, A= 266 nm, t =20 ns, v 10*5 Torr 400, 500, |[HOPG 40 mm few-layer Na et al., Trans. Electr.
= 10 Hz, fluence = 1,2 J/cm? and 600 graphene Electron. Mater. 16, 70—
°C/ 90s 73 (2015)14¢
Graphene/n-Si(100) Ti:sapphire fs laser, =800 nm, t | 107 Torr 300 and HOPG 50 mm few-layer Xiangming Dong et al.,
=80 fs, v=1 Hz, fluences = 0.1, 473 K graphene Chin. Opt. Lett. 13,
0.3, and 0.5 J/cm? 021601-021604 (2015)*47
N-Graphene/SiO,/Si | KrF laser, A =248 nm, 1=201s, v [ gy js grown in 10" Pa 1053K Graphite |5cm N-doped Ren et al., Mater. Lett.
=10 Hz, laser energy = 100 mJ N-Gr is grown in 9, 50, graphene 204, 65-68(2017)14®
100, 240 Pa of nitrogen gas

Table 1. 2 Summary of graphene grown on different substrates using PLD method without a metallic catalyst layer
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Deposition Distance Metallic Annealin Type of
Laser parameters Atmosphere post Targets | Target/ aing yp References
Conditions Catalyst Conditions  [graphene
Substrate
Graphene/Si ArF laser, A= 193 nm, T = 20— |10 Torr 1100, 1200, Pyrolytic | X Ni (500 nm)  [1100, 1200, 1300 |Transparent [Zhang and Feng,
30 ns, v =10 Hz, laser energy 1300 °C carbon °C before C Carbon 48, 359-364
=300 mJ deposition Few-layer 5910y
Graphene/n-Si KrF, A =248 nm, t=25ns,v [5.10¢Torr |750°C-1.5 Graphite |X Ni (600 nm) |750 ° C - 1.5 min |few-layer Koh et al., Appl. Phys.
=10 Hz, laser energy = 50 mJ min during C Lett. 97:114102
deposition (2010)**?
Graphene/SiO2/Si |KrF, A = 248 nm, fluence 2.10% Torr [RT (Ni Nickel, [35mm Ni (25-75nm) [650 °C-1 h before|few-layer Wang et al., AIP
(Ni)=5.43 J/cm?, fluence 4.40 deposition), . C deposition Adv.1:022141
Jem?, v = 4 Hz 650°C - (C Graphite (2011)150
deposition)
Graphene/n-Si KrF, A=248 nm, 1 =25 ns, v= |5.10* Pa 750°C-1.5 Carbon |X Ni, Cu, Co, Fe |[750 ° C - 1.5 min |few-layer Koh et al., Diam. Relat.
10 Hz, laser energy =50 mJ min during C Mater. 25, 98-102
deposition (2012)%
Graphene/SiO2/Si |KrF, A= 248 nm, t =20 ns, v =|5-6.10% Torr [1010 °C Carbon |X Ni (300 nm)  |1010°C during C |Monolayer/Bi |Hemani et al., Appl.
10 Hz, laser energy =75 mJ deposition layer, Few-  |Phys. Lett. 103:134102
layer (2013)5!
Graphene/Cu foil [CO; laser, A= 10.6 um 4.10%Torr [RT Pyrolytic |50 mm Cu foil RT to 700 °C, 15 |Sharp folded, |Kaushik et al., Vacuum
Graphite min Wrinkled 110, 1-6. (2014)%2
graphene
Graphene/n-Si KrF laser, A= 248 nm,1=20 (10*Pa RT- 10 min Graphite |13.6 cm Ni (150 nm)  |780 ° C — 45 min |Textured few- |Tite et al., Thin Solid
ns, v= 10 Hz, fluence = 15 layer Films 604, 74-80
Jiem? (2014)s3
Graphene/n-Si KrF laser, . =248 nm, 1 =20 (10*Pa RT- 150s Graphite |3.6 cm Ni (150 nm) |780 ° C - 45 min, |Few- layer Tite et al., Appl. Phys.

ns, v =10 Hz, fluence = 15
Jiem?

after C deposition

Lett. 104:041912
(2016)154
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Graphene/n-Si KrF, A= 248 nm, T =20 ns, v =|10* Pa RT Graphite |3.6 cm Ni (300 nm)  |780 ° C - 45 min, |Self- Fortgang et al., ACS
10 Hz, fluence = 40 J/cm? after C deposition [organized Appl.Mater. Interfaces
multilayer 8, 1424-1433 (2016)'%°
Graphene/Si(111) [Nd: YAG, A=355nm,t=8 |10° Torr 700, 750, 800°C [HOPG |50 mm Ni (150-250 |700, 750, 800 °C |Few- and Kumar et al., J. Mater.
] ns, v =10 Hz, fluence= 3.18 ,100s nm), Cu (150- |- 100 s during C |multilayer Sci. 52, 12295-12306
Graphene/Si(100) |3/cm2 250 nm) deposition (2017)156
Graphene/Si(100) |Ti:sapphire, A= 800 nm, T = 35(10" Torr 500°C HOPG (60 mm double Ni (100|500 °C during C |Large-area Dong et al., J. Mater.
ns, v=1KkHz, laser energy = nm) deposition few-layer Sci. 52, 2060-2065
3.5 mJ/pulse (2017)157
Graphene/SiO2/Si |v =10 Hz, laser energy = 5.10° Pa RT Carbon |5cm Sn (500nm) 250 °C, after C, [multilayer Vishwakarma et al.,
30mJ Sh deposition Sci. Rep. 7:43756
(2017)140
Graphene/Cu foil |Nd: YAG, A= 1064 nm,t=6 |10 Torr 300, 400,500 |Graphite |5cm Cu foil 300, 400, 500 °C |few-layer Abd Elhamid A. E.M.
ns, v =35 Hz, laser energy = 50 °C-2and 30 - 2 and 30 min etal., J. Appl. Phys.
mJ/pulse min during C 121:025303 (2017)%%8
deposition
Graphene/Ni-Cu  [Nd:YAG, A=1064nm, t=6 [4.10°Torr |RT or600°C [HOPG [5cm Ni-Cu alloy 600 °C - 30 min [few-layer Abd Elhamid A. E.M.
alloy ns, v =10 Hz, laser energy = for Ni before C etal., J. Appl. Phys.
150 mJ for (Ni) v = 5 Hz, deposition, RT deposition 121:025303 (2017)4*
laser energy = 100 mJ for (C) for C deposition
N-Graphene/SiO. [femtosecond laser, A= 800 Ny pressure: [RT Graphite |36 mm Ni (150 nm)  |780 °C - 30 min |Tri-layer Maddi et al., Sci. Rep.
nm, t=60fs, v=1kHz, 0.5,1and 10 after Ni bernal ABA |8:3247 (2018)%°
fluence= 5 J/cm? Pa deposition
Graphene/Cu(111) |[KrF, A= 248 nm, v = 1 Hz, 45.10%Pa (X HOPG ([10cm Cu(111) 1000°C Bilayer Jin Wang et al.,
fluence = 4 J/lcm? Nanomaterials, 8, 885
(2018)20
Graphene/Cu foil [Nd:YAG, A= 1064 nm,t=6 [5.3.10°Pa |[600°C HOPG (10cm Ni-Cu 600 °C-2min [Few-layer Abd Elhamid A. E.M.
ns, v =10 Hz, laser energy = composite film [during C et al., Thin Solid Films
150 mJ, v= 10 Hz for (Ni), deposition 653 93-100(2018)%*
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laser energy = 100 mJ ,v= 10
Hz for (C)

Graphene/SiO2/Si [KrF, A= 248 nm, t =20 ns, 2.10%Torr [RT (Ni HOPG (35 mm Ni (300 nm) |C deposition Few-layer F. Larki, et al. Diam.
laser energy =230 mJ,v= 10 deposition), RT under Magnetic Relat. Mater. 93, 233—
Hz for (Ni), laser energy = and under field B=350 mT 240 (2019)16?
100 mJ , v= 4 Hz for (C) magnetic field
(C deposition)
Graphene/Glass |A=532nm,t=8ns, v=10 |1.10°Torr [RT HOPG [5¢cm Ni (250 nm) [750°C-100s |Few-layer P. Kumar, et al. Results
Hz, fluence = 3.18 J/cm? during C in Physics 14, 102350
deposition (2019)*%8
Graphene/Cu(111) [KrF, A= 248 nm, v=1 Hz, 45.10%Pa [1000°C HOPG ([10cm Cu(111) 1000°C- 40 min [Monolayer, [J. Wang, et al.Applied
fluence = 4.25-8.49 J/cm? after C deposition |bilayer Surface Science 494,
651-658 (2019)62
N-Graphene/Si femtosecond laser, A= 800 N pressure: [780°C Graphite |36 mm Ni (150 nm)  |780 ° C -during C|Textured few- [Bourquard et al.
nm, t=60fs, v=1KkHz, 1.10°! mbar deposition layer Materials 12, 666
fluence= 5 J/cm? graphene (2019)6
Graphene/Si KrF, A>=248 nm, t=20ns, v [1.10“Pa RT Graphite |36 mm Ni (60 nm) 600- 1000°C Bilayer to Bleu et al., Journal
] =10 Hz, fluence = 4.5 J/cm? after C— 10 min |multilayer Raman Spectrosc. 112
Graphene/SiO: deposition (2019)%5, Work of this
thesis
Graphene/SiO2 KrF, A=248 nm,1=20ns, v |1.10% mbar |RT Graphite |36 mm Ni (50 nm) 800- 1000°C - Bilayer Y. Bleu et al. Mat.
=10 Hz, fluence =5 J/cm? 420 s after C predominance |Chem. and Phy. 238,
deposition 121905 (2019)%68,
Work of this thesis
N-Graphene/SiO2 [femtosecond laser, A= 800 Ny pressure: (RT Graphite |40 mm Ni (150 nm)  [200-500°C in Few-layer Y. Bleu et al. Carbon
nm, T=60fs, v=1kHz, 10 Pa 1.107Pa after C 155, 410-420 (2019)¢7,
fluence=5 J/cm? deposition Work of this thesis

Table 1. 3 Summary of graphene grown on different substrates using the PLD method with a metallic catalyst layer
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PLD graphene was first produced using a metal catalytic layer in 2010 by Zhang and Feng!4°
using deposition temperatures ranging from 1000 to 1300°C and 500 nm of nickel thin film.
Since that time, many studies have been reported for PLD graphene synthesis using nickel thin
film catalyst. Table 1.3 shows an overview of various works on graphene synthesis using the
PLD technique with a metal catalytic layer. Nickel is the most widely used catalyst for
graphene synthesis using the PLD method. Nickel thin film has high carbon solubility, low
cost, and ease of fabrication in electronic devices. However, its high carbon solubility makes it
difficult to control the number of graphene layers. Thus, in most cases, instead of single-layer
graphene, either a few-layer/multilayer graphene or a mixture of single-layer, bilayer, and few-
layer/multi-layer graphene are formed*3%150.151 |t appears that using polycrystalline nickel leads
to a higher percentage of few-layer graphene due to the presence of grain boundaries. According
to the studies summarized in Table 1.3, the quality of the synthesized graphene can depend on
the thickness of the nickel catalytic layer, the thickness of the carbon layer, the deposition
temperature and duration, the annealing time and temperature, and the cooling rate. All these
parameters, in addition to those of the PLD technique, e.g., fluence, laser wavelength, and the
repetition rate, influence the quality of the resulting graphene. Moreover, due to the high
solubility of carbon in nickel, it remains challenging to control the number of layers of the

obtained graphene using polycrystalline nickel as a catalyst.
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Figure 1. 14 (a) Raman spectra of samples cooled at different rates (b) Cross-section TEM showing at
the graphene layers above Ni adapted from ref!®,

Apart from nickel, other metals catalysts have been used for graphene synthesis with the PLD
method. The graphene growth using copper (Cu), cobalt (Co), tin (Sn), iron (Fe), and Cu-Ni
alloys as catalysts have also been reported. Koh et al.?3213° reported the comparison of PLD
graphene synthesis with Ni, Co, Cu, and Fe metal catalysts and the cooling effect on the

graphene synthesis. Indeed, they obtained few-layer graphene formation on nickel under
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controlled cooling conditions such as initial cooling rate of 1°C/min to 550°C, followed by a
faster cooling rate of 20°C/min to room temperature as shown in Figure 1.14. Whereas using
the same conditions, graphene was formed only with the nickel catalyst and not observed on
the other metal catalysts. In addition, when increasing the cooling rate, graphene was formed
on Co and was much more homogeneous than on Ni. They, therefore, concluded that the cooling
rate is an important parameter that can affect graphene growth. Using CO; laser ablation of
pyrolytic graphite target placed in a vacuum chamber at a pressure of 10 Torr, Kaushik et
al.’>? observed graphene ribbons synthesis. Nanostructures of graphene on Cu foil were
observed at a low temperature of about 400°C. On the same Cu foil substrate, it was
demonstrated by Abd Elhamid and co-workers!®® the possibility of growing graphene using the
PLD technique at the relatively low temperature of 500°C and an optimal cooling rate. Recently,
Wang et al.'%3 demonstrated the formation of the bilayer and single-layer graphene on a single
crystal of copper Cu (111) at high-temperature growth of 1000°C. It is worth mentioning that,
with Cu, no study has been reported using copper film as the catalyst, rather copper foil or
copper single crystal are used directly as the substrate and catalyst at the same time.
Vishwakarma et al.}*° reported an attempt to grow by PLD multilayer graphene at a low
temperature (250°C) using another metal catalyst, namely tin (Sn). Another attempt was made
by Elhamid et al.**! on metal Ni-Cu composite substrates. They reported that graphene synthesis
could be achieved through graphite ablation using the PLD technique on catalyst Ni-Cu
composite substrates at low temperatures. The intensity ratio of the 2D and G Raman bands
was 0.66, indicating the formation of trilayer graphene. This close look at the literature,
confirms that few studies have been done on graphene synthesis with catalytic metals other than

nickel using the PLD technique.

3. Doped graphene synthesis using the PLD method

As discussed above, graphene is one of the most attractive carbon nanostructures exhibiting
remarkable properties. Many of them are promising in the context of technological applications,
but it is often necessary to be able to modify and control them according to the specific needs
of each application. For instance, from the electronic point of view, based on the band structure,
the conduction and valence bands in pristine graphene touch at one single point, i.e. Dirac point
(Figure 1.15a).
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(b) Nitrogen doped (c) Boron doped
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Figure 1. 15 Energy dispersion of graphene around the Dirac point, indicating a change in the Fermi
level. Blue indicates levels filled with electrons while orange indicates empty levels. (a) Undoped
graphene. (b) Nitrogen-doped graphene (n-type). (c) Boron-doped graphene (p-type).
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The Fermi level lays at Dirac point with a fully occupied valence band and empty conduction
band, which means that there are no states to occupy and hence no carriers. Consequently, no
free carriers could contribute to electrical transport. However, by introducing heteroatoms,
known as doping, one can shift the Fermi level up to conduction band or down to valence band,
changing the electrical property of the material. Therefore, the possibility of adjusting the
graphene chemistry by doping emerged as a powerful tool to endow this material with useful
new properties or to modify on demand its intrinsic capabilities!®®. Indeed, doped graphene
presents quite appealing properties such as superconductivity, ferromagnetism, and enhanced
chemical and electrochemical activity, which promote a widespread application of graphene-
based materials in different technologies. Various types of dopants have been introduced in
graphene such as N, B, P, or S. However, boron and nitrogen have attracted much more
attention because their atomic radii are close to that of carbon. The incorporation of nitrogen in
graphene has been widely exploited for inducing n-type conductivity, representing, therefore,
an important element for the development of microelectronic devices. In fact, in nitrogen-doped
graphene, as shown in Figure 1.15b, the doping will induce carriers in the system, moving the
Fermi level away from Dirac point and lies within the conduction band, leading to n-type
conductivity. In addition, it has been demonstrated that its incorporation in the graphene lattice
can efficiently boost the catalytic performances in several electrochemical processes, and
especially for the oxygen reduction reaction (ORR)®°. Boron doping, shown schematically in
Figure 1.15c, moves the Fermi level away from Dirac point and lies within valance band
inducing p-type conductivity in graphene. Besides, the incorporation of boron can trigger a
quite appealing chemical and electrochemical activity in the graphene basal plane. Moreover,

compared to the nitrogen doping, the in-plane incorporation of boron in graphene is easier.
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Furthermore, due to the longer and strong BC bonding, the lattice stress in the boron-doped
graphene structure is reduced and the mechanical properties are preserved while changing the
thermal conductivity*°,

In the literature, several studies have been reported on boron and nitrogen-doped graphene using
CVD and other methods. In 2013, Kumar and co-workers'#* demonstrated for the first time the
synthesis of doped graphene by using the PLD method. They showed that using argon gas
during the carbon ablation, it is possible to obtain p-doped graphene, whereas using nitrogen
gas, and they obtained n-doped graphene. Following this work, Ren et al.'*® synthesized
nitrogen-doped graphene (NG) in situ using ultraviolet-pulsed laser deposition in the presence
of nitrogen on Si/SiO> substrates without the need for a metal catalytic layer. Different nitrogen-
doped graphene was grown with various nitrogen concentrations, up to 3.3 at%. They also
claimed that the nitrogen-doped graphene chemically enhanced the Raman signal with respect
to the pristine graphene. Recently, work from our group'®® reported the synthesis of trilayer
nitrogen-doped graphene with ABA (Bernal) configuration with the pyrrolic nitrogen
predominance using the PLD method using femtosecond laser ablation of graphite under
nitrogen atmosphere. The amount of nitrogen in graphene was within 2-3 at.%, with the proof
that this amount could be controlled by monitoring the nitrogen pressure. In short, few studies
have been done on the synthesis of substitutional-doped graphene using the PLD method. For
nitrogen-doped graphene, only four papers!44148.159.164 haye been reported, and for boron-doped
graphene, no work has yet been published using the PLD method. However, using PLD for
nitrogen and boron-doped graphene synthesis can pave an alternative route for this material.
Therefore, more studies on doped graphene synthesis using the PLD method are needed. The
scope of this thesis is to study in deep the synthesis and characterization of graphene and boron-

doped graphene using the PLD method as detailed in the following final section.

I11.  Conclusions

In this chapter, we have discussed the fascinating properties of graphene due to its honeycomb
lattice structure and unique cone-like band structure. We have also presented on one hand the
most commonly used elaboration techniques of graphene films, i.e. mechanical exfoliation,
Chemical Vapor Deposition (CVD), thermal decomposition of SiC, liquid-phase exfoliation
(LPE). On the other hand, the less used Physical Vapor Deposition (PVVD) method was reported.

Among various PVD techniques, PLD has been discussed as an alternative route for making
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graphene and doped graphene. The PLD method can be used for graphene growth without a
metallic catalyst, but there are some disparities in the reported results. Some groups report the
formation of few-layer graphene, while other groups reported that without a catalytic layer,
there is no graphene formation. Therefore, the PLD using a metal catalyst has been mostly used
for graphene growth. Based on the results reported here, PLD graphene of different quality,
from high to low, from single to multilayer can be produced, depending on the specific growth
conditions, including the substrate temperature, the energy density of the laser, the background
pressure, annealing rate and time invested. Moreover, PLD graphene can be synthesized at
relatively low temperatures. However, it is sometimes a mixture of single, bilayer, trilayer, few-
layer, and multi-layer graphene with a small area. The growth conditions consequently need to
be optimized to produce high quality with continuous and large-area graphene. Until now, Ni
metal has been the most used catalyst for graphene synthesis by the PLD technique. Only, few
studies have been reported for the other metal catalysts. Furthermore, doped graphene can be
produced using PLD. Nevertheless, up to now, only four studies have reported on nitrogen-

doped graphene (n doping) and none on boron-doped graphene (p doping) using PLD.

In the past, PLD has proven to be a powerful tool for thin film deposition. Today, it is believed
that PLD will play an important role in making graphene and doped graphene materials for
various applications in the future. Therefore, the main objectives of this research work are the

following:

e To explore the capabilities of the PLD technique of making graphene (G) and boron-
doped graphene (BG).

e To understand the mechanism of the graphene growth using PLD versus the process
parameters.

e To characterize the synthesized G and BG thin films through the combination of Raman,
XPS, SEM, AFM, and HRTEM.

e To explore some properties of the graphene and boron-doped graphene films such as

optical and electrochemistry properties.
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Chapter 2: Experimental methodology for graphene
synthesis & characterization

This chapter will present the experimental methods for graphene growth by pulsed laser
deposition and annealing as well as the characterization techniques that have been used. During
the optimization of the graphene growth processes, more than 200 samples have been
synthesized and analyzed. Firstly, the nickel thin film catalyst deposition by thermal
evaporation and the two lasers used for amorphous carbon and doped amorphous carbon
deposition will be presented. Then, we will describe the ex-situ rapid thermal annealing (RTA)
process. Afterward, the main techniques and methodologies to characterize graphene-based
material including Raman spectroscopy, X-rays photoelectron spectroscopy (XPS), scanning
electron microscope (SEM), atomic force microscopy (AFM), transmission electron
microscope (TEM), and UV-Vis for transmittance measurement, will be introduced. These
measurements allow us to investigate the structure, chemical composition, and morphology of
the synthesized films. Lastly, the voltammetry technique used for the investigation of the
electrochemical properties of some of our samples will be briefly presented. It should be noted
that this chapter focuses on the fundamentals of these techniques and the information that can

be obtained from them. If needed, in the next chapters, we will give some more details.

I.  Nickel catalyst and carbon precursor deposition process

1. Nickel thin film deposition by thermal evaporation

When using the Thermal Evaporation deposition technique, a solid material is vaporized in a
high vacuum environment onto any substrate. This produces thin film coatings of the material
with a controlled thickness ranging from microns to a few nanometerst. It mostly relies on two
methods: electron beam evaporation or resistive evaporation. In this work resistive thermal
evaporation was used for nickel thin film deposition on desired substrates.

Resistive evaporation is a process in which the material is heated to its evaporation point by
using electrical energy. The vaporized atoms then travel to the substrate where they condense
and nucleate together to form the thin film coating. For resistive evaporation coating, a high
level of vacuum is required to improve the film purity.

Moreover, during this process, two crucial factors need to be taken into account, the

measurement of the film thickness and the control of the film deposition rate. For these
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purposes, a quartz oscillator crystal measures the oscillation frequency of the substrate holder
during the deposition. Then, by measuring the variation of this frequency, the quartz balance
gives in its screen the deposited thickness as well as the deposition rate.

The procedure of resistive evaporation involves the placement of pellets of the material to be
deposited into thin films on a metal nacelle between two metal electrodes at the bottom of the
chamber. The substrates facing down are held by screws to a substrate-holder placed above the
nacelle inside the chamber. A high vacuum is created within the chamber. Then, the material is
heated to its melting temperature by passing an optimum current through the electrodes and
further increase of the current, consequently increase the temperature, leading to evaporation
of the material onto the desired substrate for thin film deposition.

During every evaporation process, a vacuum of about 10-® mbar was created within the chamber
by pumping for at least 2 hours. The density, impedance, and tooling factors for nickel material
were set to 8.91 g/cm?, 26.68 Q, and 200% respectively. Once vacuum was achieved, the
evaporation and consequently, the thin-film deposition process was done by passing a current
of 135-140 A with deposition rate no more than 2 nm/s, within the chamber. Nickel pallets
with 99.99% purity were used as the source material for the deposition. In this work, four

different nickel film thicknesses were used: 25 nm, 50 nm, 60 nm, and 150 nm.

2. Amorphous carbon thin film deposition by laser ablation

a. The amorphous carbon deposition chamber

The amorphous carbon and doped (B, N) amorphous carbon thin film depositions were carried
outina MECA 2000 stainless steel chamber. The vacuum chamber is illustrated in Figure 2.1a,
and its picture is shown in Figure 2.1b. A Varian micro leak valve allows gas to be introduced
with the controlled flow. The pressure in the chamber is measured using a Sky ™ Leybold
Inficon IR090 gauge. Combining a Pirani system and a hot cathode system, the gauge operates
from 102° to 10 mbar. The vacuum chamber is linked to two pumps: primary and secondary
pumps. The primary pump is for the primary vacuum (10 mbar) achieved by the use of the
Varian Triscroll vacuum pump. Once the primary vacuum is reached, the secondary pump is

used to achieve a high vacuum of 10”7 mbar.
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Figure 2. 1 (a) Schematic illustration of pulsed laser deposition vacuum chamber, (b) Photo of the used
vacuum chamber machine.

A quartz window allows the laser beams to enter the chamber and be focused on solid-state
deposition targets at a 45° angle. The window absorbs approximately 10 % of the laser beam
energy. Two manipulators are used for positioning the deposition targets and substrate. The
substrate holder allows for translation in every direction and a 360° rotation around the vertical
axis. The target holder only allows for two degrees of freedom: translation towards the substrate
and rotation around this translation axis. The translational degree of freedom allows us to vary
the distance between the target and the substrate, and the other permits to rotate the motor to
360° and the motor allows us to work with different targets. The target holder has eight rotatory
targets that can change the choice of different target position during the deposition. The distance
between the target and the substrate can vary by rotating the substrate and target holders. The
targets are also rotatable to homogeneously ablate the surface by forming concentric paths. The
distance between the target and the substrate is set at 4 cm for all depositions. In the context of
this work, two lasers were used to perform the deposition by laser ablation: one with
femtosecond pulse duration and another one with nanosecond pulse duration. However, it is
worth noting that most of the amorphous carbon depositions were carried out using the laser

with nanosecond pulse duration because of its availability.
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b. Femtosecond laser system

A femtosecond Titanium: Sapphire laser (Coherent Legend Elite) system was used for the
deposition of some of the thin films. The system with a 60 fs fundamental pulse duration, a
central wavelength of 800 nm, and a repetition rate of 1 kHz was employed for the deposition
of a-C and a-C:N. It consists of an oscillator and amplifier as illustrated in Figure 2.2. The
oscillator produces the femtosecond laser pulses with low energy, which is amplified by an

amplifier with the principle of chirped pulse amplification (CPA).

Legend Elite Amplifier

Mantis
Oscillator

Y
%*ﬁ—»?—»é
—

Figure 2. 2 Schematic of chirped pulse amplification (CPA) of the femtosecond laser system.

c. Nanosecond laser system

Most of the samples produced during this work were made using a KrF (Krypton Fluoride)

excimer from the Lamba Physiks.

Convergent

-«
I_ lens

44 Deposition
¢ ‘ ¢ KrF Laser chamber
Collimator and
spatial filter

Figure 2. 3 The optical assembly of the KrF excimer laser

The system has a 20 ns pulse duration at a wavelength of 248 nm and a repetition rate of 10 Hz.
The laser is directed by a series of 3 mirrors to the deposition chamber. To correct the

divergence of the beam, a collimator is added to the output of the laser. A self-formed filter is
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also added to the focal point of the first lens to improve the quality of the beam by cutting the
ASE (Amplified Spontaneous Emission). The optical assembly is illustrated in Figure 2.3.

d. Determination of laser fluence

The laser fluence, denoted F, is one of the most important parameters for thin film deposition

using a laser ablation process. It is defined by the following formula:

F=2  (Eq21)

where E is the energy per pulse in joule and X is the surface of the laser spot in cm?,

The laser fluence of both lasers was calculated according to the procedure proposed by Liu and
co-workers?. In this method, the Gaussian radial distribution of the beam energy on the target
is considered. Then, we define Fcrete the fluence at the center of the beam (peak fluence) and r
the distance to the center of the beam. For a Gaussian beam, the beam width o is the distance
from the center of the beam for which the intensity is divided by e? (with “e” the Euler constant).
Finally, we define “Fu” the fluence ablation threshold of the material and “ru” the radius

threshold above which there is no longer any ablation. These different parameters are illustrated

in Figure 2.4.
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Figure 2. 4 Radial distribution of the laser fluence

The spatial distribution of the laser fluence is therefore given by:

T'Z 1".'7‘2

z %77 (Eq.2.2)

F(r) = Fcretee_ w? =

crete e

nr? and nw? being respectively the surfaces of the studied area and the laser beam.
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We can define the ablated threshold surface (corresponding to rw), which gives:

_o2th
il P (Eq.2.3)
Fbrete
That is to say: Sen =2 (In(Forece) — In(Fn)) (Eq.2.4)

However, in the case of a Gaussian distribution, the peak value is twice the average value of

the distribution. We, therefore, have Fcrete = 2 X Fmean the average fluence. Either for an energy
pulse E:

E
Fcrete == 2 X E (qus)

In the same way, one can consider the laser pulse of minimum energy making it possible to

damage the material Ew, whose peak value of the fluence distribution will be Fi. So

Fyp =2 X % (Eq.2.6)
It comes immediately:
Sen =2 (In(E) - In(Ey)) (Eq.2.7)

The measurement of the laser energy is done using a calorimeter to measure the average power
delivered at a given frequency. Then a set of impacts is performed by changing the laser energy
without affecting the position of the focusing lens. Afterward, we measure the ablated area

(where the fluence was above the ablation threshold) and represent this area as a function of the
logarithm of the energy (E).
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Figure 2. 5 Linear regression performed on the surfaces of ablation craters. The target is made of silicon
and each crater is obtained from 10 shots.
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Finally, we exploit the affine relation between these two values (Eq.2.7) to obtain, via a linear
fit, the surface of the laser beam. One example of such a measurement made on a silicon target
using the KrF laser is shown in Figure 2.5. Therefore, with the linear relation between the
ablated surface and the logarithm of the energy, the surface of the beam was estimated at 2 300
000 um?2. Also, using Eq.2.1, the laser fluence was calculated to be around 5.2 J/cm?. This

fluence was used in most of the experiments done using a KrF laser.

e. Amorphous carbon, nitrogen-doped amorphous and boron-doped carbon deposition

Knowing the deposition rate for each material is important because it allows controlling the
quantity of the doping element inserted into the carbon matrix. The principle is simple: we
deposited for a given time (long enough to be as precise as possible) the amorphous carbon (a-
C) from a graphitic target, the nitrogen-doped amorphous carbon (a-C:N) from a graphitic target
in the presence of a nitrogen gas pressure, and boron (B) from the boron target, as described in
details later. By measuring the thickness of the layer and dividing it by the ablation time, we
deduced the deposition rate. The film thicknesses are measured with a Veeco Dektak3 ST
mechanical profilometer. The thickness is evaluated by measuring the step height of the films.
The step is created by masking the substrate during deposition with the adhesive tape. The
carbon and boron deposition rates under the various production conditions are shown in Table
2.1. It is worth mentioning that the deposition rate is recording after the cleaning of the window
in which the laser passes through for ablation. Therefore, it is necessary to clean this window
from time to time to stay in the same deposition conditions. Otherwise, when this window gets

dirty, the deposition of all materials collapse.

Fluence 5 J.cm? (fs) 5J.cm (ns) 6 J.cm (ns)
Materials

a-C 10 nm.min! 18 nm.mint 26 nm.min
a-C: N(16%) 2.5 nm.min! - -

B - 0.5 nm.min! 1 nm.mint

Table 2. 1 Carbon, nitrogenated amorphous carbon, boron deposition rate as a function of the used
fluences.

¢ Nitrogen-doped amorphous carbon (a-C:N) deposition

We prepared our a-C: N thin films using femtosecond pulsed laser deposition (fs-PLD) by
ablating a high purity graphite target (99.9995% purity) onto silicon (Si), and SiO2 substrates.
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A femtosecond laser system working at 800 nm wavelength, with a pulse duration of 60 fs and
a repetition rate of 1 kHz was used.

The substrates were mounted on sample holder at a distance of 40 mm from the target. High
purity (99.9995%) N, gas was used as the reactant gas. Before the deposition, the chamber was
pumped until a base pressure of 10°° mbar. A mass flow controller regulates the static pressure
of N2 flux between 0-0.5 mbar pressures.

For all the deposition conditions, the laser fluence is kept constant at 5 J.cm. The deposition
rate of amorphous carbon without nitrogen content was 10 nm/min, whereas the one of a-C:N
was around 2.5 nm/min for 0.1 mbar partial pressure corresponding to 16 at% of the nitrogen
in a-C:N as reported in the previous studies of our group®*. The ablation time was adjusted to
keep an a-C:N film thickness of 10 nm. The transformation of nitrogen-doped amorphous
carbon into nitrogen-doped graphene occurs when heating in situ the sample during the
deposition or after the deposition. Figure 2.6 illustrates the different steps of the synthesis of
nitrogen-doped graphene.

1. Ni thermal evaporation 2. Reactive PLD with in situ heating up to 800°C 3. NG film formation

Graphite

-

Ni

N-doped Graphene

AT

2 —

1

Thermal heating

Figure 2. 6 A schematic illustration of the synthesis of nitrogen-doped graphene film from amorphous
carbon nitride (a-C: N).

e Boron doped amorphous carbon (a-C:B) deposition

We prepared our a-C:B thin films using nanosecond pulsed laser deposition (ns-PLD) by
ablating alternatively a graphite and boron targets onto SiO2 and SiO2/Si substrates. Ablation
was operated at room temperature by an excimer laser KrF with 248 nm wavelength, a pulse
duration of 20 ns, a repetition rate of 10 Hz with different fluence, and therefore deposition rate.
Again, here, the conversion of boron-doped amorphous carbon into boron-doped graphene can
occur when heating the sample after the deposition. The synthesis process of pulsed laser co-

deposition is illustrated in Figure 2.7.
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1. Thermal Evaporation 2. Reactive PLD
Boron !

Ni Graphite
C— o, v
® o
® oo
‘::..0:.. B plasmaplume

Thermal Evaporation Pulsed laser: 20 ns - 10 Hz - 248 nm
3. RTA Heating 4. Boron-doped Graphene
a-C:B

—

1l

RTA Heatingin vacuum

Figure 2. 7 A schematic illustration of pulsed laser co-deposition (PLD) of carbon and boron (a-C:B),
and its conversion into boron-doped graphene via thermal treatment.

Before the deposition of a-C:B, one has to calculate the number of shots and sequences on each
target according to the boron content in a-C:B and to the a-C:B thickness. For this, we firstly
ablated the graphite target to obtain the ablation rate of carbon. Secondly, we did the same with
the boron target to get the ablation rate of boron. Figure 2.8 shows the cross-section SEM image
of the deposited boron film with a thickness of around 60 nm. The boron film is continuous and
homogeneous, and its thickness has been considered to calculate the ablation rate of boron. The

below paragraph gives detail of all these calculations.

Figure 2. 8 SEM image of the cross-section of boron film used to calibrate the ablation rate on Si
substrate.
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Considering [B] the atomic fraction of boron B into the boron doped amorphous carbon a-C:B,
pc, and pg are the densities of a-C (DLC) and boron B, respectively 3 and 2.3 g.cm=, being
characteristic of typical DLC and crystalline boron. Mc = 12 g.mol* and Mg = 11 g.mol™* are
the corresponding the atomic masses of carbon and boron respectively The deposited volume
of C and B are respectively Vc and Vg, and are proportional to their thicknesses ec and eg for
a given deposited surface S:

VC =S5 X €c VB =§X €p (Eq28)
vc and v are the ablation speed for carbon and boron targets at 160 mJ ( 6.2 J.cm2) with the KrF
laser: vc = 26 nm.mn et vg = 1 nm.mn (here the ablation speed correspond to the deposition

rate). Therefore, for a pulse frequency f = 10 Hz: vc = 0.04333 nm/shot et vg = 0.00167 nm/shot.

It is necessary to link the desired atomic concentration of boron [B] with its fraction of thickness

es in the layer of thickness eg + ec, controlled by the times and the ablation rates of C and B.

N: Avogadro number (at.mol™), Nc and Ng: the number of C and B atoms respectively:

xVxN

N . p
[B] = ch\/B with Ny = — (Eq.2.9)
pPBVBN
M 1 Ve ec
[B] = MfPCVcN = T (100-ep)Mgoc (Eq.2.10) Dueto Ve~ es (cf. Eq.2.8)
Mp Mc egMcpp

In this equation (Eq.2.10), for better clarity, we set ec + es = 100 nm (the "e" are therefore %

in thickness).

We need to reverse this formula, that is to say, calculating es to make the deposition, having
fixed [B] (= 0.16 to have 16 at% of boron in a-C:B). We chose the value of 16 at.% as a
reference value based on the previous work on a-C:B film deposition of our group®. The reverse
formula is the following:

100
BB = m (Eq.Z.ll)
[B] Mppc

Applying the formula of the Eqg.2.11 for [B] = 0.16 (16 at. %), one obtains eg = 18.55 nm of
boron for a total of 100 nm of a-C:B. We obtain then eg = 18.55 nm and ec = 81.45 nm.

Now to optimize the sequence of shots and the number of sequences, to make an a-C: B as
"mixed" as possible at the atomic level. We propose, as an elementary sequence, a combination
of shots to make a monolayer of a-C:B, of thickness x = 0.3 nm distance between graphene

planes.
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For 100 nm of a-C:B; 18.55 nm of B is required, and for 0.3 nm of a-C:B: 0.05565 nm of B and
0.24435 nm of C are therefore required. To deposit 0.05565 nm of B at the speed of 0.00167
nm.shot?, it takes 33 shots. Moreover, to deposit 0.24435 nm of C at the speed of 0.043

nm.shoot™?, it takes 5.7 shots rounded to 6 shots.

Finally, to make a 4 nm layer of a-C: B, we should repeat this sequence (33 shots on boron and
6 shots on carbon targets) 6.67 times, rounded up to 14 times. Altogether, these 14 successive
sequences of 6 shots on C followed by 33 shots on B lead to a-C: B layer (16% at.) with a

thickness of around 4 nm.

In addition to 16 at. % of boron in a-C:B, we chose two other doping levels (25 and 50%) based
on the previous calculations, to have additional points for comparison. These doping levels
were chosen higher based on our previous experience on nitrogen-doped graphene. Indeed, the
nitrogen content on the a-C:N precursor is generally lower than its content on the synthesis
nitrogen-doped graphene. Thus, we considered the same reasoning for the boron case. It is
worth mentioning that after deposition and checking the boron doping level using XPS
spectroscopy, we did not find the expected calculated doping level, as depicted in Table 2.2
gathering different parameters for the elaboration of a-C:B 4 nm thick, with the three doping
contents. The difference between the calculated boron content and experimental one deduced
from XPS may be due to a sur-estimation of the densities of the film, in particular the boron
film. Indeed, the exact determination of the density of the deposited boron film (as well as the
deposited carbon film) remains a challenge. More details on the composition and chemical
bonds of the a-C:B will be developed in Chapter 5 when we will study the transformation of

the a-C:B film precursors into boron-doped graphene by RTA process.

Calculated doping Number of laser Number of Measured doping
level (at. %) shots per sequence sequences level by XPS (at. %)
a-C:B (4 nm) C:6 2%
(16 %) B:33
a-C:B (4 nm) C:5 14 45 %
(25 %) B:52
a-C:B (4 nm) C:3 9%
(50 %) B:96

Table 2. 2 Parameters of the elaboration of boron-doped amorphous carbon using the co-ablation of
carbon and boron.
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Il.  Post deposition annealing: Rapid Thermal Annealing (RTA)

The annealing of most of the studied samples was performed in our high-temperature furnace,
AS-One 100 Standard version (Figure 2.9a) which was fabricated by the company Annealsys®,
in Montpellier - France. A schematic illustration of the RTA system is shown in Figure 2.9b.
The heating is performed by halogen lamps irradiation, which allows fast heating (~ 20°C s)
thanks to high supply power of about 30 kW. In our experiment, we used a silicon carbide
susceptor containing the samples placed at the center of the chamber close to the heating lamps,
which permits an enhanced temperature uniformity. This reactor can sustain a wide range of
temperatures from room temperature up to 1300°C. A pyrometer (calibrated by a thermocouple
in contact with the substrate) measured the heating temperature on the backside of the sample
holder. Then the temperature control takes command with a defined temperature ramp and
precisely surveillance by the pyrometer. Later, the target temperature upholds at desired one
for a specific annealing time.

This furnace is equipped with a standard primary pump for reaching a rough vacuum (102 mbar)
at room temperature. An additional pure gas line is connected to the furnace to allow purging
and cleaning of the chamber with nitrogen (N2) when the whole process is completed. Computer
software developed by Annealsys can control all components of the furnace and records the full
data logging and process history. We note that our samples are stored in plastic sample boxes

without additional precautions.

Figure 2. 9 (a) Photograph of AS-One 100 furnace, fabricated by Annealsys; (b) Schematic illustration
of Rapid Thermal Annealing RTA system.

1.  Physico-chemical and structural characterization methodologies

In this section, we present the different characterization techniques which have been used to
characterize the amorphous carbon (a-C), doped amorphous carbon (a-C:N or a-C:B), as well
as pristine and doped graphene thin films. Before the film deposition, the calibration of the film
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thickness is performed using a profilometer as mentioned above. Here, we start by describing

briefly the profilometer technique. Then, we describe a wide variety of techniques used to study

the Physico-chemical properties of the synthesized graphene films. These techniques are

mainly:

e Scanning electron microscopy (SEM), and atomic force microscopy (AFM) for surface

morphology information.

e Raman spectroscopy, transmission electron microscopy (TEM), and electron

backscatter diffraction (EBSD) in SEM for the microstructural characteristics.

e X-ray photoelectron spectroscopy (XPS) for chemical composition and bonds analysis.

e Cyclic voltammetry (CV) used to investigate the electrochemical properties.

It is worth noting that for analyzing such an ultrathin film as graphene, much care needs to

be taken because, in addition to its difficulties arise not only because of the material thinness
but also because it is composed of light elements(C (Z=6), B (Z=5), N (Z=7)), which make

for a very challenging characterization of the synthesized materials, which are sensitive to

irradiation damages during analysis. In Table 2.3, we gather all the techniques employed

and the corresponding accessible information.

Techniques

Information

Profilometer

Calibration of thin film deposition

Raman spectroscopy

Carbon structure, crystallinity, number of graphene layers,
uniformity of the grown graphene by mapping

Transmission electron
microscope (TEM)

Carbon structure, crystallinity, number of graphene layers

Scanning electron
microscope (SEM & EBSD)

Surface morphology and crystalline surface structure of
nickel catalyst

Atomic force microscope

(AFM) Surface topography
X-rays photoelectron Surface chemical composition, chemical bonding, doping
spectroscopy (XPS) element detection

UV-Vis spectroscopy

Transmittance analysis

Cyclic Voltammetry

Electrochemical property

Table 2. 3 Summary of all the investigation techniques used in this thesis and relating accessible results.

1. Profilometer

Thickness, as well as surface profile, is one of the key characterization parameters of our

deposited amorphous carbon thin films. A profilometer is one of the instruments that are used

for this purpose and there are mainly two types: stylus and optical profilometer. In this work,
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we have used a stylus profilometer Veeco Dektak3 ST (Figure 2.10b) to measure the thickness
of the deposited amorphous carbon films.

(b)

Mvtip

Surface profile

Sample Holder

Figure 2. 10 (a) Photograph of DektakXT stylus profilometer from our lab (b) Schematic of a stylus
profilometer.

A stylus profilometer comprises mostly two parts namely, the detector probe and the sample
stage. For measurements, the probe physically moves along the surface to obtain the surface
height. The probe determines the surface undulations concerning a prior set reference. It is a
highly sensitive device and its resolution depends on the diameter of the needle tip’. Thus, as a
result, the stylus provides not so accurate results in the case of very thin films in the order of a
few nanometers (typically, less than 50 nm).

2. Raman spectroscopy

Raman spectroscopy is a widely used tool for graphene-based material characterization®3,

CCD

Grating

Laser source

Objective Lens

Computer

Incident
monochromatic
light

Figure 2. 11 Schematic of a Raman spectrometer
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In Raman experiments, a monochromatic light illuminates the sample and the diffused light is
detected after it interacts with the vibrational levels in the sample. Besides the elastic process
known as Rayleigh scattering, only a small fraction of the photons undergo inelastic scattering
and are diffused with a different energy than incident photons. The origin of this scattering is
the Raman-active optical phonons in the material. Thus, a lattice vibration (a phonon) can be
excited (Stokes scattering) or annihilated (anti-Stokes scattering) when interacting with incident
photons, which are reemitted with the corresponding added or subtracted energies. The
difference between the emitted photon frequency and the incident light frequency is called the
Raman shift and is expressed in cm™. Raman spectrum is generally presented in the form of
scattered intensity as a function of the Raman shift. Since the vibrational states are unique
signatures of both the material and its structure, Raman spectra are different from one material
to another, which makes Raman spectroscopy a powerful technique for identification and
analysis of material characteristics. For instance, when studying the various forms of the carbon
allotropes, this technique can reveal the geometric structure and bonding which differs from
one form to another. Especially for the study of graphene, Raman spectroscopy provides various
information such as the defects, crystallinity, strain and the number of layers. The schematic of
a Raman spectrometer is shown in Figure 2.11.

a. Raman spectrum of graphene

In graphene material, three main peaks dominate the Raman spectrum: D, G, and 2D peaks
located at about 1350, 1580, and 2700 cm respectively, for freestanding graphene measured

with an excitation wavelength of 514.5 nm'%2,

(a) Raman spectrum

(b) D and 2D peaks

2

G 2D, I— data
— fit
base line
peaks fits

Intensity (a.u.)

Rl

1250 1500 1750 2000 2250 2500 2750 3000 3250 @ carbon
Raman shift (cm) - Vibration

Figure 2. 12 (a) Raman spectrum from our synthesized graphene with the three major characteristic
peaks. (b) Representation of the vibrational mode related to D and 2D peak. (c) Representation of the
vibrational mode associated with the G peak.

78



Experimental methodology for graphene synthesis & characterization

Figure 2.12 shows a Raman spectrum of graphene. The D peak located around 1350 cm™ is a
breathing mode of the carbon rings (see in Figure 2.12b). This mode only becomes active in
the presence of structural defects (wrinkles, folding, edges, etc.) and depends on photon
excitation energy. It is attributed to a double resonant process, which involves a scattering, by
a defect in the graphene lattice. There is only one phonon involved in the D peak scattering
process. The G peak originates from the in-plane stretching vibrations of the sp? carbon atoms
(see in Figure 2.12c¢). The 2D band originates from a two phonon double resonance Raman
process that is a second-order Raman process originating from the in-plane breathing-like mode
of the carbon hexagonal rings (see in Figure 2.12b)’-1%12, Because two phonons are involved
for the 2D peak, the energy shift for the 2D band is twice that of the D band, hence its name.
Therefore, Raman spectroscopy can provide useful information on the defects (D peak), the
degree of graphitization by in-plane vibration of sp?>-bond carbon atoms (G peak), the stacking
order (2D peak) as well as the number of graphene layers via the relative intensity ratio of each
peak as will be described next.

b. Number of Graphene Layers

Raman spectroscopy has been considered an ideal tool to estimate the number of graphene
layers. Many methods including the G band intensity and position, the 2D band position, and
full half-width maximum (FHWM), and the ratio of intensity between the 2D and G (l20/lg)
peaks have been used for graphene number of layers estimation. However, the most commonly
used in the literature to distinguish single-layer graphene (SLG) with few-layer graphene
(FLG)!0:12.14 are the FWHM of 2D peak and the intensity ratio between 2D and G peak. It has
been reported that the FWHM of 2D peak increases and the l2p/l decreases when the number
of graphene layers increases. For instance, the 2D peak of monolayer graphene can usually be
fitted by a single Lorentzian peak with an FHWM of about 35 cm™*, while four Lorentzian peaks
are needed to fit the 2D-peak of bilayer graphene due to their distinct electronic band
structure!®12, In the literature, there is a huge amount of results on the estimation of the graphene
layer number using l2o/lc and FWHM (2D) data. Additionally, the 2D peak position upshifts to
50 cm™ when the number of layers increases from 1 to 5. For more than four and five layers,
the FWHM (2D) cannot be used to quantify the number of layers, and the 2D signature becomes
similar to that of graphite. Moreover, Bayle et al.*> have questioned the reliability of using the
FWHM of 2D peak due to its sensibility to the stacking order between consecutive graphene

layers. Furthermore, several factors such as strain, doping, and stacking order have a great
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chance to alter the shape of the 2D peak. Therefore, in most of our estimation of the graphene
layer number in this work, we have used the intensity ratio between 2D and G peaks with the
following criterion in Table 2.4 based on several references®-?! on the graphene growth using

a solid carbon source with a nickel catalyst.

Layer number l2o/lG
1 Layer >14

2 Layers 0.7-14
3 Layers and more <0.7

Table 2. 4 Summary of I,p/lg ratio used for the estimation of the graphene layer number in this thesis.

Despite this, some possible limitations still force us to combine other techniques as a
complementary criterion to further confirm the results. In the current work, the Raman analysis

was combined with TEM images to evidence the number of graphene layers.

c. Crystallite Size

Tuinstra and Koenig have shown that the D to G peak intensity ratio (Ipo/lg) is directly related

to the crystallite size (La) in the 3D graphite by the following equation??23;

Ly(nm) = (2.4 X 10-10),14(}2)-1 (Eq.2.12)

where 4 is the laser wavelength in nanometers and L. is the average size of the crystallites.
Since graphene is also a graphitic material, therefore, its crystallite size can be estimated using
this Tuinstra— Koenig relation.

d. Uniformity and stacking order

To get an idea about the uniformity of our samples, Raman mapping is one of the best ways.
Such an investigation can give insights into the uniformity of the graphene layer number, the
defect density, and crystallite size as well. In this work, we performed Raman mapping not only
for the ratio intensity of l2p/lg, Io/lc but also for the D, G, 2D peaks positions, and widths.

Bilayer and few or multilayer graphene can exhibit various stacking orders such as ABA
(Bernal), ABC (rhombohedral), and twist or rotated stacking, as it has been mentioned in

Chapter 1. Generally, the line shape of the Raman 2D band is used to determine the stacking
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orders?®. When the 2D band shape is symmetric, it corresponds to the ABA stacking whereas it
is an asymmetric shape for ABC stacking'®2>26, The width of the 2D band plays also a role in
determining the stacking sequence. However, the width of the 2D band may be affected,
becoming broad by the presence of a defect, chemical doping, and so on. Figure 2.13 reported®®
the difference between the spectra of ABA trilayer (in green) and ABC trilayer (in red). A
spatial Raman mapping of FWHM (2D) shows effectively the identification of Bernal (ABA
stacking order) and rhombohedral (ABC order) trilayer graphene. Therefore, the distribution of
the stacking sequence can be determined using the shape and width of the 2D band. In this

work, when needed, we using the shape of the 2D peak for the stacking sequence identification.

(a) (b) (c)
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Figure 2. 13 (a) Raman spectra of ABA and ABC trilayer graphene; (b) Optical image and (c)
corresponding spatial map of the spectral width of the Raman 2D-mode feature for trilayer graphene
samples®.

e. Doping effect

Besides defects such as point defects or edges that can be found in graphene, chemical doping
can be performed to tune its electronic and optical properties. When incorporating dopants in
graphene, its Raman spectrum still presents the three mains peaks discussed earlier: the G, 2D,
and D peaks. Since the D band is Raman active in the presence of defects, it is generally not
used to characterize doping. The G and 2D bands are both strongly influenced by the carrier
concentration and they have been extensively studied for doping characterization?®-3!, The G
peak width decreases symmetrically as the concentration of electrons or holes increases. The
doping dependence of the G peak width is also caused by the electron-phonon coupling, which
is expected since the G peak width is predominately determined by electron-phonon
scattering®2. Besides, there is a lack of consensus concerning the G peak position. Some works
reported a shift of the G peak position toward lower wavenumbers for n-type doping and a shift

toward higher wavenumbers for p-type doping33-3%, while some other studies reported that the
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G peak upshifts for both holes and electron doping?®2¢. Concerning the 2D peak, its position
increases as the holes concentration increases and decreases as the electron concentration
increases®!3’. Furthermore, the G and 2D peaks are sensitive to the strain due to its influence
on band structure®,. It is known that these two peaks will redshift for tensile strain and up-shift
for compressive strain. Therefore, the identification of the doping effect using Raman
measurement has to be done with much care because several effects are involved at the same
time. In this thesis, we have preferred using X-rays photoelectron spectroscopy (XPS) to

confirm the doping levels and chemical bonding of dopants.

f. Instrumentation for Raman spectroscopy

Raman spectroscopy has been performed using an Aramis Jobin Yvon spectrometer using four
different laser excitation wavelengths, namely, 325, 442, 488, and 633 nm, and equipped with
a charge-coupled device (CCD) camera. Only two of these wavelengths (442 and 633 nm) were
used here. The laser beam was focused on the sample with a confocal 100 x objective. A
custom-made SciPy python code allows us to automatize the extraction of parameters such as
the intensity, width, and position of the Raman peaks. Most peaks are fitted using Lorentzian
functions, except for the G peak which is fitted with a Breit-Wigner-Fano function accounting
for its asymmetry compared to a classical Lorentzian profile. Various data processing tools
involved in this thesis are background subtraction, intensity normalization, peak fitting, and the

correlation between the studied coefficients (intensity ratio, width, position).

3. X-Rays photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique that provides
information about the chemical structure and the composition of a material®®4°, With this
technique, the sample is placed in an ultrahigh vacuum chamber to remove the absorbed gasses,
contamination, and increase the mean free path of photoelectrons. The sample is then irradiated
by a monochromatic X-ray beam of energy hv, with “h” is the Planck constant and “v” is the
photon's frequency. The photon energy (hv) is transferred to a core electron, a photoelectron is
emitted as a result and its kinetic energy (KE) is measured as illustrated in Figure 2.14. This
Kinetic energy of photoelectron depends on the potential barrier. The energy barrier consists of
two components, the binding energy (BE) of the core electrons and the work function (¢) of
spectrometer*42,
BE =hv—KE — ¢ (Eq.2.13)
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The binding energy does not only depend on the specific element but it depends on the chemical
environment of the source atom (chemical structure). The valence band density changes as
chemical bonds are formed, resulting in a binding energy shift. If the electrons are withdrawn
from the atom by bond formation, then the binding energy of core electrons is increased. The
XPS spectrum is a plot of the number of detected electrons versus the binding energy of emitted
electrons. Each chemical element produces a specific set of peaks at characteristics binding

energy making it possible to measure a sample’s stoichiometry.

Ejected K

photoelectron f

Incident
X-ray (hv)

Figure 2. 14 (a) Scheme of the XPS process, showing photoionization of an atom by the ejection of a 1s
electron.

Besides, the depth analysis is very small, usually around 2-10 nm, depends on the mean free
path of the emitted electrons, which is in an order of few nanometers (5-10 nm). Therefore, this
technique only allows probing the extreme surface of the material, determining the chemical
states of the elements that are present within the material. However, depending on the emission
angle, the depth analyzed is not the same. Indeed, the intensity depends on the depth according
to Beer-Lambert law*!:
I, =1,.e7#/4sin6  (Eq.2.14)

I (lo respectively) is the intensity of the photoelectrons emitted by the atoms at depth z (the
atoms of the surface), 0 the angle of emission relative to the surface, and A the electron mean
free path. Therefore, to be able to overcome angular dependence, the spectrum can be measured
at different analysis angles (35 ° and 65 ° relative to the surface). At 35 °, the electrons emitted
come mainly from the surface, while at 65 °, they emerge from a greater depth. This angle-
resolved XPS was used in the study presented in chapter 3.

In this thesis, the XPS measurement was performed in three locations depending on the
availability of the instrument. In the case of XPS performed at Ecole des Mines de Saint-

Etienne, the spectra were acquired by Vincent Barnier. The XPS apparatus is equipped with a
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heating furnace allowing to heat the sample to 600°C. The samples were characterized with a
Thermo VG Theta probe spectrometer instrument with a focused monochromatic AlKa source
(hv = 1486.68 eV, 400 um spot size). The photoelectrons were analyzed using a concentric
hemispherical analyzer operating in the constant AE mode. The energy scale calibrated with
sputter cleaned pure reference samples of Au, Ag, and Cu so that Au4f7/2, Ag3d5/2, and
Cu3p3/2 were positioned at binding energies of respectively 83.98, 386.26 and 932.67 eV. In
the case of XPS performed at Ecole Centrale de Lyon, the spectra were acquired by Jules
Galipaud. The samples were characterized with a ULVAC-PHI Versaprobe Il spectrometer
instrument with a focused monochromatic AlKa source (hv = 1486.68 eV, 200 um spot size).
The data treatment for both is performed by using Avantage, Casa XPS, and Origin software
tools. The XPS experiment carried out at Synchrotron SOLEIL (Saclay, France), ANTARES
beamline, the spectra were acquired by José Avila. The ring operating conditions were 2.5 GeV
electron energy, with injection currents of 500 mA and “Top-up” mode. Radiation was
monochromatized using a plane-grating monochromator (PGM), which is characterized by a
slitless entrance and the use of two varied linear spacing (VLS) gratings with variable groove
depth (VGD) along the grating lines. The diameter of the X-ray spot impinging the surface is
140 um and the X-ray energy was fixed at 700 eV for analysis of the graphene film. The
photoemission spectra were taken with incident photon energies of 700 eV), with 190 meV
energy resolution. The data treatment is performed by using other software, namely Igor. In the
context of this work, this XPS technique is mainly used to determine whether our graphene
films are doped or not, to get access to the doping concentration in terms of atomic percent and
the type of bonding of carbon with nitrogen or boron.

4. Ultraviolet-Visible spectrophotometry

Ultraviolet-visible (UV-Vis) spectrophotometry is typically used in determining the optical
transmittance of a thin film on a transparent support (e.g., fused Silica). Monolayer graphene
(SLG) absorbs only mo. = 2.3 % of white light, where a = e?/hc is the fine-structure
constant*344. Therefore, the numbers of graphene layers can be estimated from the optical
transmittance of the synthesized graphene. The PLD-grown graphene film is first dipped into
4M FeCls solution to remove the nickel catalyst particles, then rinsed with deionized water
several times, and finally passed through the transmittance measurement. In this study, the
optical transmittance of graphene film is carried out using a spectrophotometer Cary50 Probe

(\Varian) within the spectral range 200-800 nm. The pristine fused silica is used as a reference.
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5. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to analyze the surface morphology of our thin
films. The SEM technique is very simple and is frequently used in micro-scale material
characterization because of its ease of operation, large depth of focus, wide range of
magnification, and good image resolution, and there is no need for special sample preparation.
Briefly, inside the SEM, electrons are emitted from an electron gun and accelerated by cascaded
anodes. The beam of electrons is converged by electromagnetic condenser lenses to a specific
spot. When the electron beam passes through scanning coils, it interacts with the sample
surface. Figure 2.15 shows a schematic illustration of the electrons and X-rays that are
generated from the electron-beam sample interaction and their related excitation volumes.
These are produced following the interaction between the incident electrons and the sample
surface. The interaction of an electron beam with the sample surface generates secondary
electrons (SE), which are commonly used for imaging the surface morphology of a sample. The
detector of electrons can collect the SE signal and the program translates into greyscale images
after a full scan. Analysis of secondary electrons provides a topographic image. Indeed, for a
constant acceleration voltage, their intensity depends only on the angle between the surface and
the beam. The lower the incidence, the greater the number of secondary electrons emitted.

(a) Primary electron beam (b) o | ]
l___ _ » Primaryelectron beam

|, Secondary electrons (SE)
Backscattered electrons (BSE)

Characteristic X-rays (EDS) Secondary electrons (SE)
| » Backscattered electrons (BSE)

__| 4 Characteristic X-rays (EDS)

Figure 2. 15 (a) Schematic of the signals resulting from the interaction of the electrons with the sample
in SEM analysis. (b) The excitation volume for the generation of each signal.

Backscattered electrons can be generated by the electron beam-sample interaction. They are
emitted by elastic scattering of electrons at the sample surface. The BSE signal is dependent on
the atomic number of the elements that constitute the sample. Their analysis provides
information on the chemical composition of the material. It supplies a contrast between two
regions that are enriched in different elements. Therefore, the backscatter rate depends on the
atomic number of the atoms in the area scanned. The higher the atomic number, the brighter
the area analyzed. With the BSE signal, another detector can be attached to the SEM to provide

microstructural information about the crystallographic nature of the material. This technique is

85



Experimental methodology for graphene synthesis & characterization

known as electron backscattered diffraction (EBSD). Indeed, this technique can reveal useful
information about the crystalline grain of the materials such as the size, the crystallographic
orientation, and the boundary of the grains as well as the texture. Characteristic X-rays are also
produced from the sample when the electron from the inner shell of an atom is removed by the
excitation of an electron from the primary electron beam. These X-rays are related to the energy
dispersive spectroscopy (EDS) and are used to determine the type of elements that constitute
the sample. By analyzing the spectrum of X photons, it is, therefore, possible to establish an
elementary mapping of the sample. In this thesis, we used the microscope Nova NanoSEM 200

(MEB-FEG) and the resolution is 1 um operates up to 30 kV, and sometimes its EDS option.

6. Atomic Force Microscope (AFM)

As the scanning electron microscope, atomic force microscopy (AFM) is one of the main tools
for surface topography information. AFM provides a three-dimensional surface profile. Due to
its high resolution, it is usually used for the determination of surface roughness. This technique
is based on measuring the force between the probe and the sample surface such as Van der
Waals force, mechanical contact, etc. It uses a sharp tip to scan the surface of a sample. The tip
is mounted at the end of a cantilever, which bends in response to the forces exerted on the tip
by the sample. As the tip is brought close to the surface, the forces lead to the deflection of the
cantilever. The deflection is measured by detecting the change in the position of a laser beam
from the end of the cantilever®. Different modes are possible depending on the type of
interaction forces between the tip and the sample surfaces.

In contact mode, there is physical contact between the tip and the sample surface. The sample
surface creates the deflection of the cantilever, which allows the measurement of the film
topography. In non-contact mode, the cantilever vibrates and the amplitudes are measured
between the sample and the tip“®.

Applied to graphene material, AFM is one of the tools to get access to the surface features and
thickness of graphene. Monolayer graphene has a thickness of about 0.34 nm and this value
adds up accordingly for multilayer graphene. AFM can measure height variations down to 0.1
nm, it is therefore very suitable for graphene thickness determination. Nevertheless, it is very
difficult in practice to get very precise values for graphene film height, as it can depend on
changing cohesive forces between graphene and supporting substrates. Besides, some

contaminations on the graphene surface can increase the difficulty of determining the real
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graphene thickness. Frequently, the thickness of monolayer graphene is found in between 0.4
nm and 1.0 nm, instead of 0.34 nm*"48, Therefore, AFM is not the most accurate technique to
determine the number of layers in graphene. In this thesis, an Agilent technologies 5500 AFM
was used to mainly obtain the surface topography and roughness of our samples. The data

treatment was done by using Gwyddion software.

7. Transmission Electron Microscopy (TEM)

The transmission electron microscope is one of the highest resolution characterization tools
available for the study of nanomaterials at the atomic level such as graphene. The TEM
equipment requires a high set of equipment to achieve a high resolution in a range of 0.1 nm.
The electron microscope has three main parts. The first is the electron beam gun and the
illumination system, where the electrons are thermionically emitted and focused onto a thin
sample, which should be thin enough to transmit the electrons by the electromagnetic lens
system. The electrons are generated by a thermionic or field emission gun and injected into the
column with accelerating voltages between 30 kV and 300 kV. The second is the sample stage
and the objective lens, which is the heart of the microscope. To form a signal in the transmission
electron microscope an electron transparent sample (usually having a thickness below 50 nm)
is subject to the accelerated and focused beam of electrons and placed in front of the
electromagnetic objective lenses. The electron beam transmits the sample and the electrons
undergo the scattering process, which affects the provided information. The third part is the
imaging system. The image of the sample is projected onto a fluorescent screen, which converts
the optical image into an electronic image. It is also possible to observe diffraction patterns.
The High-Resolution Transmission Electron Microscope (HRTEM) is powerful enough to
visualize the crystal structure and the resolution down to the atomic scale.

Pristine crystalline graphene is sensitive to knock-on damage at voltages above 86 kV*°. Thus,
it requires an acceleration voltage lower than 86 kV for non-destructive electron beam exposure.
The low-acceleration voltage, such as 60 kV, coupled with spherical aberration (Cs) corrector,
one can obtain atomic resolution imaging in graphene, with other analytical techniques, such
as energy dispersion X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS).
In this thesis, our graphene samples were characterized using the recently installed HRTEM.
The instrument is a JEOL NEOARM microscope, equipped with a spherical aberration
corrector, operating under UHV to increase the mean free path of the electrons at an acceleration
voltage of 60 - 200 kV. The NeoARM features a unique cold field emission gun (Cold-FEG).
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New generation STEM detectors (such as bright field, dark field, and secondary electron
detector) are designed for HR-STEM state of the art imaging. It benefits instrumental
development of GIF Quantum ER to provide energy-filtered TEM, and electron energy loss
spectroscopic measurements allowing quantitative information on the elemental composition

and the local chemical environment.

8. Electrochemical measurements

The measurement of electrochemical properties of graphene-based materials is necessary for
their future use in environmental analytical microsystems, and reactivity of graphene electrodes
in the electrochemical sensors. An oxidation-reduction reaction is any chemical reaction in
which the oxidation number of molecules, atoms, or ion changes by gaining or losing an
electron. Applying a potential difference between two electrodes that are immersed in an
electrolyte solution can cause electron transfer between atomic and molecular species, within
the electrolyte. Then, the electrons move towards the positive electrode, while the ionized
molecules (positively charged) are accelerating towards the negative electrode. As a result, it is
observed the dependence of current between the electrodes with the applied potential.

Cyclic voltammetry (CV) is an electrochemical technique, which measures the developed
current in an electrochemical cell. Using the three-electrode system, which consists of a
reference electrode, a counter electrode, and a working electrode, the CV is carried out by
cycling the potential of a working electrode and measuring the resulting current. The potential
step varies linearly with time; this ramping is known as a scan rate. The potential is applied
between the reference and the working electrodes, and then the response is measured between
the working and the counter electrodes.

As shown in Figure 2.16a, a typical reduction occurs from A to D, and oxidation occurs from
D to G. In the forward sweep, from a higher potential A to a lower potential D, the potential is
scanned negatively. The potential D namely the switching potential is the point where the
voltage is sufficient to give rise to oxidation or reduction of an analyte. In the reverse backward
sweep, the potential scans positively from D to G. This cycle can be repeated several times
during a single scan, and the scan rate can vary®®L, Figure 2.16b shows the voltammogram of
the reversible reduction of a 1 mM Fc* (Fc means “ferrocene”) solution to Fc. The reduction
process occurs from the initial potential to D the switching potential. In this region, the potential

Is scanned negatively to induce a reduction. At point C, where the peak cathodic current (ipc)
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and potential (Epc) is observed, the current is dictated by the delivery of additional Fc* via
diffusion from the bulk solution. When the switching potential (D) is attained, the sweep
direction is reversed, and the potential is scanned positively from D to G, resulting in the anodic
current (Ipa) and oxidation reaction. Besides, the concentrations of Fc*™ and Fc at the electrode
surface are equal at points B and E, following the Nernst equation, E = E12°°. The peak potential
at F is called the anodic peak potential (Epa) and is reached when all the Fc present at the

electrode surface is oxidized back to Fc™.
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Figure 2. 16 (a) A typical cyclic voltammetry potential. (b) Voltammogram of the reversible reduction
of a1 mM Fc* solution to Fc, at a scan rate of 100 mV s %,

The separation between the two peaks potentials AEp = Epa - Epc is used to determine the

electrochemical reversibility for a redox couple with the following equation®:

AEp=59/n [mV] (at 25°C) (Eq.2.15)

This value is independent of the scan rate for fast electron transfer, in other words for
electrochemically reversible processes referred to as “Nernstian” processes. Indeed, if the
reduction process is chemically and electrochemically reversible, the difference between the
anodic and cathodic peak potentials, called peak-to-peak separation (AEp), is 57 mV at 25°C,
and the width at half max on the forward scan of the peak is 59 mV>L. By contrast, the presence
of electrochemical irreversibility is indicated by the increase of AEp values when the scan rate
increases.

Here, in this work, the electrochemical measurements were performed with our collaborative
laboratory ISA (Lyon, France) in a conventional one compartment-three electrodes cell. The
electrochemical cell is hermetically closed on one side with graphene and boron-doped
graphene electrodes, and on the other side, a planar platinum electrode was used as the counter

electrode. Ag/AgCl electrode was used as a reference. A multichannel potentiostat VMP3 was
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used for measurements and the results were recorded and analyzed using EC-Lab software from
BioLogic Science Instruments. The electrochemical characterization of graphene and boron-
doped graphene films were studied by CV starting from -0.2 V vs SCE to 0.6 V vs SCE repeated
3 times in a solution containing 5 mL of Fc-bismethanol 0.5mM and NaClO4 0.1M as support

electrolyte and the scan rate was 50 mV/s.

IVV. Conclusions

In this chapter, we presented the graphene and doped graphene synthesis method used in this
work. It describes in one hand the resistive evaporator used for nickel catalyst thin film, the
pulsed laser deposition (PLD) to obtain a carbon-based solid precursor, the rapid thermal
annealing (RTA) system utilize to convert the amorphous carbon into graphene-based material.
On the other hand, this chapter covers the different characterization methodologies and
techniques carried out to measure, at various scales, the physico-chemical and structural
characteristics of the films.

Indeed, the studied materials (carbon precursor and more particularly graphene) require careful
and precise characterization given the sensitivity of the information to small variations. We
have to take into consideration the specificities of graphene characterization which is often
considered “at the frontier” between material and surface science, taking into account, in
particular, the ultra-low film thicknesses (from one monolayer to a few ones) and surface
homogeneity, the constituting light elements (including N and B dopants, in addition to the
carbon skeleton), and the film sensitivity to irradiation damages during analysis.

In the following Chapter 3, we will present and discuss the study of the graphene growth
mechanism by carbon diffusion and segregation into the nickel catalyst through XPS analysis
and modeling.
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Chapter 3: Mechanism of graphene growth by
carbon diffusion-segregation through nickel catalyst:
an in situ XPS study

Using pulsed laser deposition for graphene growth, the carbon source is in the solid form as
when using the other PVD methods. However, despite several reports on graphene synthesis
using a solid carbon source and a metal catalyst, more investigations are needed to understand
the atomic-scale mechanism responsible for graphene synthesis.

In this chapter, we studied the growth mechanism of nitrogen-doped graphene obtained by
thermal heating of a typical a-C:N film deposited by PLD coupled with X-ray photoelectron
spectroscopy (XPS) experiments during the vacuum thermal heating process at different
temperatures and times. The results are obtained not only using the XPS and angle resolved-
XPS (AR-XPS) but also some ex-situ techniques such as Raman spectroscopy for graphene
identification, scanning electron microscopy (SEM) and electron backscattering diffraction
(EBSD) for the surface morphology and grains orientation. After analysis and interpretations,
our results are compared to the reported studies on the graphene growth mechanism using either
CVD or PVD methods.

This chapter is organized in four parts consecutive to the description of the experimental
protocol. In the first section, we analyzed the results of the surface morphology and grain
orientations of the annealed samples, which is after graphene synthesis. The discussion is
focused in particular on the nickel grain size and the nickel grain orientation consecutive to the
thermal treatment. In the second part, we examined in situ the chemical forms of carbon and
nitrogen, at the end of the annealing process responsible for the nitrogen-doped graphene
growth, and before cooling. In the third section, the kinetics of diffusion of the different
chemical forms of carbon deduced from in situ XPS snapshots, through the nickel catalyst
during thermal annealing at the investigated temperatures and times, are presented. In the last
part, we focused on the modeling of carbon diffusion-segregation through nickel thin film, as a

function of the same annealing conditions as for the XPS experiments.
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I. Experimental protocol

Graphene growth. This stage involves three main steps, as depicted in Figure 3.1: the
deposition of a-C:N film on the cleaned SiO> substrates using pulsed laser deposition (PLD),
the deposition of nickel thin film catalyst by thermal evaporation, and the thermal annealing
process responsible for the diffusion-segregation of carbon through nickel. Firstly, after
ultrasonically cleaned in acetone, ethanol and deionized water baths, the SiO2 substrate is
introduced in a vacuum chamber pumped at a base pressure of 107 mbar. Then, amorphous
carbon films are deposited by femtosecond pulsed laser ablation of high purity graphite target
(99.9995% purity) at room temperature with a nitrogen dose of about 16% (nitrogen gas
pressure of 0.1 mbar during the ablation process). The ablation time is about 3 min to obtain 10

nm of a-C:N film.

1. a-C:N deposition

Ni 2. Ni catalyst deposition
=

Si0
Thermal Evaporation
Pulsed laser: 60 fs - 800 nm - 5 J.cm™2 = Ni 150 nm

= a-C:N(16%) 10 nm

3. XPS analysis during heating 4. N-graphene formation

E

=
Thermal Heating
200 - 500°C in URV

Figure 3. 1 The synthesis process of N-doped graphene films, by thermal heating of a Ni/a-C:N/SiO;
with in situ XPS analysis.

Secondly, the a-C:N/SiO- substrate is placed in another vacuum chamber for 150 nm of nickel
thin film deposition using the resistive thermal vacuum evaporator described in chapter 2.
Lastly, the key point of this study is the thermal annealing coupled with the in-situ XPS analysis.
The Ni(150 nm) /a-C:N (10 nm)/ SiO2 samples were heated at 200, 300 and 500 °C with a
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heating ramp rate of 1 °C/s, in an ultrahigh vacuum pressure of 10° mbar, inside the XPS
chamber, as summarized in Table 3.1. Before the annealing, a slight argon sputtering was
performed followed by a survey spectrum (0-1400 eV) to check that only nickel was detected
at the surface of the samples. For each thermal treatment, no other elements were detected at
this step. After that, the samples were annealed using a resistive heater incorporated in the
sample holder to obtain time-resolved recordings of Cls and Ni2ps2 core levels. The
temperature was controlled using a combination of a thermocouple in contact with the surface
of the sample, and a pyrometer. For time-resolved analysis, fast acquisition of C1s and Ni2paz.
was performed in snapshot mode using the 128 channels of the energy-dispersive 2D detector
axis. Other details on XPS analysis have been described in chapter 2. Angle-resolved XPS
measurements were performed at the end of each treatment just before cooling, with an analyzer
pass energy of 50 eV. This pass energy gives a width of the Ag3ds/. peak measured on a sputter
clean pure Ag sample of 0.55 eV. It is worth noting that these measurements were acquired
thanks to the ability of the spectrometer to simultaneously collect several photoelectron
emission angles in the acceptance range of 60° without tilting the sample. Components of the
C1s peak were adjusted using line shapes consisting of a convolution product of a Gaussian
function (75%) and Lorentzian function (25%) for Cgis and Ccarbides and asymmetric lines shapes
for Cer and Cg components for which parameters (tail percentage, height, and exponent) were

adjusted on analyzed pure HOPG reference sample.

Heating Heating time from room In situ analysis during Ex-situ analysis
Temperature temperature annealing
Ramp: +1°C/s

200 °C 6 h 34 min XPS None

300 °C 6 h 24 min XPS Raman, SEM,
EBSD

500 °C 1 h 31 min XPS Raman, SEM,
EBSD

Table 3. 1 Experimental conditions for thermal heating of Ni/a-C:N/SiO; films, with in situ XPS during
heating and ex-situ complementary experiments.

Characterizations. The three samples obtained after thermal annealing at 200, 300 and 500°C
were also analyzed using other complementary ex-situ techniques. For the graphene structure

identification, Raman spectroscopy was performed at a wavelength of 442 nm. The scanning
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electron microscope and electron-backscattered diffraction (EBSD) were used to obtain the

morphological and microstructural information in our samples.

Il.  Morphology and microstructure analysis of the film after annealing

We investigated the morphology and microstructure analysis using a scanning electron
microscope and electron backscattering diffraction measurements on the following samples:
the as-deposited Ni on a-C:N/SiO, substrate, the deposited film Ni/a-C:N/SiO, annealed at
300°C and 500°C in the ultra-high vacuum XPS chamber.

As deposited

Figure 3. 2 SEM images of a) the as-deposited Ni/a-C:N/SiO; before annealing b) after annealing at 300
°C and c) after annealing at 500 °C performed in the ultrahigh vacuum in the XPS chamber. Electron
backscattering diffraction (EBSD) orientation map along the sample’s Z-direction of d) sample annealed
at 300°C and €) 500°C2.

We observe on the SEM images (Figure 3.2.a) that the as-deposited Ni on a-C:N/SiO; substrate
is very smooth without any revealed grains. After annealing at 300 and 500°C, we can observe
that the nickel grain structure was revealed in both images giving an average grain size of about
200 nm (Figure 3.2.b-e). Besides, the electron backscattering diffraction orientation maps
along the sample’s Z-direction of the annealed samples at 300°C and 500°C, presented in

Figures 3.2.d-e, indicate a (111) texture for both thermal treatments. It was reported that Ni

98



Mechanism of graphene growth by carbon diffusion-segregation through nickel catalyst: an in situ XPS study

(111) is ideal for epitaxial graphene due to its weak lattice mismatch of 1.3%?. Therefore, this
(111) texture observed in the samples annealed at 300 and 500°C could be favorable for

epitaxial graphene formation.

I1l.  Carbon and nitrogen chemistry after diffusing across the nickel layer

We performed the XPS measurements on the annealed samples at 200, 300 and 500°C. The
carbon chemistry was examined by assigning four components within the C1s spectrum based
on preceding interpretations related to graphene films obtained by using metallic catalyst34. In
their work, Weatherup and al.® considered that the graphene-catalyst interaction is based on the
binding energy shift of the graphitic (Csp?) component. Taking into account this interaction,
we also considered two components for graphene: a component Cgr centered at 284.4 +/-0.1 eV
for weakly interacting graphene layers and a component Cg located at 284.8 +/- 0.1 eV for
graphene that strongly interacts with the nickel catalyst. The function and parameters (binding
energy, full width at half maximum, peak asymmetry) for the Cor and Cg components were
determined using C1s spectrum measured on a pure HOPG reference sample. The two other
contributions in the C1s peak were a component Cg;s at 283.8 +/-0.1 eV corresponding to carbon
in solid solution Ni(C) interstitially dissolved in the metal catalyst and a component Ccaride at
282.9 +/-0.1 eV associated with the precipitation of nickel carbides. In addition, the N1s
spectrum at the end of thermal annealing at 500 °C (i.e. before cooling) was fitted with four
components as shown in Figure 3.3. The N/(N+C) ratio deduced from XPS analysis is about
4 at.%. and the four components observed on this N1s spectrum are interpreted based on
previous reported works*%-2, There were detected at 398.2, 400.1, and 401.5 eV for pyridinic,
pyrrolic, and quaternary (or graphitic) nitrogen configuration respectively, in the N-doped
graphene films, with a predominance of the pyrrolic configuration. An additional pyridinic
oxide configuration was detected at a higher binding energy of 403.9 eV. The Cg and Cgr
components certainly include the carbon-nitrogen bonds, but the low nitrogen concentration of
4 at.% did not enable the identification of their contribution. Besides, the amount of nitrogen
decreased during the transformation of a-C:N to nitrogen-doped graphene, from 16 to 4 at. %.
This may be probably due to the diffusion of nitrogen through the nickel catalyst during the
process. It is also worth mentioning that nickel nitride which was evidenced by an N1s peak at
binding energy at 395.8 eV°® were not detected which involves that no or few amounts of nitrides

(< 0.1 %at) were formed during thermal annealing. Our nitrogen content is comparable with
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what was found using the hydrothermal method® and thermal exfoliation of graphite oxide for

graphene doping with nitrogen’.
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Figure 3. 3 The N1s spectrum recorded at the end of the annealing treatment at 500 °C before cooling?.
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Figure 3. 4 XPS analysis of C1s at the end of annealing treatments with adjustments of C1 peaks using
the four components: a) at 200 °C; b) at 300 °C

Concerning the XPS spectra of C1s, Figure 3.4 shows typical adjustment using the four

previously described components of Cls spectra recorded in XPS at the end of thermal

annealing at 200 and 300°C (i.e. before cooling). The four carbon components are well defined,

and the components related to graphene (Cer and Cg) are already present at a temperature as

low as 200°C. For the annealed sample at 500°C, C1s spectra were recorded in XPS angle-

resolved mode for a photoelectron take-off angle of 35° and take-off angle of 65° (Figure 3.5a).

Indeed, the measurement at 35° is more bulk sensitive while the one at 65° is more surface
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sensitive. A comparison of the C1s peak fitting was done for the depth analysis, to obtain the
difference in the proportions of the component and the rules out the inhomogeneous
distribution. Figure 3.5b shows the logarithm of the ratio of 35° “bulk sensitive” and 65°
“surface-sensitive” emission angle intensities for each C1s components. Considering that, the
signal from a species arises from a layer buried beneath a layer of depth d; this value can be
expressed as follows:

~In [:iJ =d|[(1/Acos(35))-(1/Acos(65))|  (Ea3.1)

65°

Assuming the same electron inelastic mean free path A for the different components, the

logarithm of the intensity ratio gives a direct measurement of the relative value of d.
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Figure 3. 5 Angle-resolved XPS analysis of C1s at the end of annealing treatment at 500 °C before
cooling: a) adjustments of C1 peaks at two photoelectron escape angles using the four components, b)
relative depth plot based on the logarithm of the ratio of intensities at ©=35° and ©=65°, and indicating
the relative sensitivity to the surface of each component used to adjust C1s, ¢) Schematic in-depth
distribution based on the relative depth plot results of the carbon species: graphene weakly interacting
with Ni “component Cg,”, graphene strongly interacting with Ni “component Cg”, carbide “component
Cearbide” and carbon dissolved “component Cais™2.

Figure 3.5b shows the relative depth plot of the four C1s components and demonstrates that
Cer and Cg components are surface-sensitive, while Ccarige and Cgis components are bulk
sensitive (the Ccarbide COMponent is more bulk sensitive with respect to the Cgis cOmponent).

Based on these observations, a schematic distribution of the different carbon species is proposed
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in Figure 3.5c. The Cqr and Cg surface-sensitive components are associated with the
segregation of carbon and the growth of graphene layers at the surface of the sample. The
weakly interacting graphene layers tied to the Cer component is considered as additional
graphene layers or rotated graphene, while Cg is considered as strongly interacting epitaxial
graphene®1°. This difference in interaction is confirmed on the relative depth plot of Figure
3.5b, with a component Cer slightly more sensitive to the surface than Cg. On the other hand,
the Ccamide COMponent is bulk sensitive and may arise from the formation of nickel carbides*®.
It is worth noting that at the binding energy of the Ccaide COMpoOnNent, i.e. close to 283 eV, these
carbides are generally assigned to metastable NizC*? from which graphene growth mechanism

can be involved in solid state113,
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Figure 3. 6 a) Raman spectra of the N-doped graphene films after heat treatments at 300 °C and 500 °C
in an ultrahigh vacuum; b) Raman mappings (10 x 10 um?) of the l.o/lg and Io/lg intensity ratios related
to the N-doped graphene film synthesized at 500°C. The white mark corresponds to the location of the
spectrum depicted in (a). The values 0.30 and 0.23 correspond to the mean values of the lap/lc and Ip/lc
intensity ratios respectively over the mapped area; ¢c) Raman characteristics deduced from the spectra
depicted in Figure a and b.

For the graphene structure identification, we performed the Raman measurement on the
annealed samples at 300 and 500°C, and the interpretation of the Raman D (1350 cm™), G (1580
cm™) and 2D (2700 cm™) bands was based on the literature'*15, Figure 3.6a-c shows the Raman
spectra and the corresponding D, 2D, and G band positions and ratios, as well as the FWHM of

the 2D band and the crystallite size L, deduced from the Tuinstra-Koenig relation?®.
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For the annealed sample at 300 °C (after 6 h 24 min of thermal annealing), a wide low 2D band
was detected, consistent with the presence of a high defective graphene-like structure, far from
typical graphene in which the signature is a high narrow 2D band, as well as a low D band. For
the annealed sample at 500 °C (after 1 h 31 min of thermal annealing), the 2D band was
consistent with the formation of few-layer graphene, considering an Izp/lc ratio of 0.36, an
FWHM(2D) of 96 cm™ and an Ip/ls ratio of 0.12 consistent with a crystallite size of 76 nm.
Figure 3.6b shows the Raman mappings of the l.p/lc and Io/lg ratios for the graphene film
obtained at 500°C. The region related to the spectrum depicted in Figure 3.6a is localized by a
white mark in the Raman mappings. The average values of the ratios I.p/lc and Ip/lc are 0.30
and 0.23 respectively. The lp/lg ratio indicates the formation with of few-layer rather
homogeneous considering a standard deviation of 0.09 deduced from the 100 Raman spectra of
the mapping. However, the defects distribution in the sample over the probed area is more
heterogeneous, considering a standard deviation of 0.17 for the Ip/l ratio. These results are in
agreement with the previous works*’ reported on nitrogen-doped graphene synthesis using
PLD and CVD methods. Indeed, these authors reported the high temperature (700-900°C)
synthesis of nitrogen-doped few-layer graphene with 2 to 6 at % of nitrogen and the Ip/lg and
Ip/lg values ranging between 0.12-0.34 and of 0.21-0.8 respectively. Comparing our Ip/lg ratio
values to the previously reported values, one can suggest that the relatively high value of our
In/lG ratio can be due to the nitrogen doping without excluding the other structural defects such

as edges, wrinkles, etc...

The chemistry analysis of carbon and nitrogen diffusing from the a-C:N film across the nickel
layer revealed that the graphene growth mechanism can be described using the model of carbon
diffusion and interaction with the nickel catalyst, the presence of carbides and subsurface
carbon species. Our observation is consistent with the reported study on CVD growth
mechanism®. To evaluate the kinetics of carbon diffusion across the nickel film during the
graphene growth and to consider the changes and interactions between the carbons species

highlighted above, time-resolved XPS analysis was performed.

IVV. Carbon diffusion kinetics across the nickel catalyst film

Fast acquisition of C1s and Ni2ps photoelectron peaks, using the snapshot detector mode of
the spectrometer, were performed during in situ thermal annealing. Unfortunately, because of
the low concentration of nitrogen in the graphene film (4 at. %), we could not record the N1s

photoelectron peaks using the snapshot mode due to a too low intensity during the thermal
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annealing process. Indeed, this type of analysis needs fast acquisition during in-situ heat
treatment, which is achievable only above a certain peak intensity threshold that was not
reached here for nitrogen. Besides, it should also be mentioned that no particular effect of
nitrogen on the diffusion-segregation of carbon is expected here. In the case of the C1s peak,
the same function parameters defined previously for analysis of the angle-resolved spectrum
were used to fit the four components Ccr, Cs, Cdis and Ccarvide. Considering the distribution of
the different carbon species presented in Figure 3.5, the Cgr and Cg components intensities
were converted into monolayers using the following equations (In (Eq.3.2), Ccomp represents
either Cer, either Cg):

Iccomp
C.omp (MONOlayer) = Cls (Eq.3.2)

—d
| HOPG ol 1—exp| — —
Cls p Ieyi)/ser cos 0
| HOPG

where 15, is the intensity of the C1s peak measure on a pure HOPG reference sample, d =

0.335 nm s the thickness of a graphene monolayer, A2 the inelastic mean free path of a

photoelectron coming from the core level C1s and traveling through a graphene layer for which
we chose a value of 1.2 nm based on the work of Tyagi et al.'® and @ the photoelectron escape
angle with respect to the normal of the sample surface. As the Cais and Ccarbide COMponents were
assumed to be only distributed in the catalyst substrate, the intensities were converted into an
atomic percentage using the intensity of Ni2ps;2 and the following expressions equations (In

Eq.3, Ccomp represents either Cais, €ither Cearbide):

Ccomp
I Cls / FClS

Ccomp
ICls / I:Cls + I

Ceomp (%0at) = (Eq.3.3)

comp

I'F

Ni2 py, Ni2 py,

—d
__ asub
FA_X’A XGAXTAX{TXLE\XP[WJ_@_”} (Eq34)

where A8 is the inelastic mean free path of a photoelectron coming from the core level A
(A being either C1s, either Ni2ps/2) in the substrate “sub” or in the carbon segregated surface
film “layer”. o, is the Scofield ionization cross-section of core level A. T, is the transmission

function at the kinetic energy of the photoelectron coming from the core level A. The thickness

of the carbon-segregated layer is noted d and @ is the photoelectron escape angle with respect
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to the normal of the sample surface. The values of the inelastic mean free path in the segregated
carbon film were chosen based on the work of Tyagi and al.8, and those in the substrate were
estimated with the TPP2M method*®. The results are presented in Figure 3.7 which represents
the fraction of monolayer or atomic percentage of the four C1s components as a function of the
square root of the time since we can consider that the kinetics of the four components are driven
by the diffusion of carbon across the nickel catalyst layer.
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Figure 3. 7 Changes in the function of the square root of the time of surface sensitive components Cg
and Cg of Cls core level expressed as a fraction of the monolayer using Eq.3.2 and bulk sensitive
components Cearbige and Cais expressed in atomic percent units using Eq.3.3.2

Figures 3.7a-b show changes in the fraction of the monolayer of the carbon component that
weakly interacts with the nickel catalyst (Cer) during annealing, and the carbon component,
which interacts strongly with the nickel catalyst (Cg). These changes indicate the presence of
both types of carbon components even at a temperature as low as 200 °C. It is worth noting that
the unambiguous graphene Raman signature was only detected at 500 °C (Figure 3.2). This
can be explained by the small spatial extent of sp? regions at low temperatures and the fact that
XPS is more sensitive to local bonding than Raman while the latter is sensitive to the
organization, extent, and crystallite size of graphene domains?. The changes in Cer and Cg also
suggest that at low temperatures, the diffusion is abnormally fast since the Cg component was

detected at the surface after less than one hour (< t¥2 = 60 s¥2) at T=200 °C. This point shall be
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discussed in the following section on the modeling of carbon diffusion and segregation through
the nickel film. We also noted that the fraction of monolayer for each component never exceeds
a complete monolayer even when both contributions are summed. This can be partly explained
by the distribution of the crystallographic orientations of the surface. Among them, some
orientations are more favorable for graphene synthesis. In particular, Ni(111) has been reported
to be an ideal crystallographic orientation for growing epitaxial graphene!. Also, our electron
backscattering diffraction orientation map along the sample’s Z-direction of the sample
annealed at 300°C and 500°C indicates a (111) texture for both thermal treatments. Finally, at
500 °C, the presence of a plateau highlights a self-limited reaction that can be described by the
diffusion/segregation model. The changes in Ccamide, Shown in Figure 3.7c, show the
progressive formation of carbides at 200 °C and 300 °C that tends toward a value of 4%. At
500 °C, Ccarbide first exceeds this value and then starts to decrease due to the decomposition of
the metastable carbide. Note that the Cqis component appears to be stable when the carbides
start to decompose, suggesting that the released carbon does not remain in solid solution but is
probably used for graphene growth. Compared to the Cer component, which clearly shows no
change at t*2 = 30 s, Cg appears to increase slightly, suggesting that the released carbon is
used for growing graphene strongly interacting with nickel. Figure 3.7d shows changes in the
Cdis component that exhibits atomic concentration in the order of a few percents at the three
thermal annealing temperatures (7% at T=500 °C) which represent a large amount of carbon if
we consider that this component reflects the presence of dissolved carbon. In particular, the
expected equilibrium carbon in a solid solution for the nickel at room temperature is <0.01 at%
and in the order of 0.1 at% at 500 °C?%%2, As we already mentioned, one assumption is to

consider that carbon is segregated at nickel grain boundaries.

Analysis of nickel grain size using scanning electron microscopy and electron backscattering
diffraction Figure 3.2 b-e) showed an average grain size of 200 nm at the end of 300°C and
500°C thermal treatments. Considering the thickness of Ni film with surface equiaxed grains is
150 nm, if the carbon fills all the grain boundaries, this gives an average value of 0.1 atomic
percent. This assumption consequently fails to explain the large values associated with the Cais
component. Another possible explanation for the high concentration of dissolved carbon is the
type of carbon source used in this study, which was amorphous carbon. The measurements of
carbon solubility in nickel available in the literature are based on systems in which the carbon
source is graphite?>?2, not amorphous carbon. It has been demonstrated that the chemical

potential of carbon is significantly higher in amorphous carbon than in graphite??, which means
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that the amount of carbon expected to dissolve into nickel is higher when amorphous carbon is
used, rather than graphite. This could explain why the concentration of carbon dissolved in

nickel is so large in our study.
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Figure 3. 8 a ratio of the fraction of the Cg: to the Cs component as a function of dissolved carbon based
on the kinetics data at 200, 300, and 500 °C (Figures 3.7 a, b, and d). The sketches a,b,c, and d indicate
the effect of C dissolved on the growth of graphene strongly catalyst interacting with nickel (purple)
and weakly catalyst interacting graphene layer (purple) for the ranges delimited by dotted lines?.

The amount of dissolved carbon in the nickel catalyst is of prime importance because it interacts
with graphene. In particular, using in-situ XPS measurements and grand canonical Monte Carlo
simulation, Weatherup et al.> showed that, depending on its amount, the dissolved carbon could
weaken the interaction between an epitaxial graphene layer and the catalyst leading to the
growth of an additional second layer at the interface between the catalyst and the existing
graphene layer. It can also influence the interaction and thus the epitaxy of the graphene as it

forms.

Since the work of Weatherup et al.® was based on a chemical vapor deposition method, we
wanted to investigate whether this behavior will be the same in graphene synthesis via a solid
carbon source. Figure 3.8 shows the influence of the amount of carbon in solid solution on the

growth of graphene layers. The figure plots the two graphene components Cg//Cg ratio of the
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fraction of the monolayer of weakly interacting carbon with the nickel catalyst, to the one
strongly interacting carbon, as a function of the atomic percentage of carbon in solid solution
Cuis associated with this ratio at each time of the kinetics, at the three annealing temperatures.

We observed from this plot three domains:

e A domain with the amount of dissolved carbon < 2 at% where the ratio is weak, and
consequently most of the growing graphene is in the form of islands of monolayer
epitaxial graphene, with the main contribution coming from Cg (inset (a) in Figure 3.8).

e A domain with the amount of dissolved carbon between 2 and 4 at% where the ratio is
in the range of 1.3 to 1.5. If we consider a second layer growing between the catalyst
and the original islands of graphene monolayers, the ratio of Cgr to Cg should be equal
to exp(d/A/cosB) = 1.54. This suggests that in this domain, additional dissolved carbon
promotes the progressive growth of bilayer islands (insets (b) and (c) in Figure 3.8).

e A domain with the amount of dissolved carbon > 4 at% where the Cgr to Cg ratio is
close to 2.5. Such high concentrations of dissolved carbon in nickel additionally favor
the formation of weakly interacting graphene (Cgr) (inset (d) in Figure 3.8), as observed
by Weatherup et al.” using CVD synthesis method.

In summary, the analysis of the carbon diffusion kinetics highlights the following points. The
carbon diffusion across the nickel catalyst layer is very fast, giving rise to the formation of small
graphene islands on the surface of the nickel grains, even at low temperatures. The carbon
diffusion triggers the formation of metastable nickel carbides that quickly reach equilibrium at
low temperatures but start to decompose at 500 °C, implying that nickel carbides are not the
major source involved in the formation of graphene at temperature < 500°C. The behavior of
the Cqis component reveals that the nickel subsurface is oversaturated with carbon with amounts
that can reach 7 at% at 500 °C. Even though it is impossible to unambiguously define the nature
of these subsurface carbon atoms (interstitially dissolved or Ni2C), their presence appears to
influence the graphene growth mechanism as already reported in the chemical vapor deposition
method’. In particular, at low temperatures (T< 500 °C), three domains of subsurface carbon
content were identified. For the sake of better understanding the carbon diffusion and
segregation through the nickel catalyst film, a model was developed to confront the XPS

measurements.
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V. Modeling of carbon diffusion and segregation through the nickel thin film

1. Modeling background

The modeling is schematically illustrated in Figure 3.9. The solid amorphous carbon located

below the nickel film is considered as an infinite source of carbon.
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Figure 3. 9 A schematic illustration of the diffusion-segregation model used to fit the experimental
kinetics measured using XPS. C; is considered constant over time at a given temperature (Dirichlet
boundary condition). Meshing: one hundred slices in the 150 nm nickel film.

The concentration of dissolved carbon C; on the underside of the nickel film, i.e. close to the a-
C/Ni interface, is fixed (Dirichlet boundary condition). This term is adjusted for each
temperature but it is considered constant over time during annealing at a given temperature.
Carbon diffusion across the nickel film is calculated using the usual 2™ Fick’s law (Eq.3.5):

o< _poc

o P (Eq.3.5)
Where C is the carbon concentration (m™) at depth x and D is the carbon diffusion coefficient
in nickel (m? s'). The formation of a carbon-rich film on the nickel surface is treated here as a
surface segregation phenomenon. The two types of carbon located at the surface (Cg and Cs)
are considered here as "surface segregated" carbon. The used model to describe carbon surface
segregation has been implemented by F. Christien from Ecole des Mines Saint-Etienne. It is
based on the Darken-du Plessis approach for interface segregation, which is described in detail
in several references?324, This approach has been successfully tested in various complex surface
segregation conditions?>28, The carbon flux J (m™ s™') from the nickel to the segregated layer

is given by (Eq.3.6):
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;_DC.au
RT ox
where T is the temperature (K), R is the gas constant (R = 8.314 J.mol"'.K'!), C; is the carbon

(Eq.3.6)

concentration (m™) in nickel in contact with the segregated carbon (see Figure 3.8) and ou/ox
is the gradient of the chemical potential of carbon at the interface between the nickel and the
segregated layer. Ox depends on the mesh size chosen in the calculation. The chemical potential

au is given by (Eq.3.7):

0
X,(1-0)

where AG is the surface segregation free energy of carbon, X; and C; are respectively the molar

ou=—-AG—RT In , withX, =C,/C,, and §=C,/C,,,, (Eq.3.7)

fraction and the concentration (m™) of carbon in nickel in contact with the segregated carbon,
Cni is the number of nickel atoms per unit volume of nickel (m™), Cs is the carbon concentration
in the segregated layer (m?), Cuux is the maximum carbon concentration possible in the
segregated layer. The structure of the segregated layer is treated here as a graphene layer so that
Chax is the number of carbon atoms per unit surface in a full graphene layer (3.82 10! m?). ¢
is the coverage ratio. Eq.3.7 is derived from the expressions of the chemical potential of carbon
dissolved in nickel and carbon in the segregated layer. Finally, the time-dependence of the
carbon concentration in the segregated layer is simply obtained using the following equation

(Eq.3.8):

oC,
ot

The differential equations above were solved using a finite difference method implemented in

=J  (Eq3.8)

a bespoke Matlab program. The odel5s solver?® was used and the fitting was performed.

To compare with the XPS measurements, the calculated C; concentration (concentration in the
bulk just below the segregated layer) and the calculated Cs concentration (carbon concentration
in the segregated layer) were compared to Cuis and Cgr+ Cp values measured by XPS
respectively. It worth mentioning that only the carbon diffusion-segregation is addressed by the
modeling. Therefore, nitrogen is not taken into account because of its low content measured by
XPS. Consequently, no particular effect of nitrogen on the diffusion-segregation behavior of

carbon is expected.
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Symbol = Value Comment
Nickel thickness 150 nm
Annealing temperature T 500, 300 and 200 °C
Number of nickel atoms per unit Cyi 9.1 10® m?
volume in nickel
Maximum carbon concentration in  Chax 3.82 10" m? See text
the segregated layer
Fixed carbon concentration on the = C; 7.0%at. at 500 °C Adjusted

underside of nickel 6.2% at. at 300 °C

4.5% at. at 200 °C

The carbon diffusion coefficientin = D 4 Lander®
: ) 4 168 kJ.mol s 4
well-crystallized nickel 248 10" exp| -——————— | m°s
RT ( K )
Accelerated carbon diffusion D 1.1 10"¥ m? s at 200 °C Adjusted
coefficient

3.0 10" m? s at 300 °C
Surface segregation free energy of = AG -18.8 kJ mol™! at 500 °C Adjusted
carbon in nickel -13.6 kJ mol"! at 300 °C
-9.8 kJ mol ™! at 200 °C
Table 3.3. Modeling inputs.

2. Modeling results

The modeling was performed in two steps. In the first step, bulk diffusion of carbon in nickel
was assumed. Lander’s temperature-dependent diffusion coefficient was considered (see Table
3.3). Figures 3.9a-b show the time dependences calculated for segregated carbon and dissolved
carbon at 200, 300, and 500 °C respectively, together with the corresponding experimental
measurements. The circles represent the experimental carbon surface concentrations (Cg: + Cg)
measured using XPS. It worth recalling that the used ramping rate to reach the annealing
temperature i1s 1K/s. The arrows in all Figure 3.10 indicate the time at which the annealing
temperature is reached. The temperature dependence of the diffusion coefficient was taken into
account in the model. The Cij and AG terms were adjusted to 7% at. and -18.8 k] mol™
respectively to obtain the correct dissolved and segregated carbon concentration at equilibrium
at 500 °C. The modeling is in good agreement with the measurements of the annealed sample

at 500°C. A sudden rise in the concentration of dissolved and segregated carbon is observed at
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t12 ~ 20 s'2, i.e. t = 400 s, which corresponds to the very end of the temperature ramp (T ~ 450
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Figure 3. 10 (a) Surface segregation kinetics of carbon during annealing at 200, 300 and 500 °C using
the bulk diffusion coefficient of carbon in nickel; (b) Time dependence of dissolved carbon
concentration just below the segregated layer during annealing at 200, 300 and 500 °C using the bulk
diffusion coefficient of carbon in nickel; (c) Surface segregation kinetics of carbon during annealing at
200 and 300 °C using an accelerated diffusion coefficient of carbon in nickel; (b) Time dependence of
dissolved carbon concentration just below the segregated layer during annealing at 200 and 300 °C using
an accelerated diffusion coefficient of carbon in nickel.

The good agreement between the modeling and the measurements suggest that the assumption
of bulk diffusion of carbon is correct for the annealed sample at 500 °C. However, this is not
the case for the two other temperatures. The modeling shows almost no carbon segregated, nor
dissolved, even after 20,000s at 200 °C or 300°C (Figures 3.10b). This is in strong
disagreement with the experimental data, which shows a significant amount of segregated and
dissolved carbon at those temperatures. We can conclude that the effective diffusion coefficient
of carbon in the nickel film at 200 °C and 300 °C is certainly far larger than the bulk diffusion
coefficient used in the first step of the modeling. The carbon diffusion behavior observed here
is related to the nanostructure and defects (vacancies, dislocations, grain boundaries) density of

the nickel thin film.
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In the annealed sample at 500 °C, the nickel thin film is likely to recover (or even recrystallize)
very fast1:32, Therefore, carbon diffusion proceeds mainly in a recovered microstructure with
a low defect density. However, at 200 °C and 300 °C, the recovery does not take place or at
least is much slower than at 500 °C. Consequently, the nickel continues to exhibit a high defect

density for longer, which strongly accelerates carbon diffusion3%3,

In the second step, the accelerated carbon diffusion coefficient was included in the model at
200 °C and 300 °C. Three terms had to be readjusted at each temperature to fit the time
dependence of segregated (Cer + Cg) and dissolved (Cqis) carbon: the accelerated diffusion
coefficient, the segregation free energy, and the carbon concentration on the underside of nickel
Ci term. The adjusted values are listed in Table 3.3 and the plots are shown in Figure 3.10 c-
d. The diffusion coefficient obtained by fitting at 200 and 300 °C is by one or several orders of
magnitude higher than the Lander diffusion coefficient (bulk diffusion). The accelerating factor
(ratio of the actual diffusion coefficient to the bulk diffusion coefficient) is 25 at 300 °C and is
as high as 16,000 at 200 °C. This shows that the acceleration of diffusion due to the crystal
defects in the nickel thin film is more efficient at low temperature, which is consistent with a

higher defect density in the nickel thin film.

To conclude this section, one can say that using the modeling based on the Darken-du Plessis
approach for interface segregation, we were able to describe carbon diffusion-segregation
through the nickel thin film. We found that in the annealed sample at 500 °C, the transport of
carbon across the nickel thin film is mainly governed by bulk diffusion. This can be explained
by the very fast recovery of the nickel microstructure so that carbon diffusion takes place in a
fully recovered microstructure. On the contrary, in the annealed sample at 200 and 300°C, the
transport of carbon is faster than bulk diffusion by one or several orders of magnitude. This is
consistent with a very slow recovery of the nickel thin film. Consequently, the defect density

remains very high, which allows accelerated carbon diffusion.

VI.  Summary

This chapter covers the understanding of carbon diffusion and segregation through nickel thin
film during graphene synthesis at low temperatures (up to 500°C). To this scope, our samples
were investigated by in situ XPS probing during the thermal heating process. Moreover,

modeling was performed for a better understanding of the carbon diffusion-segregation
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mechanism through nickel thin film at different low temperatures. As a result, on one hand, this
study shows that up to 500°C, the growth of graphene is driven by the presence and content of
subsurface carbon (dissolved carbon in nickel). This subsurface carbon changes the interaction
between graphene and catalyst, which results in the growth of epitaxial monolayer to bilayer
and rotated graphene domains as the amounts of subsurface carbon increases. Furthermore,
from 500°C, the decomposition of metastable NisC is observed and can act as another catalyst
phase in graphene growth. On the other hand, the time-resolved XPS measurement and the
modeling demonstrated the primary role played by the microstructure and defects density of the
catalyst in the case of synthesis from a solid carbon source. Indeed, at low temperatures (200-
300°C), the carbon diffusion in nickel catalyst is accelerated due to the high defect density of
the nickel film, which is on its turn due to the slow recovery of the nickel microstructure. In
contrast, at T=500°C, carbon transport is mainly governed by bulk diffusion due to a fully
recovered nickel microstructure. Our findings are in agreement with the reported works on the
graphene growth mechanism using the CVD method that uses carbonaceous gases as carbon
sources. In summary, this study allows us to describe the graphene synthesis using a solid

carbon source at low temperature.
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Chapter 4: Parametric studies for the optimization
of graphene synthesis by PLD and RTA

After the study of the mechanism of graphene growth at low temperature in the previous chapter
3, this chapter looks at the synthesis of graphene in a controllable fashion by varying several
parameters. The studied parameters to optimize the graphene growth include the substrates, the
amorphous carbon thickness, the initial nickel thickness, and the annealing temperature. All
together permit to obtain optimized continuous graphene with bilayer predominance using the
combination of pulsed laser deposition (PLD) and rapid thermal annealing (RTA) methods.

This chapter comprises three sections as illustrated in Figure 4.1. The first part is devoted to
the influence of the substrate on the synthesized graphene, the choice of deposition sequence,
and the suitable annealing condition for the graphene growth. The second part concerns the
effect of the initial thickness of the amorphous carbon and annealing temperature on the
graphene synthesis. Finally, the last part investigates the starting thickness of the nickel catalyst

effects on the synthesized graphene.

Substrate effect

Ni (60 nm) Ni (60 nm) m
_ Annealing condition 2 Annealing condition 2

\ r y
Choice of deposition sequence Effect of the initial Effect of the initial
P q thickness of a-C thickness of nickel catalyst

.

N

| Choice of the annealing condition

Ni (50 nm) Ni (50 nm)

Y > A 2 > v
SECTION | SECTION Ii

Figure 4. 1 Description of the three parts of this chapter: section I: substrate effect on graphene growth,
choice of deposition sequence, and annealing condition. Section II: influence of the thickness of
amorphous carbon on the graphene growth. Section Ill: impact of the nickel catalyst thickness on
graphene synthesis.
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I. Effect and choice of suitable substrate, deposition sequence and annealing
condition for the graphene synthesis

This section highlights first the substrate effect, second the stacking order of the metal /
amorphous carbon films effect on the nanostructure of the graphene film, both within an

annealing condition range.

1. Substrate effect on the graphene growth

A better understanding of the impact of the substrate on the nature and quality of the resulting
graphene is vital for potential applications. One of the objectives of this section I is thus to
synthesize graphene on two different typical substrates, crystalline silicon Si(100) and
amorphous SiO; as illustrated in figure 4.2. Indeed, most graphene studies published in the
literature report synthesis on those generic substrates more dedicated to electronic applications
for Si, and optical applications for SiO.. We used Raman micro-spectroscopy mapping to
examine the influence of modifying the substrate and/or growth temperature (600-1000°C) of
graphene synthesis. Several samples were prepared on both substrates at different conditions as

shown in Table 4.1.

Ni source

Csource

Nickel silicides
Ni(Q
) Graphene

“ RTA . L
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Si
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Figure 4. 2 Synthesis route of graphene obtained by combining pulsed laser deposition and rapid thermal
annealing on both Si(100) and SiO substrates. The formation of nickel silicides with the Si(100)
substrate is detailed in the following paragraphs.
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Graphene precursor & substrate RTA temperature Sample label

Graphene on Si(100)  Ni(60 nm)/a-C(10 nm)/Si(100) 1000°C G-Si-1000
Ni(60 nm)/a-C(10 nm)/Si(100) 900°C G-Si-900
Ni(60 nm)/a-C(10 nm)/Si(100) 800°C G-Si-800
Ni(60 nm)/a-C(10 nm)/Si(100) 700°C G-Si-700
Ni(60 nm)/a-C(10 nm)/Si(100) 600°C G-Si-600

Graphene on Ni(60 nm)/a-C(10 nm)/SiO, 1000°C G-Si0,-1000

SiO: Ni(60 nm)/a-C(10 nm)/SiO> 900°C G-Si0,-900
Ni(60 nm)/a-C(10 nm)/SiO> 800°C G-Si0,-800
Ni(60 nm)/a-C(10 nm)/SiO> 700°C G-Si0,-700
Ni(60 nm)/a-C(10 nm)/SiO> 600°C G-Si0,-600

Table 4. 1 The samples and their growth conditions. RTA annealing was performed in a low vacuum at
5% 102 mbar for 600 s, preceded by a +15°C/s heating ramp and followed by cooling limited to -1°C/s.

a. Influence of substrate on the synthesized graphene as a function of the annealing
temperature

To study the influence of both Si(100) and SiO> substrates on the synthesized graphene, Raman
mapping of 20 x 20 um? (each integrating 400 Raman spectra) was carried out on representative
areas for each sample. After measurements, we processed the mappings for the following

characteristics: Ip/lg and l2p/lc intensity ratios, 2D peak FWHM, as well as D, G, and 2D peak

positions.
Graphene on Si(100) Graphene on SiO,

RTA temperature | 600°C | 700°C | 800°C | 900°C | 1000°C | 600°C | 700°C | 800°C | 900°C | 1000°C
I/ 0.297 | 0.317 | 0.343 | 0.459 | 0.463 0.293 | 0.269 | 0.271 | 0.174 | 0.140
Std dev 0.005 | 0.008 | 0.034 | 0.08 |0.031 |0.011 |0.022 | 0.016 | 0.034 | 0.052
La (nm) 31 29 27 22 20 31 34 34 55 74
Std dev 0.5 0.7 6 11 1 1 6 6 11 26
Lo/l 0.438 | 0.477 | 0.409 | 0.431 | 0.340 0.412 | 0420 | 0.489 | 0.721 | 0.706
Std dev 0.012 | 0.015 | 0.039 | 0.085 | 0.025 | 0.012 | 0.042 | 0.028 | 0.065 | 0.118
2D position 2742 | 2739 | 2739 | 2748 | 2754 2743 | 2741 | 2737 | 2733 | 2732
Std dev 0.8 1 2 3 6 4 3 1 2 3
2D FWHM 111 109 110 113 119 108 109 107 87 77
Std dev 1 2 6 14 7 3 6 3 4 6
G position 1577 | 1576 | 1575 | 1584 | 1583 1580 | 1579 | 1576 | 1574 | 1573
Std dev 0.5 0.6 3 4 2 1 3 2 0.8 1
D position 1367 | 1365 | 1365 | 1373 | 1373 1373 | 1374 | 1367 | 1361 | 1360
Std dev 0.6 0.7 1 2.5 3 2 3 1 2.5 3

Table 4. 2 Average values and their standard deviations of the Raman characteristics resulting from the
400 Raman spectra performed on representative areas of the synthesized graphene and presented as
Raman mappings in the following paragraphs.

Table 4.2 lists the mean values and standard deviation of these characteristics for each sample
averaged from each set of 400-recorded spectra. Figures 4.3a, b show the Raman mapping of

the Ip/lc intensity ratio and La crystallite size for samples grown at all temperatures, on Si and
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SiOy, respectively. On the Si(100) substrate, the mean intensity ratio Ip/lg increases with the
growth temperature from 0.297 to 0.463. This suggests a reduction in the mean crystallite size
from 31 to 20 nm as observed in the maps of La. This effect is illustrated in Figure 4.4a with
the plot of Ip/lg ratio and crystallite size La as a function of the growth temperature. On the
SiO2 substrate, the opposite behavior was observed (as shown in Figure 4.4b): the mean
intensity ratio Ip/lc decreases from 0.293 to 0.140 with the raise of the growth temperature.
This was associated with the increase in the mean crystallite size from 31 to 74 nm. These
results suggest that the synthesized graphene using SiO: substrate contains lower defects

density and larger crystallites compared to the one obtained on Si(100) substrate.
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Figure 4. 3 (a) Io/le and La Raman mapping of as-grown graphene at temperatures ranging from 600-
1000°C on Si(100) with their mean values, (b) Io/ls and L. Raman mapping of as-grown graphene at
temperatures ranging from 600-1000°C on SiO- with their mean values.

Figure 4.5a, b show Raman mapping of the I2p/lc intensity ratio and the FWHM of 2D peak
for graphene grown at all annealing temperatures, on Si(100) and SiO>, respectively. On the
Si(100) substrate, the mean value of Iop/lg ratio globally decreases (albeit non-monotonically)
with the increase of annealing temperature, from 0.438 to 0.340 (as seen in Figure 4.4a),
whereas the mean value of FWHM (2D) increases slightly from 111 to 119 cm™. This suggests
that the number of graphene layers increases with increasing the growth temperature. The
opposite behavior was observed on the SiO» substrate, where the number of graphene layers
decreases with an increase in the growth temperature from 600°C to 1000°C. As shown in

Figure 4.4b, the mean value of the Iop/lg intensity ratio augments from 0.412 to 0.721, and the
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FWHM (2D) mean value diminishes from 108 to 77 cm™ with the increase of the growth
temperature. These results suggest that the synthesized graphene on SiO; substrates presents

fewer layers with respect to the synthesized graphene using Si(100) substrate.
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Figure 4. 4 Plots showing dependence on growth temperature as a function of the average value of I/l
ratio, crystallite size (La), l.o/lc ratio and the FWHM (2D) for the synthesized graphene: (a) on Si (100);
(b) on SiO..
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Figure 4.5 I,p/lgand 2D (FWHM) Raman mapping of as-grown graphene at temperatures ranging from
600-1000°C, with their average values (a) on Si (100), (b) on SiO5.

Figure 4.6 shows typical Raman spectra extracted from the mapping of each of the samples
detailed in Table 4.2. The major peaks characteristics of graphene D, G, and 2D are visible,
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with some minor peaks such as D+D’’ near 2450 cm™, D+G near 2950 cm™ and 2D’ near 3250
cm, all already observed in some graphene films®2. The red insert in Figure 4.6b presents the
2D peak deconvolution of a Raman spectrum from the graphene film obtained at 1000°C on
SiO.. The 2D peak is deconvoluted into four components each with an FWHM of 28 cm™.
According to Malard et al.?, this is the fingerprint of bilayer graphene. It is worth mentioning
that some of the spectra extracted from the mapping of this sample had a substantially larger
2D peak, which was deconvoluted into 6 components (with an FWHM of 28 cm™), which is

consistent with trilayer graphene.
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Figure 4. 6 Typical experimental (black) and fitted (blue) Raman spectra of the synthesized graphene
films at temperatures ranging from 600-1000°C: (a) on Si (100), (b) on SiO- (the red insert corresponds
to the deconvolution of the 2D peak of the spectrum of graphene at 1000°C on SiOy).

Here, we considered that high-quality graphene should exhibit low I/l and high I2p/lc ratios.
From the Raman mapping of Ip/lg and l2p/lg ratios, it appears that, for each substrate, graphene
films with the lowest defects content and number of layers were G-Si-600 and G-SiO2-1000.
The G-Si-600 film exhibited Ip/lg and Iop/lg ratios of 0.297 and 0.438 respectively, whereas
the G-SiO2-1000 film exhibited Io/lc and l2p/lg ratios of 0.140 and 0.706 respectively. We

evaluate the layer number predominance on the surface of both samples based on I2p/lg ratios
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values as described in the Raman spectroscopy section of Chapter 2 of this thesis. Therefore, a
statistical analysis of the number of graphene layers was performed based on the I>p/lc values
deduced from the 400 spectra recorded on each sample. This analysis quantified the distribution
of the lop/lg values between their minimum and maximum values for each graphene film. As
depicted in Figure 4.7, 12o/lg varied from 0.40 to 0.46 in the Graphene-Si-600 sample, whereas
Ip/lg varied from 0.40 to 1.10 in the Graphene-SiO2-1000 sample. Based on these statistics,
multilayered (>5) graphene is present on 100% of the Graphene-Si-600 sample. Whereas, in
the Graphene-SiO,-1000 sample, 90% of the spectra present an l2p/lg ranging from 0.65 to 1.10,
indicating the formation of predominant 2—-3 graphene layers on the SiO> substrate. Therefore,
we concluded that the Graphene-Si-600 sample has a rather homogeneous architecture
comprised of 100% of multilayered graphene, while the Graphene-SiO2-1000 sample

predominantly exhibits a bi- and trilayer architecture.
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Figure 4. 7 (a) Histogram of the I.p/lg intensity ratio measured by Raman spectroscopy of 400 graphene
films of (a) G-Si-600 sample, (b) G-SiO,-1000 sample.

b. Identification of nickel silicide phases when using Si(100) substrate and the related
effect with the annealing temperature

To understand the rather different impacts of the increase of the annealing temperature on the
graphene synthesis when using crystalline Si(100) and amorphous SiO; substrates, we studied
the reactivity of the Ni catalyst layer with the substrate. Indeed, the diffusion of Ni atoms into
Si# and SiC®® substrates during annealing and the concomitant formation of nickel silicide

phases have already been reported. This can affect the diffusion of the carbon through the Ni
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catalyst as well as nature (number of layers, defects, etc.) of the resulting graphene films.
Herein, the nickel silicide formation using Si(100) substrate was studied by Raman
spectroscopy in the 100 to 500 cm™ shift range, with laser excitation at 633 nm, as shown in

Figure 4.8a.
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Figure 4. 8 Raman spectra at 633 nm for as-grown graphene with various growth temperatures from 600
to 1000°C (a) On Si(100) substrate, (b) On SiO, substrate.

The Graphene-Si-600 sample (annealed at 600°C) exhibited no Raman peaks in this spectral
region, suggesting that no nickel silicide is formed at this temperature. This could explain the
small number of defects in the sample compared with the other samples synthesized at higher
temperatures in the similar Si(100) substrate. Besides, the Ip/lc mean ratio (0.297) of the
Graphene-Si-600 sample was quite close to the one (0.293) of Graphene-SiO2-600 (as other
Raman characteristics, Table 4.2), also annealed at 600°C, meaning that at such low
temperature, both synthesized graphene are very similar irrespective of the substrate. At higher
growth temperatures, the Raman response evolves very differently in both substrates, which
can be correlated with the nickel silicide formation on the Si(100) substrate. According to
Raman spectral data in the literature’*!, Ni,Si, NiSi, and NiSiz nickel silicide phases exhibit
peaks at 100 and 140 cm, 190 and 215 cm™ and 230, 295, 320, and 370 cm%, respectively. In
this study, low wavenumber peaks related to Ni,Si were never detected irrespective of the

annealing temperature. Bhaskaran et al.** observed significant background noise in the spectra
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in this region and concluded that the presence of the Ni,Si phase, formed by thermal processing
of a Ni thin film on a silicon substrate, could not be confirmed. A peak near 120 cm™ (within
the 117 and 123 cm™ range) was found at all temperatures, except surprisingly at 700°C. Huong
et al.12 assigned the peak near 120 cm™ to cylindrical graphene walls, but it was not possible
to confirm their attribution here. At 700°C, the peaks matching the formation of NiSi were
observed, along with weak peaks likely corresponding to NiSi.. Indeed, we cannot exclude the
formation of a disilicide nickel phase, which is less Raman sensitive than the NiSi phase. At
800°C and above, only the NiSi> Raman broad peaks were observed at wavenumbers ranging
from 227 to 400 cm, while the intensity of the Raman signal of the NiSi phase decreases,
which may be consistent with the transformation of the NiSi phase into the NiSi. phase at the
highest temperature. At this point, it is worth noting that all Raman spectra were acquired with
the same integration time (30 s). Furthermore, no nickel silicides phases were observed when
the graphene was synthesized on the SiO- substrate, whatever the temperature, as illustrated in
Figure 4.8b. The presence of nickel silicide phases is certainly responsible for the differences
in the evolution of the Raman responses between the Si(100) and SiO> substrates.
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Figure 4. 9 (a) D, G, and 2D positions Raman mapping of as-grown graphene at temperatures ranging
from 600-1000°C, with their average values (a) on Si (100), (b) on SiOx.
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In addition to Raman mapping of peak intensity ratios and peaks FWHM, the D, G, and 2D
peak positions were also mapped (as shown in Figure 4.9). In parallel to the study of I.p/lc and
In/lG, the evolution of those positions as a function of the growth temperature is presented in
Figure 4.10 for each substrate. In general, the G peak position follows the Ip/Ig ratio evolution,
in good agreement with what was observed on graphite!®, with both values increasing with the
clustering and the reduction in crystallite size. However, one cannot exclude the influence of
compressive stress leading to the G peak upshift, as already reported in other studies'46. This
can be a concern especially in the case of nickel silicide formation leading to a surface texturing
of the substrate during post-annealing cooling of the films. Here, the increase or decrease in the
2D peak position can be correlated with an opposite tendency of the Iop/lg ratio. This is to be
expected when referring to the literature, as the increase in the number of graphene layers
upshifts the position of the 2D peak®>-'’. Here, the position of the D peak evolves in the same
way as the position of the G peak and the Ip/lg ratio. Relatively few opinions have been
expressed in the literature about the position of the D peak, but we suggest that the increase of
clustering leading to the G peak upshift might induce the same effect on the D peak position.
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Figure 4. 10 D, G, and 2D peak positions depending on growth temperature for graphene grown (a) on
Si(100), (b) on SiO..

When considering the SiO> substrate, the rise of the annealing temperature has a better influence
on graphene quality. An increase in lp/lg, a decrease of Ip/lg, and a decrease in the positions
of the D, G, and 2D peaks indicate that the synthesized graphene has fewer layers and lower

defects density. Therefore, it appears that high-quality graphene is obtained at higher growth
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temperatures, which is not the case when graphene is synthesized on the Si(100) substrate. With
this last substrate, the impact of temperature appears to be negligible, or at least comparable
with what happens on SiO2 up to 800°C. However, temperatures of 900°C and 1000°C have a
detrimental effect on graphene quality, with I2p/lc decreasing and the other parameters
increasing (Io/lg, D, G, and 2D positions). This results in multilayered and more defective

graphene in the case of Si (100).

Moreover, as can be seen in Figure 4.10, these opposite effects arise precisely when the most
distinctive features of NiSi> are present in the Raman signature of the films. Therefore, we
concluded that a high annealing temperature is beneficial for the quality of graphene grown
using a nickel catalyst, except when the nickel reacts with the substrate. Indeed, it appears that
when nickel silicides grow on the surface of Si substrates, less catalyst is available to produce
graphene during annealing. If one considers that the Ni is consumed during graphene growth,
increasing the temperature optimizes the consumption in the case of SiO., but not in the case
of Si, as part of the Ni is consumed to form nickel silicide. The formation of such nickel silicide
phases reduces the proportion of the metallic nickel phase in which carbon may diffuse towards
surface segregation for graphene growth. Thus, with Si (100), a higher proportion of carbon
segregates at the surface, compared to what is observed with SiO2 with no nickel silicide phase
formation. Such a difference may explain why, with Si (100), the graphene film is thicker and

multilayered, whereas with SiOz it is thinner with mostly 2-3 layers.

To conclude the first part of this section in which we have compared the nature of the
synthesized graphene on two different substrates (crystalline Si(100) and amorphous SiO>),
from a similar amorphous carbon film, in similar thermal conditions, we can note these

following points:

e A quite similar graphene film covers the two different Si(100) and SiO; substrates, with
an identical a-C/Ni top layer when growth occurs at 600°C. Growth at temperatures
ranging from 700 to 1000°C induces very different behavior of the Raman signal,
highlighting a significant effect of the substrate on the nanoarchitecture of the graphene
film. The nickel silicide formation between 700 and 1000°C, particularly above 900°C,
is responsible for such a difference.

e On the Si(100) substrate, rising the growth temperature leads to the synthesis of
defective multilayered graphene film, with a decrease in the crystallite size with

temperature.
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e On the SiO; substrate, rising the growth temperature results in less defective graphene
films mainly comprised of 2-3 layers with larger crystallites.

These abovementioned results underline the fact that, beyond parameters such as annealing

temperature and synthesis conditions, the choice of an appropriate substrate for growth of

graphene from a solid source using a nickel catalyst is paramount to control the properties of

graphene, including the number of defects and the number of layers. From these results, the

following studies in the further section of this chapter will use the SiO. substrate for graphene

synthesis.

2. Effect of catalyst / amorphous carbon deposition sequence on graphene synthesis

As reported in chapter 2, we used the Ni/a-C stacking order for the study of graphene synthesis
mechanism through the carbon diffusion into the nickel catalyst. In the first part of this section,
we used the same deposition sequence for the study of the substrate impact on the synthesized
graphene. Here, the goal is to analyze the difference between the resulting graphene from both
deposition sequences (Ni/a-C/SiO. and a-C/Ni/SiO2), from two different synthesis conditions
(condition 1: 900°C, 10 min, 15°C/s and -1°C/s and condition 2: 900°C, 7 min, 15°C/s and -
0.5°C/s) and to choose those which are suitable for the rest of our research work.

Figures 4.11a-b show respectively the Raman mapping of I/l and Ip/lg for the synthesized
graphene using both deposition sequences Ni/a-C and a-C/Ni. From these mapping, we
observed that the synthesized graphene using Ni/a-C stacking order present slightly higher
I/l compared to the one produced using the a-C/Ni deposition sequence. The Ip/lg values are
quite similar, suggesting that the defect density in both graphenes are the same. Figure 4.11c
shows the extracted Raman spectra from the maps related to both deposition order. These
spectra present the same characteristics as the mapping with a higher 2o/l ratio for the Ni/a-C
stacking order and similar defect density for both as indicated by the very close values of Ip/lc.
All these results pointed out on the one hand that graphene always grows irrespective of the
deposition sequence. On the other hand, the resulting graphene from the deposition order Ni/a-
C is a bit better in terms of the I.p/lc ratio, meaning that this deposition sequence gives slightly

thinner graphene with respect to the other stacking order a-C/Ni.
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Figure 4. 11 (a) Raman mapping of Iop/lg and lo/lg ratios over 20 x 20 um? region for the synthesized
graphene using Ni/a-C stacking order. (b) Raman mapping of l.p/lg and Ip/lg ratios over 20 x 20 um?
region for the synthesized graphene using a-C/Ni stacking order. (¢) Extracted Raman spectra of the
graphene in both Raman mapping.

Indeed, even though the deposition sequence Ni/a-C gives thinner graphene compared to the a-
C/Ni sequence, we have preferred using the a-C/Ni deposition sequence for the next
developments of this work, for different reasons. First, because with the a-C/Ni order, one can
heat the nickel catalyst to enlarge the nickel grain size and thereby increase the grains of the
synthesized graphene as well. Nevertheless, due to the technical problems with our in situ
furnace, we could not perform this process. The second reason is that we aimed to study the
boron-doped graphene, and it seems that the best deposition sequence is a-C:B/Ni because it
might be difficult for the boron to diffuse through the nickel catalyst if using the other
deposition order.

Furthermore, when using the deposition sequence a-C/Ni, changing the nickel thickness to 50
nm and adjusting slightly the annealing conditions, we obtained better graphene with higher
Ioo/lc and reduced defect density. Indeed, it has been reported®° that the cooling rate as well
as the annealing time influence also the graphene synthesis, due to the combination of carbon
solubility and diffusion in the used metal-catalyzed. Our investigations agree with those
observations. Figures 4.12a-b show respectively the Raman mapping of I.p/lc and Ip/Ig for the
synthesized graphene using both deposition conditions:

e a-C (10 nm) / Ni(60 nm) with 900°C, 10 min, 15°C/s and -1°C/s (condition 1) ,
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e a-C (10 nm) / Ni(50 nm) with 900°C, 7 min, 15°C/s and -0.5°C/s (condition 2).
These two conditions have been selected among the numerous conditions that we have studied
to justify the choice of the used growth conditions for the next developments of this work. From
these maps, we observed that the synthesized graphene using condition 2 presents slightly
higher I2p/lc compared to the one produced using the condition 1. The Ip/lg values for the
derived graphene from the condition 2 is lower compared to the one derived from the condition

1, suggesting that the defect density is lower in the resulting graphene from the condition 2.
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Figure 4. 12 (a) Raman mapping of lop/lg and Io/lg ratios over 20 x 20 um? region for the synthesized
graphene using a-C/Ni deposition order with 60 nm of Ni and annealing conditions (Condition 1: 900°C,
10 min, 15°C/s and -1°C/s). (b) Raman mapping of .o/l and o/l ratios over 20 x 20 um? region for
the synthesized graphene using a-C/Ni deposition order with 50 nm of Ni and annealing conditions
(Condition 2: 900°C, 7 min, 15°C/s and -0.5°C/s). (c) Extracted typical Raman spectra of the graphene
in both Raman mapping (black circle).

Figure 4.12c shows the extracted Raman spectra from the maps of the derived graphene from
both synthesis conditions. These spectra present the same characteristics as the maps with a
higher Ip/lc ratio higher and lower defect density for condition 2. All these results
demonstrated that the synthesized graphene from the synthesis conditions 2 is better than the
one resulting from the condition 1 since it presents thinner graphene (high l.p/lc value) and
lower defect density (low Ip/l value). As a consequence, keeping the deposition sequence a-
C/Ni, we chose to use the condition 2 ( 900°C, 7 min, 15°C/s, and -0.5°C/s ) for the next

developments of this Ph.D. thesis. Moreover, these results pointed out that by changing some
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parameters, one could tune the characteristics of the synthesized graphene; this point will be

detailed in the following sections of this chapter.

II. The effect of the starting thickness of the amorphous carbon on graphene
synthesis

As we have shown in chapter 3, graphene synthesis with nickel is due to the diffusion and
segregation of carbon through nickel catalyst. Thus, controlling the synthesized graphene
thickness is still challenging. Therefore, to optimize our PLD and RTA process for the growth
of thin uniform graphene, we studied in section Il of this chapter, the influence of the initial
amorphous carbon (a-C) thickness and the annealing temperature on the synthesis of graphene
by fixing constant the nickel catalyst thickness at 50 nm and using SiO2 substrate. We used
Raman micro-spectroscopy mapping to investigate how these parameters affect the graphene
growth. However, further characterizations such as SEM, AFM, XPS, and UV-VIS were
performed on the sample with the optimal conditions giving high-quality graphene. The study
was realized with a set of 18 graphene growth conditions, crossing 6 initial a-C thicknesses with

3 annealing temperatures as shown in Table 4.3.

Ni catalyst thickness (hm) a-C initial thickness (nm) Rapid thermal annealing conditions

1

2 Temperature: 800-900-1000 °C
50 4 Heating ramp: +15 °C/s

5 Time: 420 s

10 Cooling ramp: -0.5 °C/s

20

Table 4. 3 Summary of the conditions of graphene synthesis.

1. Graphene layer number distribution through l>p/lg ratio mapping, as a function of the
initial thickness of a-C and annealing temperature

Table 4.4 (left) depicts the summary of the mean values of the Iop/lg ratio for all samples. In
addition, Figure 4.13 presents the Raman maps and the average values of the I.p/lg ratio of all
the samples over a region of 20 x 20 um2 These maps demonstrate that the synthesized
graphene is heterogeneous, comprising single to multilayered graphene. The difference in the
number of graphene layers is remarkable, as detailed in the paragraphs below. With the starting

a-C film thickness as low as 1 nm, the I2p/lg ratio remains low (< 0.6), irrespective of the
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annealing temperature within the range 800-1000 °C, compared to thicker a-C films. This may
be because the initial carbon thickness is too thin to induce the formation of graphene layers
over a large area in this temperature range, with domains exhibiting very low l2p/lg ratios.
Among all the conditions for graphene growth, the highest average value of the I.p/lg ratio was
0.863, corresponding to the resulting graphene from the conditions with a starting a-C film of

2 nm thick and annealed at 900 °C. This suggests the formation of bilayer graphene.

IZDIIG IDIIG

a-C(nm) 800°C 900 °C 1000 °C a-C(nm) 800 °C 900 °C 1000 °C

. 0.548+ 0597+ 0.570 + . . .

0.06 0.16 0.19 1 O'Ozgé— 0’5’21?3— 0'551;—

2 0650+ 0863 0.767 0.248 + 0132+ 0.152
0.10 0.18 0.24 2 018 0.05 011

4 0633+ 0.809+ 0.778 % 0263+ 0113+  0.088%
0.41 0.28 0.25 4 0.22 0.10 0.05

5 0.710+  0.822% 0.698 + . 0.212+ 0.081+ 0.125+
0.14 0.24 0.18 0.10 0.04 0.09

10 0490t  0.720% 0.662 + 0.455 + 0.115 + 0.146 +
0.39 0.24 0.11 10 0.05 0.09 0.06

50 0573+  0.675% 0.726 & 20 0.353 + 0.163 + 0.069 +
0.11 0.12 0.07 0.06 0.06 0.02

Table 4. 4 Summary of the average values of each l.p/lg and Ip/lc maps respectively.

The samples a-C (4 nm - 900 °C) and a-C (5 nm - 900 °C) also display high l2p/lc ratios of
0.809 and 0.822, respectively. However, considering the high standard deviation of their Iop/lg
average values, their maps present more heterogeneous than that of sample a-C (2 nm - 900
°C). Figure 4.13b shows the plot of average values of Iop/lg as a function of the initial a-C
thicknesses and synthesis temperatures. At 900 °C, there is a progressive reduction in the lop/lg
ratio with an increase of from 2 to 20 nm in the thickness of the a-C film. This result is consistent
with a previous study in which they observed the decrease of the I.p/lg ratio when increasing
the thickness of a-C film at 1100°C*°. With the growth temperature of 1000 °C, the l.p/l¢ ratio
displays a little dependence on the starting a-C film thickness. While at 800 °C, the l.p/lg
intensity ratios values were systematically lower than the I2p/lc intensity ratios values of the
synthesized graphene at 900 and 1000°C. Considering the same growth temperatures for each
starting a-C thickness, 900 °C was the temperature at which the average l.p/lc ratio was higher
for all initial a-C thicknesses except 20 nm. Therefore, we conclude that the optimal temperature
for high I2p/l ratios is 900 °C within our growth conditions.
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Figure 4. 13 (a) Raman spectroscopy maps of I.o/Ig of all samples; (b) plot of the influence of the initial
a-C thickness on the average lzp/ls values as a function of growth temperature.

2. Defects density distribution through Ip/lg ratio mapping as a function of the initial
thickness of a-C and annealing temperature

Table 4.4 (right) presents the summary of the mean values of the Ip/lg ratio and Figure 4.14
shows the Raman maps and the average Io/lc ratios of all the samples for a region of 20 x 20
um2. The defect density was rather homogeneous considering the low standard deviation of the
In/lg intensity ratio in the most growing conditions. Indeed, the homogeneity was higher at both
900 °C and 1000 °C than at 800 °C in the most a-C thicknesses, except with the 1 nm thick of
a-C. Among all, the condition with 20 nm thick of a-C, annealed at 1000°C, gives the lowest
average Ip/lg ratio of about 0.069. Figure 4.14b shows the plot of average values of the Ip/lg
ratio deduced from Figure 4.14a, as a function of initial a-C thickness at different synthesis
temperatures. The samples synthesized at 900 °C and 1000 °C present a lower defect density,
with Ip/lg ratios ranging from 0.069 to 0.163 for a-C of 2 to 20 nm. In the sample synthesized
at 800 °C, the defect density was much higher, with the Ip/lg in between 0.136 and 0.460. From
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these results, we conclude that, as observed in section | of this chapter, the growth temperature
of 800 °C is too low to produce low defect density graphene, whereas those of 900 and 1000
°C are suitable for the graphene formation with a significantly lower defect density. Such
obtained defect density is comparable with that found in the resulting graphene from CVD

synthesis method?°.
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Figure 4. 14 (a) Raman spectroscopy maps of I/l of all samples; (b) plot of the influence of the initial
a-C thickness on the average Io/lc values as a function of growth temperature.

3. The optimal synthesis conditions and further analysis

Here, we discussed Raman mapping statistics to quantify the distribution of the graphene layer
number as a function of the starting a-C film thickness and annealing temperature. Our statistics
procedure is based on the table depicted in the section devoted to Raman analysis in Chapter 2.
Indeed, the regions with an Iop/lg ratio >1.4 are considered to be representative of graphene

monolayer, areas with l2p/lg ratios between 0.75 and 1.4 are associated to graphene bilayer, and
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domains with 2o/l ratios below 0.75 are attributed to thicker graphene comprising three and

more layers.
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Figure 4. 15 Raman mapping statistics: 3D plot of percentage graphene layer number distribution as a
function of the initial a-C thickness (top) and the coverage percentage values (bottom). (a) 800 °C; (b)
900 °C; (c) 1000 °C.

Figure 4.15a shows the 3D plot, which depicts the distribution of the graphene layer number
as a function of the starting a-C thickness at 800 °C. We observed that, at this growth
temperature, the synthesized graphene mostly exhibits three and/or more layers. At 900 °C
(Figure 4.15b), graphene films contained a higher proportion of mono- and bilayers. In
particular, the sample a-C (2 nm) comprises 89% of bilayers graphene. At a growth temperature
of 1000 °C (Figure 4.15c), the heterogeneity of the synthesized graphene was much more
pronounced, mostly bilayer, 3-6 layers. Therefore, we conclude that the optimal conditions for
bilayer formation are those with a starting a-C thickness of 2 nm and growth temperature of
900 °C when the thickness of the nickel catalyst film is fixed at 50 nm. Such an optimum low
thickness of a-C to form a dominant graphene bilayer is explained based on previous works
related to graphene synthesis from solid carbon films in the presence of a metal catalyst. It has
been already shown?'22 that graphene growth mainly occurs during the thermal cycle by carbon
dissolution and diffusion through the metal catalyst. A lower a-C film of 1 nm thick probably
does not supply enough carbon to form homogeneous graphene layers when carbon precipitated

on the Ni surface after its dissolution during the steady-state high temperature. Indeed, we
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observed that the different annealing temperatures have quite no effect on the graphene quality
with such a low a-C film thickness. On the other side, an excessive starting a-C film thickness
provides more carbon, but the rather high diffusion of carbon in nickel with temperature likely
leads to the diffusion of carbon deep into the metal catalyst, and most of this carbon remains
trapped upon cooling, limiting the quality of the synthesized graphene. This may be a possible

explanation of the optimum a-C film thickness of 2 nm observed with our protocol.
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Figure 4. 16 Raman mapping of a large 100 x100 pm? region, of sample a-C (2 nm — 900 °C): (a)
Mapping of l,p/lc ratio with an average value of 1.06; (b) Mapping of Ip/ls ratio with the average value
of 0.12; (c) spectra of the graphene with different numbers of layers in Raman mapping of graphene on
a SiO; substrate; (d) Statistical histogram of the Raman mapping of l.po/lg ratio showing the
predominance of bilayer; (e) Fitting of the 2D band in the Raman spectrum of bilayer graphene showing
an asymmetric shape and four Lorentzian peaks corresponding to AB stacking; (f) table showing the
other Raman mapping parameters of the sample.

To go further in the investigation of the sample a-C (2 nm — 900 °C) with the optimal synthesis
condition, we realized, on the one hand, Raman mapping over a large area (100 x100 um?) with
the step of 1 um totaling 10 000 spectra. Such wide Raman mapping is rarely performed but
makes it possible to obtain a more representative probed area of the graphene film. On the other
hand, we carried out some other analyses such as SEM, AFM, and UV-Vis after acidic

treatment.

Figures 4.16a and 4.16b show Raman mapping of l2p/lc and Ip/lg ratios with their average
values of 1.06 and 0.12, respectively, indicating the predominant formation of the bilayer with
low defect density. From the statistical analysis, over the 100 X100 pm? mapped area, 18% was

covered by graphene monolayers, 76% by graphene bilayers, and only 6% by more than three
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graphene layers (Figures 4.16¢ and 4.16d). This result is in agreement with the results of
previous?? work related to the synthesis of bilayer graphene using a polymer as a solid carbon
source. In their work, using Raman mapping, the authors observed that 70% of the 100 x 100
KUmM?2 mapped region was covered by bilayer graphene. Figures 4.16e and 4.16f show the shape
and Lorentzian fitting of the 2D band of the bilayer spectrum and the other Raman parameters
extracted from the mapped area. The 2D band shows an asymmetric band and can be
decomposed with four Lorentzian peaks, each one with a FWHM of 30 cm™, corresponding to

the AB stacking of the bilayer graphene?-?’,

In addition to Raman characterization, atomic force microscopy (AFM) and scanning electron
microscopy (SEM) were performed to get the topological information about our best sample a-
C (2 nm —900 °C). Further XPS characterization was realized to get the chemical composition.
Additionally, since the sample was transparent after graphene synthesis, transmittance

measurement was carried out for this sample.

(b) After FeCl, treatment

After Graphene synthesis

RMS: 182 nm RMS: 61 nm

0

Figure 4. 17 AFM and SEM images of sample a-C (2 nm — 900 °C): (a) SEM image after graphene
synthesis showing different contrast and the nickel residual nodules; (b) SEM image after nickel removal
with FeCls treatment. Inset shows the EDS spectrum indicating the absence of Ni; (c) AFM image after
graphene growth showing the surface morphology with a RMS value of 182 nm; (d) AFM image after
nickel removal showing the surface morphology with lower roughness RMS value of 61 nm.
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Figure 4.17a shows the SEM image, depicting the surface morphology of the sample with the
island-shaped metallic nickel nodules. These Ni islands have been also previously reported by
others'®2® when using Ni catalyst for the graphene growth graphene and rapid thermal annealing
in the temperature range 900-1100 °C. However, we cannot exclude the presence of a very thin
film of nickel on the flat areas surrounding the nickel clusters. Netherveless, after treating the
sample with 4M of FeCls solution, as presented in Figure 4.17b, the nickel particles disappear.
This is supported by the EDS spectrum (inset in Figure 4.17b), which does not show any
detectable presence of nickel. Figure 4.17c shows the surface topography of the as-grown
graphene with a RMS of 182 nm observed using AFM. This image suggests a relatively high
surface roughness probably due to the presence of nickel islands. Indeed, after nickel removal
(Figure 4.17d), the surface roughness reduces significantly to 61 nm, meaning that the presence

of these nickel particles effectively increases the surface roughness of the sample.
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Figure 4. 18 XPS spectra of sample a-C (2 nm — 900 °C) before FeCls treatment: (a) XPS survey
spectrum; (b) XPS C 1s spectrum; (c) XPS O 1s spectrum®,

In Figure 4.18a, the XPS survey spectrum of the sample a-C (2 nm — 900 °C) before FeCls
treatment with the optimal growth condition shows carbon located near 284 eV, oxygen located
near 533 eV, and some residual of nickel. The presence of the oxygen may be due to the
contamination after the a-C film synthesis and/or during thermal annealing at a rather high

pressure of 102 mbar. The nickel traces confirm the observation of SEM and AFM. Figure
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4.18b shows the C1s deconvolution into two components. The first one is centered at 284.4 eV
and attributed to sp? hybridized C atoms in graphene. This first component is the most intense
and prominent in graphitic carbon demonstrating that most of the amorphous carbon has been
transformed into graphene or graphitic carbon?®. The other less intense component is located at
285.2 eV, related to C-O bonds. Figure 4.18c displays the O1s decomposed in two components
O-C and O-C=0 oxygen group, located at 533.4 and 531.7 eV respectively3%3L,
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Figure 4. 19 (a) Transmittance curves as a function of wavelength for both: as-deposited sample (bottom)
and the synthesized bilayer graphene after thermal annealing and FeCl; etching and the blank fused
silica (top). (b) Raman mapping of I.p/lg ratio of the bilayer graphene after Ni etching, (c) an extracted
spectrum from the mapping depicting the bilayer graphene feature.

Optical transmittance was measured on the sample exhibiting the optimal growth conditions
after the nickel etching with 4M of FeCls solution. For comparison, the transmittance was also
measured on the starting material before annealing (a-C (2nm)/ Ni (50)) on the glass substrate
and the blank glass as well (Figure 4.19a). The transmittance of the starting material at 550 nm
is about 1.5 % (mostly due to the Ni thin film) and 93 % for the blank fused silica alone, while
the one for our bilayer graphene is around 87%. Theoretically, each graphene layer absorbs 2-
3% of the incident light at 550 nm. Taking into account the difference between the
transmittances of the blank glass and the graphene on the glass, we ended up with 6 % of light

being absorbed by our graphene, which is in good agreement with the theoretical value of
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absorption of bilayer graphene and other results reported in previous works343, Figure 4.19b
shows the Raman mapping of the lzp/lc ratio after nickel removal. The average value of the
Ioo/lg ratio is about 1.05, practically the same value as for the synthesized graphene before
acidic treatment. Besides, the spectrum in Figure 4.19c depicts the bilayer graphene
characteristics. This result suggests that the FeClz treatment does not affect the graphene layer
number.

To summarize, we have reported in this section a parametric study in which we adjusted the
initial thickness of amorphous carbon (a-C) and the growth temperature of graphene. From the

experimental results, we can infer the following conclusions:

e The optimal synthesis conditions to obtain a high proportion of graphene bilayers with
lower defect density require a starting a-C thickness of 2 nm and a synthesis temperature
of 900°C for 7 min with a heating rate of 15°C/s and cooling rate of 0.5°C/s.

e The sample with the optimal growth conditions a-C (2 nm — 900 °C) presents 76 % of
bilayer graphene detected through Raman mapping of 100 x100 pm? area and
transmittance at 550 nm corresponding to the one of bilayer graphene.

e The investigated synthesis route allows synthetizing predominantly bilayer graphene
films, with a significant low defect density comparable to the graphene sheets obtained
by some CVD studies.

These results highlight that the initial thickness of amorphous carbon used for the graphene
synthesis is a key parameter. However, we have also observed the reactivity of the nickel thin
film catalyst forming the micrometer-sized nodules during the graphene growth. In the
following section, we will look at the impact of the starting thickness of the nickel catalyst
(another key parameter) on the formation of these particles as well as on the synthesis of

graphene.

I1l.  The effect of the starting thickness of the nickel catalyst on graphene
synthesis

In the previous section, we observed in one hand the formation of continuous bilayer graphene
with nickel particles, and on the other hand, that these nickel islands can be removed using the
FeCls solution as etching thereby allowing the synthesis of transfer-free graphene. Looking at

the literature, it is reported®®37 that this nickel particle formation is caused by the solid-state
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dewetting phenomenon at high temperatures. Therefore, in this section, still intending to
optimize our PLD and RTA process for graphene growth, in one side, we studied the
morphological evolution of the nickel thin film as a function of annealing temperature during
the rapid thermal annealing of nickel thin film with various thicknesses. And on the other side,
a parametric study on graphene synthesis from an amorphous carbon (a-C) was realized by
varying the initial nickel catalyst thickness (25, 50, 150 nm) while fixing the amorphous carbon
(@-C) film thickness at 2 nm and annealing temperature at 900°C using SiO- substrate. We used
Raman micro-spectroscopy mapping to investigate how this parameter affects the graphene
growth. Additional characterizations such as SEM-EDS, HRTEM, and UV-vis were performed
on the samples. The study was realized with a set of 3 starting nickel thicknesses (25, 50, 150
nm) as shown in Table 4.5. The synthesis routes of these two studies are depicted in Figure
4.20.

Nickel thin film Annealing Heating rate - Annealing time —
Samples - .
thickness temperature Cooling rate
As-deposited -
Ni-500 25nm 500 °C
Ni-700 700 °C . .
Ni - 800 50 nm 800 °C +15°C/s — 420 s - 0.5°C/s
Ni - 900 150 nm
a-C (2nm)/ Ni — 900 °C
900
Table 4. 5 Summary of growth conditions.
2 \ — L
- s I——

Heating 500 - S00°C in vacuum
=» Ni 25-50-150 nm

2. Pulsed Laser Deposition 3. RTA Heating 4. Ni etching in FeCl, Free-transfer Graphene
Graphite e
— — = —
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I I I Graphene  Niislands
- Heating 900°Cin vacuum

Pulsed laser: 20 ns - 248 nm — 5 J.cm™
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Figure 4. 20 Synthesis route for A) rapid thermal annealing of Ni thin films and B) free-transfer graphene
films obtained by pulsed laser deposition of carbon on Ni thin films followed by rapid thermal annealing
and Ni etching. The substrate is SiO- in both cases.
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1. Effect of rapid thermal annealing on the morphology of nickel thin film

a. Nickel thin film dewetting in the absence of carbon

Figures 4.21a, f, and k show that the nickel thin film completely and uniformly covers the
SiO2 substrate before the thermal annealing process. With annealing at different increasing
temperatures, a reduction of the covered surface by nickel is observed. This is due to a dewetting
process of the nickel film on the SiO2 surface, as already observed with various metallic thin
films annealed in vacuum conditions 342, The dewetting evolution of continuous metal films
generally undergoes three successive stages:
1) Hole formation inside the Ni film, due to the initiation of surface diffusion of Ni.
2) Increase of hole density with a transition from the continuous Ni film to a quasi-
continuous surface network of stringy Ni.
3) Final transition from the stringy Ni network to a surface distribution of individual Ni
(sub-) micrometer-sized particles.
This thermally induced process leads to the gradual formation of nickel particles on the SiO>

substrate, due to the minimization of the total surface energy of the system.

(a) As-deposited Ni 25 nm (b) Ni 25 nm - 500°C

Stage 1

(f) As-deposited Ni 50 nm (g) Ni 50 nm — 500°C (h) Ni 50 nm — 700°C

(k) As-deposited Ni 150 nm (1) Ni 150 nm - 500°C (m) Ni 150 nm — 700°C

Stage 1

Figure 4. 21 Summary of the solid-state dewetting behavior for nickel thin films deposited on fused
silica SiO; substrate: SEM images of the dewetting of the nickel thin film of 25 nm (a-e), 50 nm (f-j)
and 150 nm (k-0), as a function of annealing temperature (500-900°C range). The three stages related
to the Ni dewetting mechanism, described in the text, are superimposed on the SEM images.
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Figure 4.21 shows SEM images of the surface of the annealed nickel thin film of various
thicknesses (25, 50 and 150 nm) on the fused silica SiO> substrates after annealing at 500°C
((b) (g) and (1)), 700°C ((c), (h) and (m)), 800°C ((d), (i) and (n)), 900°C ((e), (j) and (0)). The
first line corresponds to the images of nickel thin films dewetting evolution of 25 nm, the second
line corresponds to the one of 50 nm and the third line to the nickel thin film of 150 nm. From
the first column of Figure 4.21, we observe that the as-deposited nickel thin films on SiO;
samples are quite homogeneous with low roughness, regardless of their thickness. The second
column corresponds to the SEM images of the annealed samples at 500°C for the three different
nickel film thicknesses. From 500°C, the transition between the three already-mentioned stages
can be observed, but at different temperatures depending on the initial thickness of the Ni film,
as depicted in Figure 4.21 and described hereafter.

The 1% stage, corresponding to hole formation with a spherical shape, is observed at 500°C,
with various hole sizes and densities depending on the Ni film thickness. The 2" and 3" stages
are observed with the 50 nm thick Ni within the 700-900°C range. At 800°C (Figure 4.21i), we
observe the end of the 2" stage with a quasi-continuous surface network of stringy Ni being
transformed into individual Ni particles corresponding to the beginning of the 3" stage Indeed,
at 800°C, the stringy Ni particles are less individualized compared to 900°C (Figure 4.21j)
corresponding unambiguously to the 3™ stage with a surface distribution of individual Ni (sub-
) micrometer-sized particles.

On one side, when the Ni film thickness is lower (25 nm), the 3™ stage is observed as low as
700°C (Figure 4.21c), and higher temperatures induce only a slight size increase of the Ni
individual particles. On the other side, when the Ni film is thicker (150 nm), the 2"’ stage occurs
within 700 and 900°C, producing at the highest temperature (Figure 4.210) the quasi-
continuous surface network of stringy Ni islands whose size is significantly larger compared to
the 50 nm thick Ni at 800°C (Figure 4.21i). We do not observe the 3" stage with the 150 nm
thick Ni. Probably higher temperatures are required to form individual Ni particles.

We noticed clearly that the dewetting three-stage process depends on the initial nickel film
thickness and annealing temperature. Also, the dewetting rate and driving force increase with
decreasing the film thickness, and the temperature at which dewetting occurs decreases when
film thickness decreases, in agreement with the previous work?3é. This could explain why the 25
nm thick Ni film starts coalescing at a lower temperature than the thicker Ni films, and why the
150 nm thickest film starts to coalesce into nickel islands lately at the highest temperatures. In
other words, the transition between the three already-mentioned stages occurs at higher

temperatures when the Ni film thickness increases.
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Samples Processing Average Surface Particles
temperature (°C) perimeter coverage interspacing
(Hm) (%) (Hm)
Ni 25 nm 700 147+ 05 21 0.62
800 1.88+0.5 19 0.80
900 1.70+0.8 16 0.84
Ni 25 nm with 900 1.04 £0.6 11 0.70
Graphene
Ni 50 nm 800 N/A 24 N/A
900 390+23 16 1.50
Ni 50 nm with 900 2.34+£1.18 15 1.10
Graphene
Ni 150 nm 800 N/A 58 N/A
900 N/A 35 N/A
Ni 150 nm 900 N/A 14 N/A

with Graphene
Table 4. 6 Summary of the statistical values of the average perimeter, surface coverage, and interspacing
of nickel particles extracted from the SEM images in Figure 4.21 and Figure 4.23.

SEM images in Figure 4.21 were used to extract, using ImageJ software, the information about
the surface coverage by the Ni islands or particles, the particle perimeter, and the interparticle
spacings (i.e. the distance between the nearest neighbor particles). Values are reported in Table
4.6. Whatever the film thickness, the surface coverage by the stringy Ni islands (2" stage) or
particles (3" stage) decreases when the temperature increases, from 21% to 16% with the 25
nm film, from 24% to 16% with the 50 nm film, and from 58% to 35 % for the 150 nm film.
This is consistent with the dewetting and coalescence mechanism described above. Moreover,
at the highest temperature of 900°C, the surface coverage is even higher when the initial Ni
film is thick. With respect to the particle perimeter and interparticle distance, only their values
can be extracted and compared for the 3" stage, which is to say for the 25 nm thick film
annealed at 700, 800, and 900°C, and for the 50 nm film annealed at 900°C.

Figure 4.22 shows the size distribution of the perimeter of the Ni particles related to the
dewetting process of the 25 nm nickel film. The average particle perimeters are 1.47 + 0.5, 1.88
+0.5and 1.70 £ 0.8 um, and the interparticle spacings are 0.62, 0.80, 0.84 um, for the annealing
temperatures of 700, 800, 900°C respectively. At the highest temperature of 900°C, the
perimeter of the particles related to the thicker 50 nm film is a little more than a factor two
compared to the 25 nm thick film (3.9 um compared to 1.7 um) at the same temperature, and

the interparticle spacing is a little less than a factor two (1.50 um compared to 0.84 pum), with
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a similar surface coverage of 16%. This analysis suggests that with the 25 nm thick Ni film, the
increase of annealing temperature during stage 3 leads to a substantial increase in particle sizes
and interparticle spacing, accompanied by a decrease in their surface coverage. Moreover, when
keeping constant the annealing temperature, the particles derived from the dewetting of the 25
nm thick film are smaller, cover a lower surface, and have lower interparticle spacing with
respect to those derived from the 50 nm thicker Ni films. These results are in perfect agreement
with previously reported results on the high-temperature annealing effect on metallic thin film,
including Ni 363743 relating in particular that the reduction of surface coverage is due to the
specific thermo-kinetic conditions during the rapid thermal annealing process. Finally, one
cannot exclude that residual Ni remains present within Ni particles, meaning that the Ni
dewetting would be not complete, even at 900°C. This assumption will be studied in the next
section related to the behavior of the Ni film at high temperature, in the presence of a carbon

film to achieve graphene synthesis.
150
100

Count

50

Ni25-900

Count

Ni25-800

Count

Count

6 8 10 12
Perimeter (um)

Figure 4. 22 Particle size distribution corresponding to the 3™ stage of the Ni dewetting process,
obtained by using ImageJ software on the SEM images in Fig.2, and related to the 25 nm thick Ni film
after thermal annealing at 700, 800 and 900°C, and the 50 nm thick Ni film after thermal annealing at
900°C.
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b. Nickel thin film dewetting with the presence of carbon

Figure 4.23d shows the SEM image of the as-grown graphene using 25 nm of a nickel catalyst
after thermal annealing at 900°C. A similar nickel island distribution than with the 25 nm thick
Ni film annealed the same temperature (Figure 4.23a) is observed. By comparing the statistic
values of the pure Ni film with the same film covered by graphene, the perimeter of nickel
particles is reduced from 1.70 um without graphene to 1.04 um with graphene. The surface
coverage diminished from 16 to 11 % and the distance between the particles goes down slightly
as well from 0.80 to 0.70 um. This difference may due to the presence of dissolved carbon in

nickel, which modifies the surface energy of the nickel during the dewetting process.

Average Perim. = 1.041 0.60um
Surface cover. = 11%
Interparticle Spacing = 0.70 pm
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Figure 4. 23 Comparison of the solid-state dewetting behavior for nickel thin films deposited on fused
silica SiO; substrate in the presence and absence of graphene at 900°C. (a-c) SEM images of the
dewetting of nickel thin film of 25, 50, and 150 nm at 900°C in absence of carbon. (d-f) SEM images of
the dewetting of nickel thin film of 25, 50, and 150 nm at 900°C in presence of carbon. (g) Histogram
of particle size distribution extracted from the SEM image in Figure 4.23d. (h) Histogram of particle
size distribution extracted from the SEM image in Figure 4.23e. The insets in both figures are the values
of the mean perimeter, surface coverage, and interparticle spacing of the nickel particles.

Figure 4.23e shows the SEM image of the as-grown graphene using 50 nm of the nickel

catalyst. As for the annealed 50 nm thick of nickel, this sample presents many island-shaped
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nickel particles. By comparing the statistic values, the perimeter of nickel particle decreases
from 3.9 um in the absence of graphene to 2.34 um with the presence of graphene. The surface
coverage slightly decreases from 16 to 15 % and the distance between the particles diminishes
from 1.50 to 1.10 um. This observation shows the same trend as using 25 nm of nickel film.
Figure 4.23f shows the SEM image of the as-grown graphene using 150 nm of the nickel
catalyst. Here, we extracted only the surface coverage, which is about 14 %, suggesting that the
same trend as for the other cases. Table 4.6 summarizes the statistical values extracted from
the SEM images in Figure 4.21 and 4.23.

From all these results, we observed a huge effect of temperature on the shape, size, surface
coverage, and interspacing of the particle. Indeed, whatever the initial nickel thickness, the
considered statistical parameters evolved by changing the annealing temperature. This effect
shows that the process of the formation of these nickel particles is thermally activated.
Moreover, the temperature at which dewetting occurs is lower for thinner films, and the island
size scales with the film thickness**. Furthermore, considering the initial nickel thickness, the
particle size increases with the increase of temperature for Ni 25 nm, while it decreases for Ni
50 nm with the increase of temperature. This opposite trend between both nickel thicknesses
may be due to the shape change of the nickel particles derived from Ni 50 nm. It has been also
reported® that the surface coverage decreases with the increase of the annealing temperature.
This is the same case here in our study, whatever the starting nickel thickness, the surface
coverage decreases with the rising of temperature. Moreover, with the presence of carbon, the
size, spacing, and surface coverage of the Ni islands diminish. This suggests that the carbon
favors the dewetting of nickel particles, which is in agreement with the work of Diarra et al.*6.
Furthermore, the dewetting of nickel is much more pronounced with the decrease of the initial
nickel film thickness. From all these results, we conclude that the most important aspects that
affect the nickel islands derived from the dewetting of nickel thin film are the annealing
temperature, the starting nickel film thickness and the presence of carbon deposited before the
rapid thermal annealing.

2. Nickel thickness influence on the transformation of PLD amorphous carbon into
graphene after thermal annealing at 900°C

At the highest RTA temperature of 900°C and pressure of 102 mbar used in our study, nickel
is well below its melting point (1455°C). Therefore, it remains in solid-state, but it dewets

progressively, as evidenced in the previous section, by the three-stage mechanism process with
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temperature thresholds depending on the initial Ni film thicknesses (25, 50, 150 nm). Along
with that, the annealing process caused the dissolution of carbon into nickel films and its further
surface segregation results in the formation of graphene. Besides, the objective of this section
is to elucidate how nickel dewetting remains compatible with the synthesis of graphene and to
highlight the quality of the graphene obtained in such conditions. Ideally, such a process may
avoid the transfer of graphene on another substrate, if the residual Ni particles can be removed

from the surface, for example via an acidic treatment.

a. Graphene growth using 25 nm thick of nickel thin film catalyst

Figure 4.24 shows the Raman analysis of the synthesized graphene using 25 nm thick of nickel
catalyst film, after thermal annealing at 900°C. Figure 4.24a is the Raman mapping of the Ip/lg
ratio, where the average value is about 0.25 with a very low standard deviation of 0.05
suggesting the good uniformity of the synthesized graphene with low defect density. Figure
4.24b shows the Raman mapping of the l2p/lc ratio with a mean value of 0.62 and a low standard
deviation of 0.05. This result demonstrates the formation of a uniform few-layer (3-6 layers)
graphene using 25 nm thick of nickel catalyst. Figure 4.24c shows a representative spectrum
of the Raman mapping. In this spectrum, the different D, G, and 2D are located at 1372, 1587,
2746 cm* respectively. Besides, the intensity ratio values are 0.67 for 2o/l and 0.21 for Ip/lc.
Moreover, the crystallite size La is about 44 nm. This value is derived from the Ip/lg ratio by
the mean of the Tuinstra—Koenig equation evoked in the Raman section of Chapter 2. Fig. 4.24d
illustrates the predominance of a few-layer (3-6 layers) graphene with the statistical histogram
of the Raman mapping of the l.p/lg ratio showing the distribution of graphene layer number.
Indeed, with the 25 nm thick of Ni film only 5% of the mapped area is a bilayer, whereas, three-
layer and more graphene layers cover 95%. This suggests that the synthesized graphene is
uniform and of good quality, even with the presence of the nickel particles derived from the
dewetting of nickel catalyst film. It is worth noticing that all these maps comprise the graphene
at the top surface of the nickel particles as well as the one at the interface between the nickel

nodules and the SiO» substrate.
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Figure 4. 24 Raman analysis of the synthesized graphene using 25 nm thick of nickel catalyst : (a)
Raman mapping of ID/IG ratio in a 20 x20 um? region with the average value of 0.25 ; (b) Raman
mapping of 12D/IG ratio in a 20 x20 um? region with the average value of 0.62; (c) A representative
spectrum from the mapping of the synthesized graphene, its position corresponds to the white mark in
the Raman mappings ; (d) Statistical histogram of the Raman mapping of 12D/IG ratio showing the few-
layer predominance.

Figure 4.25a shows the SEM image of the as-grown graphene using the 25 nm thick nickel film
catalyst after thermal annealing at 900°C. Figure 4.25¢ shows the SEM image of the treated
graphene with FeCls acidic solution and this graphene can be called interfacial graphene
because the other graphene at the top surface of the nickel nodules probably disappeared with
the removal of nickel residuals. It can be observed the disappearing of the nickel nodules
leaving some spherical white traces. Figure 4.25 b, d show EDS spectra for the as-grown
graphene and the treated graphene. For the as-grown graphene (Figure 4.25b), the spectra were
taken by focusing the electron-beam spot either on the nickel particle (lower spectrum), either
on the graphene layer (upper spectrum). The results revealed that these two areas contain nickel
and other expected elements such as C, O, and Si. However, the area corresponding to the Ni
particles contains a bit more amount of nickel with respect to the other region. This means that
the dewetting of Ni is not fully achieved on the initial surface, even at 900°C. However, after
FeCls treatment, the EDS spectra recorded both inside and outside the footprints left by the Ni
removed particles (Figure 4.25d) do not exhibit any Ni signals. This result is consistent with
the previously reported studies?®4’ on acidic etching to obtain transfer-free graphene.
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Figure 4. 25 (a) SEM image of the as-synthesized graphene using the 25 nm thick of nickel catalyst,
after annealing at 900°C; (b) EDS spectra of two different regions of the samples, the grey-black zone
(on the top) and the white islands zone (below); (c) SEM image of the treated graphene with FeCl; for
nickel particles removal leading to the appearing of the interfacial graphene; (d) EDS spectra of two
different regions of the samples, the zone with traces of islands (on the top) and the grey-black zone
(below), both showing the absence of nickel; (¢) Raman mapping of l2o/lc ratio in a 20 x20 pm? region
with an average value of 0.58 of the interfacial graphene after FeCls treatment. The inset shows a
representative spectrum from the Raman mapping; (f) HRTEM image of resulting graphene edges
showing five layers, after FeClstreatment. The inset is the intensity profile image.

Figure 4.25e shows the Raman mapping of the I2p/lg ratio in a 20 x20 pm? region related to
the interfacial graphene after FeCls treatment, with an average value of 0.58. The inset shows
a representative spectrum extracted from the Raman mapping. Both exhibit the same
characteristics as for the one of as-synthesized graphene showed in Figure 4.24b-c. An uniform
surface graphene distribution is observed, as for the as-grown graphene. This suggests that the
FeCls treatment appears to be a transfer-free process allowing the removal of the Ni catalyst
without any significant alteration of the graphene nature and characteristics consistent with a
dominant few-layer architecture. Figure 4.25f shows the HRTEM images of the graphene after
FeCls treatment. The observation, typical of the graphene edges, provides an accurate way to
measure the number of graphene layers at different locations. Here, the synthetized graphene
from 25 nm Ni exhibits five lines, consisting of five layers graphene as reported through Raman

analysis.
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b. Graphene growth using 50 nm thick of nickel thin film catalyst

As for the synthesized graphene using 25 nm of nickel film, Raman analysis, SEM-EDS were
performed for the as-grown graphene using 50 nm thick of nickel after thermal annealing at
900°C.
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Figure 4. 26 Raman analysis of the as-synthesized graphene using 50 nm of nickel catalyst film: (a)
Raman mapping of Ip/lg ratio in a 20 x20 um? region with the average value of 0.26; (b) Raman mapping
of Iop/lg ratio in a 20 x20 um? region with the average value of 1.08; (c) Statistical histogram of the
Raman mapping of I.o/lc ratio showing the bilayer graphene predominance. (d) Representative spectra
from the mapping of the as-grown graphene, their positions are highlighted with the corresponding
number of the layer in the Raman mappings.

Figure 4.26a is the Raman mapping of the Ip/lg ratio, where the average value is about 0.26
with a low standard deviation of 0.13 suggesting the reasonable uniformity of defect density in
the synthesized graphene. Figure 4.26b shows the Raman mapping of the lp/lg ratio with a
mean value of 1.08 and a high standard deviation of 0.38. This result demonstrates the formation

of continuous, but non-uniform graphene using 50 nm thick of nickel catalyst. Indeed, the
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derived graphene from the utilization of 50 nm of nickel is heterogeneous, containing
monolayer, bilayer, and few-layer graphene. This observation is supported by the statistical
histogram of the Raman mapping of the I.p/lg ratio showing the distribution of the graphene
layer number (Figure 4.26¢). From this statistical data, 7% of the mapped area is a few-layer
(3 and more layers), 70% is bilayer and 23% is monolayer, suggesting the bilayer predominance
in the mapped area. Figure 4.26d exhibits the different types of Raman spectra being
representative of the monolayer, bilayer, and few-layer graphene with their values
characteristics. This finding was also reported in our previous section Il meaning that our
method is quite reproducible. Again, all these maps encompass the graphene at the top surface
of the nickel particles as well as the one at the interface between the nickel nodules and the

SiO; substrate.
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Figure 4. 27 (a) SEM image of the as-synthesized graphene using the 50 nm of nickel catalyst film. (b)
EDS spectra of two different regions of the samples, the white islands zone (on the top) and the grey-
black zone (below). (¢) SEM image of the treated graphene with FeCls for nickel particles removal
leading to the appearing of the interfacial graphene (d) EDS spectra of two different regions of the
samples, the zone with traces of islands (on the top), and the grey-black zone (below), both showed the
absence of nickel. (e) Raman mapping of l.p/lg ratio in a 20 x20 um? region with the average value of
0.91 of the treated graphene with FeCls. The inset shows a bilayer graphene spectrum from the Raman
mapping of the Fecls treated graphene. (f) HRTEM of resulting graphene edges from 50 nm of nickel,
showing two layers after FeCls treatment. The inset is the intensity profile image. (g — h) HRTEM of
resulting graphene from 50 nm of nickel, showing a “one monolayer” area (red circle) and the hexagonal
atomic resolution of the monolayer graphene. The purple dots in the inset of Figure. 4.27h highlights
the hexagonal structure of graphene.

Figure 4.27a shows the SEM image of the as-grown graphene using 50 nm of the nickel
catalyst. SEM image (Figure 4.27c) of the treated graphene with FeCls shows that the round-
shaped nickel particles are not present anymore. Elemental analysis with EDS was performed
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for the as-grown graphene and the treated graphene. The results show the presence of nickel for
the as-synthesized graphene sample (Figure 4.27b), while in the treated graphene spectrum
(Figure 4.27d) the removal of nickel is confirmed. Figure 4.27e shows the Raman mapping of
the Iop/lg ratio in a 20 x20 um? region with an average value of 0.91, related to the treated
graphene with FeCls leading to the interfacial graphene. The inset spectrum represents the one
of bilayer graphene. This mapping shows that the interfacial graphene has the same
characteristics as the as-grown graphene. This means that the interfacial graphene is also
continuous but non-uniform, containing monolayer, (mainly) bilayer, and some few-layer
graphene. Figure 4.27f shows the HRTEM images depicting the edges in the bilayer graphene
region showing a double line. The estimated interplanar spacing from the intensity profile
images, as shown in the insets of Figure 4.25f and 4.27f, is about 0.345 nm, which in agreement
with previously reported works*4°. Figure 4.27g shows a typical graphene monolayer region
indicated by the red circle, and Figure 4.27h displays the hexagonal structure of such a typical
monolayer illustrated with the purple dots. This HRTEM examination confirms also that the
initial thickness of nickel affects strongly the final synthesized graphene layers, in agreement

with our Raman results.

c. Graphene growth using 150 nm thick of nickel thin film catalyst

Here, the graphene is formed using 150 nm of nickel film as the catalyst, after thermal annealing
at 900°C. As the annealing response on 150 nm is different from 25 and 50 nm nickel film, the
derived graphene is also different. The first striking point is that the synthesized graphene is not
continuous as shown in Figure 4.28.

Indeed, Figure 4.28a shows the SEM image of the as-grown graphene using 150 nm thick of
nickel film. This image presents the same features as for the annealed 150 nm thick of nickel
film at 900°C, with the agglomeration of nickel islands. In addition, the graphene formation
occurred at the top surface of nickel islands and in the interface between the nickel and the SiO>
substrate like in the case of 25 and 50 nm of nickel thick. The difference here is the presence of
graphene with a different contrast: dark contrast for high layer number and bright contrast for
low layer number, as it has been reported by previous works®*-52, The layer numbers in the
SEM image mark the locations of thin and thick graphene layers. Figure 4.28b exhibits the
EDS spectra, showing clearly that the synthesized graphene is not continuous. In Figure 4.28c,

the representative Raman spectra of the synthesized graphene using 150 nm of nickel film is
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shown. Even though the obtained graphene is not continuous, it contains monolayer, bilayer,
and few-layer as for the derived graphene from 50 nm of nickel film. It is then heterogeneous,
with rather very low defect density and larger crystallite size compared to the derived graphene

from 25 and 50 nm nickel film.
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Figure 4. 28 (a) SEM image of the as-synthesized graphene using the 150 nm of nickel catalyst film,
showing a dark and bright contrast for thicker and thinner graphene respectively. (b) EDS spectra of two
different regions of the samples, the grey-black zone (on the left) and the white islands zone (right). (c)
Representative spectra from the sample of the as-grown graphene, their positions are illustrated with the
corresponding number of the layer in the Raman mapping. (d) Raman mapping results of G peak
intensity with the sample area of 20 x20 um?. (¢) Raman mapping results of 2D peak intensity with the
sample area of 20 x20 um?.

Moreover, at the bottom of Figure 4.28c, the Raman spectrum of the area without graphene is
presented, showing no signal. This result is consistent with the synthesis graphene using nickel
catalyst film with the initial thickness below 170 nm?3. Furthermore, to argue more on the
discontinuity and the non-uniformity of the synthesized graphene, Raman mapping was
performed. Figures 4.28d-e show the Raman mapping of the G and 2D peaks intensities
respectively, where the low-intensity areas are regions without graphene. From all these
analyses, we conclude that 150 nm thick of nickel catalyst is not suitable for obtaining
continuous graphene when using 2 nm of amorphous carbon as a carbon source and 900°C as

processing temperature.
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3. The optimal synthesis condition and further characterizations

Table 4.7 summarizes the different characteristics of the resulting graphene from the synthesis
process using 25, 50, and 150 nm thick of nickel film. The reported results in Table 4.7 show
that by increasing the nickel thickness from 25 to 50 nm, the layer number of the resulting
graphene decreases. This is consistent with the previously reported works?85354, showing that
the graphene films derived from thicker metal films have better structural qualities with lower
layer numbers. Indeed, by increasing the nickel thickness from 25 to 50 nm, the graphene layer
number switches from few-layer (3-6 layers) to bilayer predominance. Moreover, using both
nickel thicknesses (25 and 50 nm), the synthesized graphene is well continuous with low defect
density. In fact, on metals with significant carbon solubility such as nickel, the formation of
heterogeneous graphene constituted with monolayer, bilayer, and few-layer is very common
because of the additional graphene growth from the carbon reservoir in the catalyst bulk.
Nevertheless, this segregation effect seems to be limited when using 50 nm thick of nickel
compared to 25 nm of nickel thin film, probably because a thicker Ni film of 50 nm constitutes
a “deeper” reservoir of carbon, compared to a thinner Ni film of 25 nm when similar heating
treatment is performed on both films. This may explain why the synthesized graphene is thicker

with the 25 nm nickel film and thinner with the 50 nm nickel film.

Nickel a-C
thickness Processing conditions thickness Synthesized Graphene
(nm) (nm)
o5 Continuous and uniform few-
layer graphene
900°C with a heating rate of Continuous and
50 15°C/s, during 420 s and a 2 heterogeneous graphene with
cooling rate of 0.5°C/s bilayer predominance
150 Non-continuous and

heterogeneous graphene
Table 4. 7 Summary of the different characteristics of the resulting graphene from the synthesis process
using 25, 50, and 150 nm thick of nickel film.

Consequently, the synthesized graphene at the investigated temperature (900°C) is thicker for
the 25 nm nickel and thinner for the 50 nm nickel. However, further increase of nickel thickness
up to 150 nm affects considerably the resulting graphene, being non-continuous graphene, even
if monolayer, bilayer, and few-layer graphene with very low defect density are observed. This
surface discontinuity may be due in one hand to the large attached nickel islands derived from
the dewetting process of the 150 nm thick nickel film, and on the other hand, to the low

concentration of dissolved carbon which has diffused far in the thick nickel film. Because of
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this strong surface heterogeneity, it was not possible to make the Raman statistical analysis to
get an overview of the graphene layer distribution.

From these results, we conclude that the larger amount of graphene is precipitated out from the
thinner nickel films whereas a smaller amount of graphene is precipitated out from the thicker
nickel films. Furthermore, as for the quality of graphene films, it can be speculated that the
increase in the layer number caused the structural disorder of graphene films. This indicates
that the layer number and film quality (in terms of defects) can be controlled by choosing the
appropriate nickel thickness for a given annealing temperature.

Besides, let us remind that using 25, 50 and 150 nm Ni thick, the graphene is not only formed
on the top surface of the nickel but also at the interface between the nickel and the SiO>
substrate, except that with 150 nm thick, the formed graphene is non- continuous. Indeed, this
occurs because, during the thermal annealing, carbon diffuses through the nickel film and
segregates out of both sides of the Ni film, as illustrated in Figure 4.29a.
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Figure 4. 29 A schematic illustration of graphene growth at the top surface of nickel film and in the
interface between the Ni and SiO; substrate along with the nickel dewetting process. (a) The stage with
carbon diffusion and segregation through nickel for the initial graphene formation before the start of the
nickel dewetting (low temperature, e.g. 500°C) (b) The stage related to the beginning of the nickel
dewetting (c) The stage with the end of nickel dewetting process. During stages (b) and (c), the initially
formed graphene undergoes certainly further evolution in terms of nanostructures.
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In chapter 3, we have demonstrated using in situ XPS analysis that the graphene already forms
at 500°C through the carbon diffusion and segregation in the nickel catalyst during the
annealing process. Such a mechanism also occurs with thermal annealing up to 900°C, but the
highest temperatures induce also nickel dewetting, as we observed. More precisely, during the
annealing process, three main phenomena take place when the temperature increases up to
900°C:

e The carbon diffusion and segregation out of both sides of the nickel catalyst, leading to
the graphene formation at the same time on the top surface of the nickel and the interface
between the Ni and the substrate, depicted in Figure 4.29a. This is consistent with our
results in chapter 3, showing graphene formation after annealing at 500°C without any
Ni dewetting at this temperature.

e The starting of nickel dewetting with the hole growth and the surface carbon diffusion
on the nickel leading to the graphene formation on the nickel surface, illustrated in
Figure 4.29b.

e The final stage of the nickel dewetting with the formation of nickel particles with the
synthesized graphene on its surface and at the interface between the nickel particles and
the SiO» substrate, as shown in Figure 4.29c.

All these phenomena cover the graphene synthesis with the nickel dewetting during the thermal
annealing. However, they depend considerably on the initial nickel film thickness and the
annealing temperature. Indeed, using a nickel of 25 and 50 nm, we observed the continuous
surface and interfacial graphene growth with the formation of rounded nickel particles. While
using the 150 nm nickel thick, we observed non-continuous surface and interfacial graphene
growth with stringy nickel particles. Further investigation is needed to understand why using
150 nm thick of nickel, there is the formation of non-continuous graphene.

Furthermore, after nickel island removal with FeCls treatment, we performed the UV-Vis
analysis on the continuous interfacial graphene from 25 and 50 nm of nickel. The objective of
this investigation was to correlate the graphene architecture with its optical transmission
property as known from the literature. Figure 4.30 shows the measurement of the transmittance
of both derived graphene from 25 and 50 nm nickel after nickel particles etching. The
transmittance value of the derived graphene from 25 nm nickel at 550 nm is about ~84 %, which
is consistent with the reported values®*>° for few-layer graphene of (~3-6 layers). For the
resulting graphene from 50 nm nickel, the transmittance value is much higher about 88%
consistent with our previous reported values for bilayer graphene in section Il. Indeed, the

158



Parametric studies for the optimization of graphene synthesis by PLD and RTA

transmittance of the synthetized graphene from 25 nm nickel is lower than the transparency of
the resulting graphene from 50 nm nickel because it has a higher layer number as indicated by
Raman data. These results are consistent with the idea that the optical transmittance is strongly

correlated to the layer number of graphene. The graphene transmittance decreases with the

increase of layer number®-60,
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Figure 4. 30 Transmittance curve as a function of wavelength for both: derived graphene from 25 nm
nickel (bottom) and the synthesized graphene derived from 50 nm nickel (top) (middle) after thermal
annealing and FeCls etching and the blank fused silica (top). The inset at the bottom figure shows the
appearance of both samples after graphene growth and Ni etching.

In summary, we investigated the transformation of PLD amorphous carbon into transfer-free
graphene utilizing nickel catalyst dewetting phenomena. We performed a systematic study of
nickel dewetting, as well as of the effect of nickel thickness on graphene growth and we can
conclude the following points:

e The most crucial parameters for the formation of nickel particles during the thermal
annealing through the dewetting phenomenon are the annealing temperature, the initial
nickel film thickness, and the thin carbon layer deposited on Ni before the rapid thermal
annealing, and partially dissolved into Ni at high temperature.

e Microscopic Raman mapping, SEM and HRTEM study indicated that graphene films
were preferentially continuous for 25 and 50 nm of nickel, whereas the synthetized
graphene from 150 nm of nickel was discontinuous. It was also confirmed that the

graphene layer thickness, as well as the nickel particle size, is dependent on the starting
nickel thickness.
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e We observed also that graphene films were formed on the top surface of the nickel
particles and at the interface between the nickel particles and the SiO substrate.

e With acidic etching of the residual nickel, the substrate with graphene regained high
transparency corresponding to the bilayer interfacial graphene for the derived graphene
from 50 nm of nickel as reported in the previous section. This confirms the
reproducibility of our process.

These results corroborate that the initial thickness of the nickel catalyst used for the graphene
synthesis is a key parameter and that with our method the interfacial graphene can be obtained
directly onto the desired area of the substrate, thereby avoiding the relatively complicated,
costly, and not always defect-free transfer process.

IV. Summary of the parametric study for graphene synthesis by PLD and
RTA
In this chapter, a multi-parametric study has been performed to optimize the growth of

continuous free-transfer graphene using the solid carbon source and a nickel catalyst, by
combining PLD and RTA. The studied parameters include the substrates, the initial thickness
of amorphous carbon, the initial thickness of the nickel catalyst, and the growth temperature,
as depicted in Figure 4.31. To the scope of optimizing the synthesis process of our graphene,
this parametric study was performed along with various nanomaterials characterization
techniques: Raman micro-spectroscopy, SEM, AFM, XPS, HRTEM, and UV-Vis, which offer
a strong complementarity to investigate few layers of defective graphene synthetized at high

temperature from the interaction between a thin amorphous carbon film and a nickel catalyst

film.
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Figure 4. 31 Description of the different sections of this chapter, the conditions colored in red are those
used for obtaining our best free transfer continuous graphene.
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As illustrated in Figure 4.31, we can conclude the following points:

e The growth of graphene on a Si (100) substrate leads to the synthesis of defective
multilayered graphene, due to the concomitant nickel silicide formation during the
annealing process. Whereas, on the SiO> substrate, the graphene growth gives rise to
less defective few-layer (2-3 layers) graphene films.

e Using the SiO> substrate, the resulting graphene from the deposition sequence Ni/a-C
gives slightly thinner graphene with respect to the other deposition order a-C/Ni. We
kept the a-C/Ni deposition sequence mainly in the perspective to investigate boron-
doped graphene (Chapter 5) from an a-C:B film, without any consideration of boron
diffusion through the nickel catalyst.

e Using the SiO> substrate and the a-C/Ni deposition sequence, the synthesized graphene
from the synthesis conditions 2 (see Figure 4.31) presents thinner graphene and lower
defect density compared to the graphene resulting to the synthesis conditions 1. This is
certainly due to both carbon solubility and diffusion processes in nickel at high
temperatures.

e Using the SiO> substrate, the a-C/Ni deposition sequence with a fixed Ni thickness and
performing the synthesis condition 2, the optimal synthesis conditions to obtain a high
proportion of graphene bilayers with lower defect density require a starting a-C
thickness of 2 nm and a synthesis temperature of 900°C during 7 min, with a heating
rate of 15°C/s and cooling rate of 0.5°C/s.

e The solid-state dewetting phenomenon of the Ni catalyst film, observed at high
temperature, does not inhibit the graphene growth mechanism which starts with carbon
diffusion into nickel at temperatures well below the dewetting process (in agreement
with Chapter 3). Nickel dewetting is controlled by the initial nickel film thickness,
temperature, and presence of carbon dissolved in nickel.

e Using the SiO> substrate, the a-C/Ni deposition sequence, the synthesis condition 2 and
varying the starting nickel catalyst thickness while keeping constant the amorphous
carbon thickness, graphene films are preferentially continuous surface and interfacial
for 25 and 50 nm of nickel, whereas the synthesized graphene from 150 nm of nickel
was discontinuous surface and interfacial. It was also confirmed that the graphene layer
number is dependent on the starting nickel thickness. The thinnest graphene films with
the lowest defect densities are obtained with a 50 nm thick nickel film, as an ideal

“carbon reservoir’” to promote surface carbon segregation into graphene.

161



Parametric studies for the optimization of graphene synthesis by PLD and RTA

o After nickel residual removal by FeCls solution, free transfer continuous graphene, the
so-called “interfacial graphene” was obtained with 76 % of bilayer graphene detected
through Raman mapping of 100 X100 um? area and high transmittance of 88% at 550
nm for the resulting graphene from 50 nm of nickel, in agreement with literature data

related to the optical transmission of bilayer graphene.

All these results demonstrate that we have developed an alternative synthesis route allowing
the growth of predominantly continuous bilayer graphene films, with a significant low defect
density comparable to the graphene sheets obtained by some CVD and PVD studies. Our
method thus widens the range of substrate materials on which graphene can be directly
synthesized, eliminating the need for an extra graphene-transfer process step. Based on these
results, the following chapter will deal with the boron doping of our graphene and its
electrochemistry responses, highlighting the effect of boron on the nanoarchitecture of

graphene and a typical property widely investigated in graphene studies.
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Chapter 5: Boron doped graphene synthesis and
electrochemical characterization

I. Introduction: why boron doping?

After the study of the influence of the substrates, the amorphous carbon thickness, and the initial
nickel thickness on the synthesis of our PLD graphene in the last chapter, here, we focus on the
synthesis of boron-doped graphene and its electrochemistry response. Indeed, the incorporation
of boron in the graphene structure, which is less investigated than nitrogen doping, increases
the concentration of holes, inducing a p-doping effect, with a downshift of the Fermi level
towards the Dirac point!. Besides, boron atoms form sp? hybridization in the carbon lattice, thus
the planar structure of graphene is retained. Since B-C bonds are slightly longer than C-C bonds
in graphene, lower strain energy is induced by substitutional boron doping. Due to the strong
B-C bond energy, the mechanical properties of graphene are preserved but the thermal
conductivity of boron-doped graphene (BG) is dramatically reduced compared to pristine
graphene?. Furthermore, the B-C bond introduces defects in the nearby sites because boron
atom possesses three valence electrons, and thereby induces uneven charge distribution, which
can facilitate charge transfer between neighboring carbon atoms and therefore enhance their
electrochemical performance?®.

In this chapter, we study, for the best of our knowledge, the first attempt of using the PLD
method to synthesize boron-doped graphene by co-ablation of carbon and boron solid
precursors. In the past, our group has demonstrated the ability of PLD to obtain boron-doped
diamond-like carbon films (a-C:B)?# which provides a considerable baseline to develop the
synthesis of boron-doped graphene (BG) films.

This chapter is organized in three parts consecutive to the description of the experimental
protocol. In the first section, we analyzed the results of the structural and chemical features of
the undoped and boron-doped graphene through Raman and XPS characterization techniques.
In the second part, we examined the electrochemical response through cyclic voltammetry
curves of the electrodes made up of the undoped and boron-doped graphene. Lastly, we
discussed the relation between the defects density in the synthesized undoped and boron-doped

graphene with their corresponding electrochemistry responses.
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II. Experimental protocol to synthetize BG layers from a-C:B films

Based on Chapter 2 (paragraph 2b), let us remind that the BG growth involves three main steps,
as depicted in Figure 5.1 already presented as Figure 2.7: the deposition of a nickel thin film
catalyst 50 nm thick by thermal evaporation, the deposition of a-C:B film on the
Si02(300nm)/Si substrates by co-ablation of carbon and boron targets, and the RTA process,
detailed hereafter, responsible for the synthesis of boron-doped graphene. In the present
chapter, we have selected thickness of the a-C:B film precursor equal to about 4 nm, compared
to 2 nm for the optimized pure graphene films in Chapter 4. Indeed, the goal in this chapter 5
IS not to reach the graphene exhibiting the highest bilayer proportion and quality in terms of
low defect concentration, as demonstrated in section 111 of the previous chapter 4. The objective
is to provide doped graphene films with enough incorporated boron through a controlled and
reproducible procedure, which becomes more difficult when the matter quantity is too low.
Moreover, it is worth noticing that SiO2(300nm)/Si was chosen in this chapter as the selected
substrate for two reasons. Firstly, the electrochemistry experiment requires a conductor or
semiconductor substrate; secondly, to avoid the formation of nickel silicide as demonstrated in
section | of Chapter 4.

1. Thermal Evaporation 2. Reactive PLD
; Boron !
-~ 7

Ni Graphite

Cplasma B plasma plume
W
W«
Thermal I_Evaporation Pulsed laser: 20 ns - 10 Hz - 248 nm - 6 J.cm
=> Ni50 nm - a-C:B (4 nm)
3. RTA Heating 4. Boron-doped Graphene
a-C:B (4 nm) I—
—
I l I B-Graphene Ninodules

RTA Heating 900°C in vacuum

Figure 5. 1 The synthesis process of B-doped graphene films, by PLD and thermal heating of an a-
C:B/Ni SiO2(300nm)/Si.

In chapter 2, we have shown how to synthetize the a-C:B films (4 nm thick) used in the present
chapter as the solid precursor for obtaining the BG films. From XPS analysis, we obtained 4
nm thick a-C:B films, containing 2, 4.5, and 9 at% of boron.

Thus, the main problem is now focused on the ability of the RTA process to convert that a-C:B

film into boron-doped graphene, taking care of the boron content and nature of chemical bonds
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incorporated in the graphene network, as well as the defects induced by boron doping. Indeed,
one of the challenges of boron-doped graphene is to control accurately the boron concentration
in graphene whatever the synthesis method and investigate if the boron concentration in the a-
C:B films remains or not similar in the BG film. Ideally, a congruent concentration would be
of great interest in the perspective of BG production.

Boron-doped graphene was obtained by heating the a-C:B/Ni/ SiO2(300nm)/Si film to 900 °C
for 7 min at a vacuum pressure of 102 mbar by RTA with a heating ramp rate of 15 °C/s and a
cooling rate of about 1 °C/s, which are our optimal conditions discussed in Chapter 4. After
annealing, the graphene and boron-doped graphene form on the substrate and will be the subject

of the investigations described in the next sections.

I1l.  Structural and chemical analysis of the synthesized films

By using Raman spectroscopy and XPS, we investigated the nanostructure and chemical
composition of the synthesized graphene and boron-doped graphene. Great attention will be
paid on the difference in features between the undoped and boron-doped graphene films, as
well on the boron content both in the a-C:B precursors and the BG films. For this reason, prior
BG films, we included in this section the detailed XPS analysis of the a-C:B precursors, whose

boron contents were mentioned in Table 2.2. of Chapter 2.

1. X-rays photoelectron spectroscopy (XPS) analysis of a-C:B and BG films

As reported in Chapter 2, X-ray photoelectron spectroscopy (XPS) is a powerful tool to
characterize the doping levels of heteroatoms. In the overview spectra (not shown) of the a-C:B
films, we observed the presence of carbon, boron, and oxygen. Besides, the nickel was not
detected probably because of the 4 nm thick of a-C:B which screens the nickel peaks. On the
contrary, in the overview spectra of the BG films, we observed not only C1s, B1s, and O1s, but
also Ni2p and Si2s and Si2p. This means that after the annealing process, we still have some
nickel residuals as explained in chapter 4. Furthermore, the presence of oxygen in the a-C:B
precursor sample can be attributed to adventitious contamination and oxygen incorporation in
the films due to residual water vapor in the PLD chamber (maintained near 10" mbar during
deposition) or during air storage after deposition. After quantification, we obtained that the a-
C:B of 4.5 at.% of boron leads to the BG film containing lat.% of boron, and the a-C:B

precursor of 9at.% of boron conducts to the BG film with 2.5at.%. Note that those percentages
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are related to the ratio B/(B+C). Therefore, we observe a loss of boron after the annealing
process, when comparing the boron content of the BG films with their precursors, for both
boron concentrations. This may be due to the thermal annealing process, which provokes the
evaporation/desorption of a part of boron during the synthesis of BG films, with a mechanism,

which remains to be clarified.
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Figure 5. 2 (a) XPS-B1s, (b) XPS-C1s spectrum, (¢) XPS-O1s spectrum. All of a-C:B (9 at.%).

Using the high-resolution core-level spectra, we performed the peak deconvolution to reveal
the detailed configurations of the boron dopant, carbon, and oxygen. Moreover, the peak
deconvolutions and their exact interpretation are rather controversial, due to the proximity of
electronic configuration of carbon and boron with a slight difference in their electronegativity,
and due to the many chemical functions combining B, C and O species. Our interpretation of
XPS is based on a compilation of previously published data related to boron-doped graphene®-
11 XPS spectra depicted in Figure 5.2a-c show the B1s, C1s, and O1s core levels of the a-C:B
film containing 9 at.% of boron, as deposited by the co-ablation process of carbon and boron
(i.e. before annealing allows its conversion into boron-doped graphene). In the a-C:B film, the
B1s contributions (Figure 5.2a), centered at 188.8 and 191.2 eV, are assigned to BC3 and
BC20 respectively. The C1s contributions (Figure 5.2b), centered at 283.7, 284.7, 286.8 and
288.9 eV, are respectively assigned to C-B (peak related to B-doped structure, indicating the
successful doping of B), sp? carbon (typically observed in diamond-like carbon films), C-O and
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C = O species. The O1s core level spectrum (Figure 5.2c) shows the deconvoluted peaks at
about 531, 532, and 533.9 eV are associated respectively with O-C, O=C, and O-B bonds.
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Figure 5. 3 High resolution XPS spectra of BG (2.5 at.%): (a) Cls, (b) B1s, (c) Ols. High-resolution
XPS spectra of BG (1 at. %): (d) C1s, (e) B1s, (f) Ols.

The high-resolution XPS spectra of C1s, B1s, and O1s for BG2.5% and BG1% are reported in
Figure 5.3. Indeed, after the conversion of the a-C:B films into the BG films using thermal
rapid annealing, the position of the C1 contributions is not significantly modified. A relative
increase in the C-B contribution is observed, which may be due to the good incorporation of
boron atom into the carbon network upon the annealing process. Moreover, an increase in the
C-O and C=0O contributions is observed in BG2.5%, in agreement with the higher Ol1s
contribution. Concerning the boron signal, in BG2.5%, the B1s contribution was fitted in three
peaks centered at 188.8, 191.1, and 192.2, assigned to BC3, BC20, and BCO2 respectively. In
BG1%, the B1s deconvolution gives rather two boron species BC3 (189.3 eV) and BCO2
(192.2). In any case, the presence of BC3, BC20 and BCO2 bonds suggests the replacement of
carbon atoms by boron atoms within the graphene network and the boron atom doped at the
defect sites as reported in most of the references related to BG films cited above. The O1s core
level spectra (Figure 5.3c, f) show the same oxygen species O-C, O=C, and O-B as observed
in a-C:B films. The relative abundance of oxygen in boron- and carbon-containing chemical

groups is typical of top-surface compositions.
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2. Raman spectroscopy analysis

To study the boron doping effect on the synthesized graphene, Raman mapping of 20 x 20 pum?2

(each integrating 400 Raman spectra) was performed on representative areas for the undoped

and boron-doped graphene with 1 and 2.5 at.%.
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Figure 5. 4 Ip/lg, lol/ls, 2D (FWHM), L, G, and 2D positions Raman mappings of (a) undoped
graphene, (b) boron-doped graphene 1%, (c) boron-doped graphene 2.5%, with their average values.

After measurements, we processed the mappings for the following characteristics: Ip/lc and
Ip/lG intensity ratios, 2D peak FWHM, and crystallite size La, as well as G, and 2D peak

positions as shown in Figure 5.4.

ID/ IG La (nm) Iz])/ IG 2D 2D G
(FWHM) position position
-1 -1
(cm ) (cm ) (cm )
G 0.16+ 0.10 [ 75+ 37 | 1.11+ 0.29 75+ 6 2747+ 6 1592+ 3
BGI 0.39+ 0.18 [ 30+ 15 | 0.70+ 0.14 90+ 18 2757+ 8 1593+ 5
BG2.5 | 045+ 0.18 | 25+ 11 | 0.70+ 0.12 93 + 21 2758+ 5 1596 + 5

Table 5. 1 Average values and their standard deviations of the Raman characteristics resulting from the
400 Raman spectra performed on representative areas of the synthesized undoped and boron graphene.

Table 5.1 lists the average values and standard deviation of the Ip/lg, l2p/lg, 2D (FWHM), L,

G, and 2D positions taken from Raman mappings of each sample. We observed that the average

value of the Ip/lg intensity ratio increases with the boron doping from 0.16 to 0.45. In addition,

173




Boron doped graphene synthesis and electrochemical characterization

a decrease in the average value of the crystallite size (La) from 75 to 25 nm is observed when
the boron doping level increases. These results suggest that the boron doping induces higher
defects density in graphene structure and lowered the crystallites size of graphene. Besides, the
average value of the lp/lg ratio diminishes with the boron doping, from 1.11 to 0.70, whereas
the average value of FWHM (2D) raises from 75 to 93 cm™. This suggests that the number of
graphene layers decreases with the boron doping. Furthermore, we observed a little change in
the position of G and 2D peaks as a function of the boron doping level. Indeed, the G peak
slightly upshifts when raising the boron doping level. It is worth noting that this upshift of the
G peak can be due either to the reduction of the graphene crystallite size'? or to the doping
effect'® or the influence of compressive stress!4-16, Therefore, it is not straightforward to
conclude to this upshift of the G peak is only due to the boron doping effect. However, we

observed clearly that the boron doping influences considerably the graphene structure.
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Figure 5. 5 Plots showing the dependence on boron doping level as a function of the average value of
(@) Io/lg ratio, lop/lg ratio, (b) crystallite size (La), the FWHM (2D), and (c) G and 2D peaks positions
for the synthesized undoped and boron-doped graphene (1, 2.5 at%). (d) Typical experimental (black)
and fitted (blue) Raman spectra of the synthesized undoped and boron-doped graphene films (1, 2.5
at.%).
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Concerning the 2D peak, we observed also an upshift from 2747 to 2758 cm™ with boron
doping. Again, the upshift can be due either to the increase in the number of graphene layers*>-
17 or to the doping effect!3. All these effects are illustrated in Figure 5.5a-c with the plot of
In/lc and lop/lg ratios and crystallite size Lo and FWHM (2D) as well as G and 2D peaks
positions as a function of boron doping level. As noticed in the average value of the different
mappings, the ratio intensity Ip/lc and l.p/le display an opposite evolution when the boron
doping level augments. The crystallite size L. and the FWHM (2D) present also the opposite
trend with the boron doping, while the G and 2D peaks positions rather follow the same trend.
Furthermore, it is worthwhile to highlight the high values of the standard deviations for all the
mapping demonstrates that the synthesized undoped and boron-doped graphene are
heterogeneous in terms of the number of layers, defects density, and crystallite size. Figure
5.5d shows typical Raman spectra extracted from the mapping of each of the samples detailed
in Table 5.1. The major peaks characteristics of graphene D, G, and 2D are visible. We
observed that the D peak becomes more intense with the boron doping suggesting the existence
of high defects density in the BG films.

Taking into consideration the results of XPS and Raman analysis and interpretations, we have
demonstrated that an amorphous a-C:B film obtained by co-ablation of carbon and boron can
be thermally converted into a boron-doped graphene film containing a lower boron content that
in the precursor film. In the next section, we are going to highlight the electrochemistry

performance of these BG films.

IV. Electrochemistry response of our synthesized G and BG films

The cyclic voltammetry (CV) was performed on the synthesized graphene and boron-doped
graphene containing different boron doping levels 0, 1, and 2.5 at. %. Samples are labeled G,
BG1%, and BG2.5%, respectively. At this stage, it is worth mentioning that all the cyclic
voltammetry measurements were performed on the as-grown undoped and boron-doped
graphene without further acidic treatments. This means that the samples contain some nickel
residuals. However, during the CV measurements, the signal of these nickel nodules was not
observed by the CV analysis, suggesting that the presence of these nickel residuals does not

influence the electrochemical results.
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1. Cyclic voltammetry measurements of the as-grown graphene and boron-doped
graphene

Cyclic voltammetry (CV) measurements obtained with ferrocene dimethanol on undoped
graphene (G) and B-doped graphene (BG) at the scan rate of 50 mV s* are presented in Figure

5.6, and the comparative electrochemical parameters are listed in Table 5.2.
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Figure 5. 6 Cyclic voltammetry curves measured in a 0.5 M 1, 1’ ferrocene-dimethanol solution of 0.1
M NaClO, with the scan rate of 50 mV/s. (a) CV of undoped graphene. (b) CV of BG1%. (c) CV of
BG2.5%. (d) All the CV curves together.

-0.2

Samples |B (at.% |Eox (V) | Ered (V) Lox (LA) Ired (LA) AE (V)

G 0 0.46 0.11 0.09 0.15 0.35
BG 1 0.36 0.19 0.38 0.44 0.17
BG 2.5 0.36 0.16 0.40 0.47 0.20

Table 5. 2 Results of electrochemical measurements on BG and undoped graphene films.

The values of AE for G, BG1%, and BG2.5% are respectively 0.35, 0.17, and 0.20 V, which
demonstrate that the two boron-doped graphene electrodes exhibit better kinetic electronic
transfer compared to the undoped graphene electrode. These measurements show that electronic
transfers are quasi-reversible and not Nernstian (AE ~ 59 mV). Besides, we observed the
increase of both oxidation and reduction currents with the rise of the boron concentration, which

is in agreement with previous work reported® on BG film. Looking at the shape of the CV
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curves, the capacitive current appears to be higher with undoped graphene film compared to the
boron-doped graphene films. This can be due to the formation of more edge in the graphene
structure'®. Comparing the two boron-doped graphene films, the one with 2.5 at. % of boron
presents lower capacitive current and essentially faradaic current due to the redox molecule.
This suggests that the electrode with BG with 2.5 at. % boron exhibits superior electrochemical

properties over that of 1 at. % boron.

To estimate the value of the kinetic rate of interfacial electron transfer constant ko, the
dimensionless kinetic parameter W was first determined using the method developed by
Lavagnini'® for a quasi-reversible system with AE values higher than 200 mV using the
following equation:

Y =218 [ﬁ/ﬂ]l/2 exp [— (52 /e T) nAE]

where ¥ is a kinetic parameter, n is the number of electrons involved in the process (n=1), F
is the Faraday constant (F = 96485 C.mol 1), R the gas constant (R = 8.314 J.mol 'K ™), T the
temperature (T= 298 K), B the transfer coefficient generally assumed to be 0.52%%! and AE is
the peak-to-peak separation. From this, a plot of ¥ against v-*/? (v being the experimental CV
scan rate) allows the electron transfer rate constants ko to be determined through the slope value
of the linear fit. Indeed, to calculate the kinetic parameter ¥, the voltammetry curves were
recorded for each sample at different scan rates from 2 to 200 mV/s. Afterward, we plot the
calculated kinetic parameter (W) versus the reverse of the square root of the scan rate (v'*/2), as
shown in Figure 5.7.

Consequently, ko is found to be equal to 2.3 x 103, 2.5 x 10" and 4.9 x 10 cm.s—* for undoped
graphene G, BG1%, and BG2.5% respectively. From these results, the undoped graphene
possesses the smallest ko indicating unfavorable electrochemical properties. If the increase due
to a boron doping level of 1% appears very limited, it appears that increasing the boron doping
level up to 2.5% increases the ko value almost twice times. All these results demonstrate that
BG2.5% exhibits better electrochemical performance with respect to BG1% probably due to
the higher boron content of BG2.5%, which can facilitate charge transfer between the
neighboring carbon atoms in graphene lattice®2L. For further analysis, BG2.5% was used for
the stability study presented next.
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Figure 5. 7 Plot of ¥ against v’/2 enabling the estimation of the kinetic rate of interfacial electron
transfer constant k.

2. Evaluation of the stability of the Boron doped graphene with 2.5 at. %

Figures 5.8a-b show the CV curves of BG2.5% for the different time during in ferrocene
dimethanol. Several cycles have been realized at 50 mV/s. We observed from Figure 5.8a that
the intensity of oxidation and reduction current signal decreases with time and number of
cycles, from 0 to 30 minutes of cycling. Indeed, initially, the fresh BG2.5% electrode presents
a redox behavior with the fastest kinetics and highest peak currents (red curve). By increasing
its time duration in the ferrocene dimethanol electrolyte, the peaks currents decrease, especially
for 10, 30 min, and AE values slightly increases except for 10 min duration. This can be due to

the number of cycles, which can also alter the sensitivity of the BG film.

It is worth mentioning that the values of potential and currents of BG2.5% in Table 5.3 are
slightly different from those in Table 5.2 because the measurements were not done in the same

areas, which evidenced the heterogeneity observed in Raman mapping.
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Figure 5. 8 Cyclic voltammetry on BG20 ina 0.5 M 1, 1’ferrocene-dimethanol solution of 0.1 M NaClO4

(@) for 0 min (red), 5 min (blue), 10 min (green), and 30 min (black); (b) for 0 min (red) and 24 hours
(purple). The scan rate is 50 mV/s.

0.2

Time (min) Eox (V) Ered (V) lox (LA) lIred (LA) AE (V)
0 0.37 0.15 0.43 0.56 0.22
5 0.39 0.11 0.63 0.68 0.28
10 0.30 0.15 0.34 0.56 0.15
30 0.32 0.03 0.08 0.09 0.29
1440 0.315| 0.00536 0.168 0.198 0.310

Table 5. 3 Results of electrochemical measurements on BG2.5% for a different time duration in
ferrocene dimethanol with the scan rate of 50 mV/Js.

Figure 5.8b shows a complementary stability study in which the sample was left in the cell in
contact with the solution overnight at 4°C to compare from day to day in the same area. In this
case, the curve (red curve) that was initially very reversible tends to widen and more resemble
the signal of undoped graphene. Indeed, the current peaks significantly decrease while the AE
value increases close to the one of undoped graphene. The cumulative effect of cycling (~ 20"
cycle on the same area) and incubation in the solution for 24 hours (1440 min) seem to affect
the electrochemical response. However, even though the peaks currents decreased, the peak
potential of the BG2.5% electrode with 5, 10, 30, and 1440 min duration shifts a little. That
means the kinetic rate does not change too much, and the decrease of the peak current can be
due to the decrease in the apparent geometric area of the BG2.5% electrode. Consequently,

these results demonstrate that the time and number of cycles affect the preservation stability of
BG2.5%.
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V. The relation between graphene nanostructures and their electrochemistry
response

To correlate the nanostructure of the undoped and boron-doped graphene with the Kinetic rate
of interfacial electron transfer (ko), Raman mappings were performed and the average intensity
ratios of the D peak over the G peak (Ip/lc) were calculated from the imaging data as shown in
Figure 5.4. Figure 5.9 shows the correlation between the ko, and the average Ip/lc value. We
observed that the Ip/lg ratios of the graphene and the BG1% are very similar, but ko augments
for BG2.5% for which both values of Ip/lc and ko are much higher compared to the other G and
BG1% electrodes. Therefore, it can be concluded that the interfacial electron transfer capability
is dependent on the defects in the graphene materials, which is in agreement with the previous
work on CVD graphene??. It is well known that the pristine graphene does not present good
interfacial electron transfer kinetics. Even though the defects in graphene reduce its electrical
conductivity, an appropriate defect density can improve its electrochemical activity, i.e., the

interfacial electron transfer capability as previously reported by other groups?223,
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Figure 5. 9 The correlation between the kinetic rate of interfacial electron transfer (ko) and the average
intensity ratio of the D-peak over the G-peak (Ip/lg) of the G, BG1% and BG2.5%.

VI.  Summary

This chapter covers the demonstration of the synthesis of boron-doped graphene films using

pulsed laser co-ablation of carbon and boron in high vacuum conditions. The structural and
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chemical characteristics of the films were investigated by combining Raman, and XPS. The
novelty of the results consists of the possibility of using the PLD method to grow boron-doped
graphene. The synthesized boron-doped graphene films are constituted of few layers contains
1to 2.5 at. % of boron predominantly bonded to carbon in both BC3 and BCO2 configurations
and high defect density associated with a decrease of cluster size. We observe a systematic
“loss” of boron during the RTA process, when comparing the boron content of the BG films
with their precursors, for both boron concentration. Furthermore, the electrochemistry
measurements show that the boron-doped graphene films possess higher performance
compared to the undoped graphene. In addition, by increasing the doping level from 1 to 2.5
at.%, the electron transfer is much higher. However, the preservation of the stability of the
BG2.5% electrode is time-dependent. Therefore, further studies can be done to achieve much
higher stability over time. Another perspective is to investigate the electronic properties of these

BG films to highlight the shift of the Fermi level as already reported by some works.
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General conclusions and perspectives

The synthesis of graphene-based material is widely studied for the past decade because of its
attractive properties. Today, the main challenge remains to achieve graphene synthesis
homogenously on wide surfaces in a controlled and reproducible way, to target applications in
various technological sectors, including materials, energy, optoelectronics, and biomedical. In
recent years, attempts have been made to broaden and consolidate the graphene growth methods
and procedures using solid carbon source, as an alternative way of using the well-known
Chemical Vapor Deposition (CVD) technique, which uses carbonaceous gas and rather high
temperatures for graphene synthesis. Physical Vapor Deposition (PVD) techniques offer an
interesting alternative in this way, based on solid carbon precursors instead of gaseous

precursors, in particular, to incorporate dopants in the graphene layers.

The present work investigated the synthesis of graphene and doped graphene using a particular
PVD process, Pulsed Laser deposition (PLD), combined with a Rapid Thermal Annealing
(RTA) process. The aim was to explore the capability of such a combined procedure for

graphene and doped graphene growth.

Indeed, this thesis was in the framework of the collaboration between different laboratories.
The synthesis of graphene and doped graphene was realized in the Hubert Curien Laboratory
by using the PLD platform and a RTA furnace. More than 200 samples have been produced to
study the growth mechanism of PLD graphene through the carbon diffusion and segregation by
interaction with a nickel catalyst film obtained by thermal evaporation, the influences of growth
parameters, such as time, annealing temperature and temperature ramp during RTA, the nature
of the substrate, the thickness of both the carbon precursor and the nickel catalyst, on the
obtained graphene films. Complementary multi-scale characterization techniques, such as
Raman spectroscopy, Transmission electron microscope (TEM), Scanning Electron
Microscopy coupled with Energy Dispersive Spectroscopy (SEM/EDS), Atomic Force
Microscopy (AFM), X-rays photoelectron spectroscopy (XPS) and UV-Visible, aiming for
graphene and doped graphene structural, morphological, topographical, chemical and
transmittance investigation were performed at the Hubert Curien laboratory and in the

laboratory of our partnership.

The main scientific conclusions of this work are the following:
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The mechanism of graphene growth by coupling PLD with RTA using nickel catalyst
is rather similar compared to other PVD methods coupled with thermal treatments
(which is not surprising since one starts from a comparable carbon-based thin film), as
well as the CVD method: the graphene growth is driven by high-temperature dissolution
of carbon atoms (or phases, such as carbides) in the nickel catalyst, followed by
diffusion and interfacial/surface segregation.

During the graphene growth, the carbon diffusion is dependent on both the annealing
temperature and the nickel catalyst microstructure. More fundamentally, we observed a
significant difference with most published papers which indicate that graphene growth
does occur mainly (sometimes only) during the cooling process, due to a lower carbon
solubility in the metal catalyst when temperature decreases down to room temperature.
We have demonstrated that carbon diffusion and surface segregation start at rather low
temperatures, during the heating ramp, with an unambiguous presence of Csp? based
few-layers graphene at 500°C. Using in situ XPS analysis during thermal heating, we
observed that at low temperatures (200-300°C), the carbon diffusion in the nickel
catalyst is accelerated due to the high defect density of the nickel film. This may explain
the rapid formation of carbon-based layers acting as a “proto-graphene” film within
200-500°C. While, at 500°C, the carbon diffusion in the nickel catalyst is governed by
a bulk diffusion due to a fully recovered nickel microstructure.

We observed that the selected substrates for graphene growth highly influence the
quality and layer number of the resulting graphene, whether it is silicon or fused silica.
We have shown that silicon chemically interacts with nickel to form nickel silicide
between 700 and 1000°C, inducing a defective multilayered graphene film, with a
decrease in the crystallite size with temperature. On the contrary, silicon oxide does not
react with the Ni catalyst, and less defective graphene films mainly comprised of 2-3
layers with larger crystallites are produced. Thus, the choice of the substrate for
graphene growth cannot be disconnected to the choice of the metallic catalyst.

The starting thickness of the amorphous carbon and the nickel catalyst as well as
annealing temperature affect considerably the synthesized graphene. Using thinner
starting a-C thicknesses such, as 2 nm, and fixing the growth temperature at 900°C and
the nickel catalyst thickness equal to 50 nm, we observed the formation of a high
proportion of graphene bilayers with lower defect density, whereas thicker starting a-C
thicknesses led to the growth of few-layer graphene. In addition, when varying the

starting nickel catalyst thickness while keeping constant the a-C thickness and the
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growth temperature, graphene films are preferentially continuous for 25 and 50 nm of
nickel, whereas the synthesized graphene from 150 nm of nickel was significantly more
discontinuous.

v. During the growth of graphene at high temperatures, we observed a solid-state
dewetting phenomenon of the Ni catalyst film. We have shown that this phenomenon
does not inhibit the graphene growth mechanism, and it appears compatible with
graphene formation despite nickel residuals nodules. The graphene formation occurs on
the top surface of the nickel nodules and at the interface between the nickel and the
substrate. The nickel nodules can be further removed using an acidic solution such as
iron chloride (FeCls) to obtain only interfacial graphene, also called “free transfer
graphene”. We have also put in evidence that such a nickel dewetting is controlled by
the initial nickel film thickness, temperature, and presence of carbon dissolved in nickel.

vi.  Considering the previous results and conclusions, by appropriately tuning the growth
parameters, a reproducible and controlled bilayer graphene growth with lower defect
density and high transparency was obtained. This requires a SiO> substrate, a starting a-
C thickness of 2 nm, an initial nickel thickness of 50 nm, and a growth temperature of
900°C during 7 min, with a heating rate of 15°C/s and cooling rate of 0.5°C/s.

vii.  The synthesis of boron-doped graphene using the PLD method was successfully
achieved for the first time. The synthesized boron-doped graphene films are constituted
of few layers contains 1 to 2.5 at. % of boron predominantly bonded to carbon in both
BCs and BCO: configurations. We observed a systematic “loss” of boron during the
RTA process, when comparing the boron content of the BG films with their precursors,
for both boron concentrations. We have shown that the electrochemical performances
of the boron-doped graphene films are significantly higher than the ones of the pristine
graphene. Moreover, these electrochemical performances increase with the rise of the
boron doping level. More precisely, we observed that the cyclic voltammetry curves for
the boron-doped graphene with higher boron content exhibit better reversibility
compared to the other boron-doped graphene with a lower boron content and with the
undoped graphene. In addition, the interfacial electron transfer value increases with
rising boron content. This value for the highest boron-containing doped graphene is

around twice the one of the boron-doped graphene with the lower boron content.

These findings enrich our understanding of the graphene growth using a nickel catalyst and a

solid carbon (and boron-doped carbon) source obtained by pulsed laser deposition. Indeed, all
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the results position the PLD method as one of the alternative routes for graphene and doped

graphene synthesis.

Our results and conclusions open some interesting directions for further researches in this field:

Even though the combination of the PLD and ex-situ RTA process allows obtaining
graphene with the good quality compared to the literature, there is un-negligible oxygen
contamination due to the sample transportation in ambient air after PLD and the low
vacuum in the RTA furnace. Therefore, it would be interesting to investigate the one-
step graphene synthesis using PLD and the in-situ annealing. This will permit us to
avoid some oxygen contamination, including during the heating of the nickel catalyst
before the carbon deposition to enlarge the nickel grain size for better graphene growth
surface.

As we observed the nickel thin film dewetting during the graphene growth at high
temperature, one perspective is to perform an in situ XPS experiment as well as a model
of carbon diffusion-segregation at high temperature to better understand the influence
of this dewetting phenomenon on the graphene growth mechanism. Moreover, we
highlighted that the presence of carbon favors the nickel dewetting process. Therefore,
further studies may allow deeper investigations to understand how the presence of
carbon accelerates the nickel dewetting process.

We demonstrated the capability of PLD to grow boron-doped graphene with promising
electrochemical properties. However, the preservation of the stability of these films is
time-dependent and should be improved. Further studies on the synthesis can be done
to improve the stability over time of these films, for example by playing with the growth
temperature, the boron doping level, and so on. Furthermore, boron doping in graphene
tunes its energy gap. So it is needed to study the electrical properties of boron-doped
graphene to know its band gap as it is a promising material for electronic applications.
Besides the nitrogen and boron doping, graphene can also be doped with these two
elements at the same time, forming a boron-nitrogen doped graphene film. This could
modify more significantly the electronic structure due to the synergistic coupling effects
of these two elements. Therefore, B and N co-doping can improve the overall
electrochemical performance of carbon materials by adjusting chemical reactivity,
electronic conductivity, and surface compatibility. Another perspective is to use the
PLD method to explore the synthesis of this dual graphene doping and compare its

characteristics to the other growth methods.
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