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Acronyms.

AFM Atomic force microscopy

2D Two dimensions

Ao Free amplitude

a-C Amorphous carbon

AGNR Armchair graphene nano-ribbon (GNR with armchair edges)
AM-AFM Amplitude modulation atomic force microscopy
Asp Amplitude set point

CNT Carbon nano-tube

CVD Chemical vapor deposition

DFT Density functional theory

e-beam Electron beam

EBIE Electron beam induced etching

FET Field-emission transistor

FIB Focused ion beam

FLG Few layer graphene

GIS Gas injection system

GL Graphene layer

GNR Graphene nano-ribbon

HBC Hexabenzocoronene




Acronyms.

HRTEM High resolution transmission electron microscopy

IPA Isopropanol

MWCNT Multiwall carbon nano-tube

NC-AFM Non contact atomic force microscopy

NEMS Nanoelectro-mechanical system

PMMA Polymethyl methacrylate

PmPV Poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene)
RH Relative humidity

RMS Root mean square

RT Room temperature

SACTEM Spherical aberration corrected transmission electron microscopy
SAED Selected area electron diffraction

SEM Scanning electron microscopy

STM Scanning tunneling spectroscopy

SWCNT Single walled carbon nano-tube

TEM Transmission electron microscopy

UHV Ultra high vacuum

VLSI Very large scale integration

ZGNR Zig-zag graphene nano-ribbon (GNR with Zig-zag edges)
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Introduction.

Etudié théoriquement depuis prés d'un
siecle et identifié¢ expérimentalement depuis les
années 1960 en microscopie électronique puis
dans les années 1990 en microscopie en champ
proche, le graphéne a définitivement regagné de
'intérét par la découverte en 2004 d'une mé-
thode simple pour le déposer sur un substrat ar-
bitraire. [1] Depuis huit ans, une vaste commu-
nauté s'est penchée sur I'exploration des meé-
thodes de production, la caractérisation de ses
propriétés et 1'exploitation technologique du
graphéne. Parmi les domaines scientifiques va-
riés dans lesquels le graphene est désormais con-
sidéré comme pertinent, citons, par exemple,

'analyse des acides nucléiques [2] pour la biolo-

Theoretically studied for almost one
century and experimentally since the 60’s
by electron microscopists and in the 90’s
for near-field microscopists, graphene has
definitely regained importance since the
discovery in 2004 of a simple method to
deposit it on an arbitrary substrate. [1] For
eight years, a vast community has ex-
plored the production methods, character-
ization of its properties and technological
applications of graphene. Among the sci-
entific domains for which graphene is
now considered as promising, one can cite
the nucleic acid analysis [2] for biology or

the use of its chemicals properties for ca-
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gie ou l'utilisation de ses propriétés chimiques
pour la catalyse. [3] Toutefois, ce sont les pro-
priétés physiques du graphene qui sont les plus
explorées a la fois pour la nouvelle science fon-
damentale a laquelle il donne accés et pour
d’éventuelles applications qu'il rend envisa-
geables. Sa quasi-transparence optique dans le
visible [4], associée a sa conductivité élevée, en
fait un bon candidat de remplacement de I'oxyde
d'indium et d'étain (ITO) pour la fabrication
d'électrodes transparentes, qui seraient de sur-
croit flexibles, de cellules photovoltaiques ou
d’écrans a cristaux liquides. [5-8]

Les propriétés mécaniques du graphene
sont comparables a celles du graphite mais
I'épaisseur monoatomique du graphene le rend
attractif comme matériau de renfort incorporé
dans une matrice pour former des matériaux
composites. [9, 10] Cette épaisseur ultime et sa
robustesse en font aussi un matériau de choix
comme substrat pour la microscopie électronique
en transmission. [11-13] Enfin, la combinaison
de ses propriétés optiques, mécaniques et électro-
niques permettent d’envisager son utilisation
pour des dispositifs nano-électromécaniques. [14,
15]

Bien que le graphene soit considéré comme

12

talysis. [3] However, the physical proper-
ties of graphene are the most explored
ones for the new fundamental scientific
perspectives or for the potential applica-
tions it may enable. Its optical transparen-
cy in the visible range, [4] associated with
a high conductivity make graphene a
good candidate for the replacement of in-
dium thin oxide (ITO) as transparent elec-
trode in solar or liquid crystals cells,
which could moreover be rendered flexi-

ble. [5-8]

The mechanical properties of graphene are
similar those of graphite but the mono-
atomic thickness of graphene make it at-
tractive as reinforcement material incorpo-
rated in a matrix to form composites mate-
rials. [9, 10] This ultimate thickness and
mechanical robustness make graphene an
ideal substrate for transmission electron
microscopy. [11-13] Finally the combina-
tion of its optical, mechanical and elec-
tronic properties makes graphene a good
candidate for nano-electro-mechanical

devices. [14, 15]

Although graphene is considered as
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un matériau propice aux applications en micro et
nanoélectronique, la fabrication de composants
comme des transistors a effet de champ, requiert
qu’'une bande interdite soit ouverte dans la dis-
persion linéaire et continue de ce semi-métal a
gap nul. Plusieurs voies sont envisageables pour
ouvrir un tel gap et parmi celles-ci, nous nous
sommes intéressés au confinement latéral du
graphéne. 1l a été montré théoriquement que
lorsque le graphéne est confiné en forme de ru-
ban, un gap peu étre ouvert dans lequel des états
discrets peuvent subsister qui sont alors essen-
tiellement délocalisés sur les bords du ruban. Le
transport électronique dans les nanorubans de
graphéne est donc extrémement sensible a I'état
des bords de graphene, de sorte que lors de la
gravure il est essentiel de préserver une grande
qualité cristallographique de ces bords, pour ex-
ploiter cette propriété du graphéne confiné. Les
techniques de gravures ioniques comme la gra-
vure par plasma a oxygene effectuée apres une
étape de lithographie électronique ou la gravure
directe par faisceau d’ions focalisés causent
d’importants degits dans la structure du gra-
phene. [16, 17] A l'inverse, il a été montré que la
gravure électronique [18-21] du graphéne a

haute tension d’accélération dans un microscope

13

a material suited for applications in micro
and nano-electronics, fabrication of devic-
es, such as field-effect transistors, require
a band gap to be opened in the dispersion
band of graphene. Several techniques
have been explored to open such a gap,
among which we considered the lateral
confinement of graphene. It has been the-
oretically shown that when graphene is
patterned in  shape of graphene
nanoribbons (GNR), a gap can be opened
inside which discrete states can survive
and are essentially delocalized on the
edges of the GNRs. The electronic
transport inside GNRs is thus extremely
sensitive to the edges states. The ribbon
etching technique should preserve the
crystallinity of the material and of its edg-
es to exploit the properties of the confined
graphene. Patterning techniques using
ions like oxygen plasma preceded by an
electron beam (e-beam) lithography step
or the direct etching by a focused ion
beam create damages in the structure of
graphene. [16, 17] On the contrary, it has

been shown that the e-beam etching of

graphene [18-21] at high acceleration volt-
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électronique a transmission (MET) a produit des
bords de découpe droits a | ‘échelle atomique et
peu endommagés. [19, 21] Cependant la forme
de découpe est difficile a contrbler et le MET im-
pose une configuration suspendue difficilement
compatible avec des dispositifs de mesure de
transport électronique.

L’objectif de ce travail est la mise au point
d'une méthodologie de gravure permettant une
structuration multi-échelle, du wmicromeétre a
I'échelle atomique, produisant des formes arbi-
traires tout en limitant 'amorphisation et la
contamination du graphene. Un objectif en dé-
coulant est la caractérisation structurale du gra-
phéne pour mesurer la qualité des gravures. La
technique de gravure développée ici sera appli-
quée sur du graphene déposé sur un substrat et
contacté par des électrodes métalliques en vue de
mesures de transport électronique. Au cours du
travail décrit dans ce manuscrit, nous montre-
rons que la gravure par un faisceau électronique
focalisé de microscope électronique a balayage
assistée par la présence de vapeur d’eau permet
d’associer la qualité de gravure des phénomenes
observés en MET, tout en gardant un controle
sur la forme de gravure.

Le premier chapitre de ce manuscrit pre-

14

ages in a transmission electron microscope
(TEM) produces well ordered and atomi-
cally smooths edges. [19, 21] However, the
shape of the etched patterns is difficult to
control and the TEM imposes a suspended
configuration hardly compatible with
electric transport measurement devices.

The aim of this work is to develop an
etching technique allowing a multiscale
structuration of graphene from microme-
ter to the atomic scale producing an arbi-
trary shape while limiting graphene con-
tamination. A subsequent objective is the
structural characterization of graphene to
assess the quality of the etching. The etch-
ing technique developed here will be ap-
plied to graphene deposited on a substrate
and contacted by metallic electrodes for
electronic measurements. In this manu-
script we will show that the etching by a
focalized electron beam of a scanning elec-
tron microscope assisted by the presence
of water vapor allows to associate the
quality of etching shown in TEM and
keeping a control on the shape of the etch-
ing.

The first chapter of this manuscript
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sente les caractéristiques essentielles du gra-
phéne et du graphéne confiné. Les techniques
permettant de l'identifier et de le caractériser
sont d’abord présentées, puis les différentes mé-
thodes de fabrication du graphéne sont exposées:

exfoliation ~micromécanique, croissance

épi-
taxiale, voies de synthese chimique de graphene
et nanorubans de graphéne. Finalement les prin-
cipales techniques de gravure du graphéne sont
présentées, en soulignant leurs avantages et
leurs inconvénients, avant de présenter la gra-

vure directe par faisceau d’électrons (EBIE, Elec-

tron Beam Induced Etching).

Le deuxieme chapitre rassemble les détails
techniques des instruments et méthodes utilisés
au cours de cette these.

Afin de mesurer l'amorphisation induite
par la gravure du graphene, le troisieme chapitre
présente des développements techniques visant a
identifier et caractériser le graphéne ainsi que ses
défauts. Dans une premiere partie, nous mon-
trons que la dispersion des hauteurs apparente
du mono-feuillet de graphene rapporté dans la
littérature a partir de mesures en microscopie d
force atomique (AFM) en conditions ambiante

résulte de I'adsorption d’une couche d’eau et de

15

presents the essential characteristics of
graphene and confined graphene. Tech-
niques allowing to identify and character-
ize graphene are presented first, followed

several production techniques of

by
graphene: micromechanical exfoliation,
epitaxial growth and chemical synthesis
of graphene and GNRs. Finally the main
known techniques of etching of graphene
are presented, underlining their ad-
vantages and disadvantages before pre-
senting direct etching by a focalized elec-
tron beam (EBIE, electron beam induced
etching).

The second chapter will expose
technical details of instruments and meth-
ods used during this work.

In order to  measure the
amorphisation of the edges of graphene
etched by EBIE, the third chapter presents
developments of techniques aiming to
identify and characterize graphene and its
defects. In a first part, we will show that
the dispersion of apparent thickness of
monolayer graphene reported in the liter-

ature from atomic force microscopy

(AFM) in ambient conditions is the results
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conditions d'imagerie métastables qui condui-
sent a4 une surestimation de l'épaisseur du gra-
phéne de presque 1 nm. Nous montrerons que cet
artefact peut étre supprimé par l'ajustement des
parametres d'imagerie. La spectroscopie Raman
permet de détecter les défauts présents dans le
graphéne cependant, l'intensité du signal pour le
graphéne a faible densité de défauts est quasi
nulle. Pour diminuer le seuil de détectabilité des
défauts du graphéne par spectroscopie Raman,
des colloides cristallins d’or sont déposés sur du
graphene pour exalter l'intensité du signal des
pics Raman du grapheéne. Cette exaltation offri-
rait ainsi une technique macroscopique et non
destructive permettant de caractériser la qualité
structurale du graphene. L’AFM non contact en
modulation de fréquence est une technique a
sonde locale permettant d’imager des surfaces
isolantes ou des molécules sur surface isolante
avec une résolution atomique ou  sub-
moléculaire. Pour le graphéne sur substrat iso-
lant, cette technique permettrait d’imager des
bords découpé avec potentiellement une résolu-
tion atomique afin d’en caractériser les défauts.

Les contraintes notamment au niveau du subs-

trat imposées par cette technique sont présentées.

16

of the absorption of a water layer and
metastable imaging conditions that lead to
overestimation of the apparent thickness
of graphene of about 1 nm. We will show
that this artifact can be suppressed by ad-
justing the imaging conditions. Raman
spectroscopy allows detecting defects in
graphene but the signal intensity of the D-
peak with a low density of defects is al-
most null. To reduce the detection thresh-
old, gold crystalline colloids are deposited
on graphene to enhance the intensity of its
Raman signal. This exaltation would pro-
vide a non destructive and macroscopic
technique for characterizing the structural
quality of graphene. Non-contact AFM in
frequency modulation is a local probe
technique allowing to image insulating
surfaces or molecules on insulating sur-
face with an atomic or sub-molecular reso-
lution. For graphene deposited on an in-
sulating substrate, this technique would
permit to image the etched edges with
potentially an atomic resolution allowing
a characterization of the edges quality.
The constraints on the nature of the sub-

strate imposed by this technique are pre-



Introduction.

Le quatrieme chapitre présente la gravure
directe du graphéne par un faisceau électronique
(EBIE) ainsi que I'étude structurale de graphene
découpé par cette technique. Apres avoir présen-
te les échantillons utilisés pour I’¢tude structu-
rale — du graphene déposé sur des grilles de mi-
croscopie électronique en transmission — les dif-
férents parametres influencant I’EBIE sont pré-
sentés avant d’étudier la gravure de ligne puis de
rubans dans le grapheéne. La rugosité des bords
de découpes simples ainsi que la zone amorphisée
par les gravures sont étudiées par une imagerie a
la résolution atomique avec un microscope élec-
tronique en transmission équipé d’un correcteur
d’aberrations sphériques.

Le cinquieme chapitre vise a appliquer la
gravure du graphene par EBIE a du graphene
déposé sur des substrats Si/SiO: en vue de me-
sures de transport électronique. Dans un pre-
mier temps, nous étudions les modifications en-
trainées par la présence d'un substrat sous le
graphéne. Ces modifications impliquent de sus-
pendre le graphene localement. La gravure du
graphéne par EBIE révele que, dans cette confi-
guration, le graphéne est contraint par des ten-

sions mécaniques qui élargissent significative-
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sented.

The fourth chapter presents the di-
rect etching of graphene by an electron
beam (EBIE) and a structural study of
graphene cut by this technique. After pre-
senting the samples used for the structural
study - graphene deposited on TEM
grids — different parameters influencing
EBIE are presented before studying lines
and ribbon etching in graphene. The edge
roughness of the etched graphene and the
amorphized area near the cut area are
studied by atomic resolution imaging us-

ing a TEM equipped with a spherical ab-

erration corrector.

The fifth chapter shows the applica-
tion of EBIE to graphene deposited on
Si/SiO:z substrate for electronic transport
measurement. In a first paragraph, a mod-
ification induced by the presence of the
substrate under the graphene is evi-
denced. This modification implies that
graphene must be locally suspended.
Etching of graphene by EBIE reveals that
in this configuration, graphene is under

mechanical strains that enlarge signifi-
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ment les traits de découpes. Apres relaxation de
ces contraintes des rubans de graphéne mono-
couche contactés par des électrodes sont fabri-

qués avec succes.
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cantly the width of the cuts. After releas-
ing the strains, graphene nano-ribbons
contacted by metallic electrodes are suc-

cessfully fabricated.
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CHAPTER 1

Properties, production and patterning of graphene.

Ce chapitre présente 'état de l'art sur
l'identification, la production et la mise en forme
du graphene jusqu’a l'échelle atomique a partir

d’une sélection de travaux.

La premiere partie présente la structure cris-
tallographique du graphéne ainsi que la structure
de bande qui en découle. Les propriétés électro-
niques et notamment la mobilité des porteurs de
charge a température ambiante sont exposés. Les
propriétés du graphene unidimensionnel, appelé
nano ruban de graphéne y sont traités, comme
lowverture d’'un gap par confinement latéral du

graphene.

This chapter presents the state-of-
the-art on the identification, production
and patterning of graphene down to the

atomic.

The first part describes the crystal-
lographic structure of graphene and its
band structure. The electronic properties
including the charges carrier mobility at
room temperature are presented. The
properties of uni-dimensionnal graphene,
graphene nanoribbon (GNR), are treated,
with a particular emphasis on the open-
ing of a gap by lateral confinement of

graphene.
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Dans une deuxieme partie, des techniques
permettant d’identifier le graphene et notamment
le nombre de couches dont il est constitué sont
exposées. La microscopie optique, est d’abord pré-
sentée, la nécessité de techniques d’identification
plus fiables nous conduit ensuite a exposer la
spectroscopie Raman qui outre une identification
rapide du graphéne, est riche en informations sur
sa structure cristallographique. L’AFM, qui est
une technique de microscopie a sonde locale peut
aussi étre utilisée pour l'identification du gra-
phéne. La MET propose différentes techniques
pour identifier et caractériser le graphene, comme
I'imagerie a faible grandissement, la diffraction
électronique et l'imagerie a fort grandissement
avec correcteur d’aberrations sphériques. La MET
permet une identification univoque du graphene

suspendu.

La troisiéeme partie traitera de la production
du graphene en commengant par la technique
d’exfoliation micromécanique du graphite. Cette
technique produit jusqu’a ce jour le graphene de
meilleure qualité mais est difficilement adaptable a
la production de masse. La sublimation de car-
bures ou la croissance CVD sur substrats métal-
liques sont ensuite présentées, ces techniques pro-
duisent du graphene a grande échelle. Finalement
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In a second part, the techniques al-
lowing to identify graphene and its num-
ber of are exposed. Optical microscopy
and Raman spectroscopy provide a fast
identification of graphene and a compre-
hensive information on its crystallograph-
ic structure. AFM, a local probe micros-
copy technique, is also used for identify-
ing graphene. TEM comprises a number
of techniques that allow the unambigu-
ous identification of suspended graphene
and its structural characterization: bright
and dark field imaging, electron diffrac-
tion and high magnification imaging with

aberrations correction. TEM.

The third part summarizes the
methods of production of graphene. The
micromechanical exfoliation technique
produces until now the best quality
graphene for electronic physics but is not
suitable for large scale production. Car-
bides sublimation or CVD growth on me-

tallic surfaces can produce large scale

graphene. Finally the chemical synthesis
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la synthese chimique de nano graphene et de ru-
bans de graphene présentant des bords atomique-

ment droits est présentée.

La quatrieme partie de ce chapitre présente
des techniques de gravure du graphéne pour sa
mise en forme en s’attachant a présenter leurs ef-
fets sur la qualité cristallographique du graphene
et la rugosité de ses bords découpés. Les tech-
niques sont regroupées en trois catégories: les
techniques de gravure ioniques, électroniques et
celles dirigées par la cristallographie du graphene.
Les gravures ioniques rassemblent la lithographie
électronique suivie d'une gravure par plasma
d’oxygene et la gravure directe par faisceau focali-
sé d’ion (FIB) gallium ou hélium. Les techniques
électroniques présentées sont les lithographies a
sonde locale et la gravure directe par faisceau
d‘électrons focalisé. Les techniques de gravures
dirigées par la cristallographie du graphene sont
"ouverture de nanotubes de carbone par oxydation
chimique ou sonication intense, la fabrication de
nanorubans de graphene par déchirement méca-
nique (sonication) ainsi que I'hydrogénation du
graphene catalysé par des nanoparticules métal-

liques.
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of nano-graphene and GNR with atomi-

cally smooth edges is presented.

The fourth part of this chapter fo-
cuses on the graphene patterning tech-
niques by etching. Their effects on the
crystallinity of graphene and the rough-
ness of the cut edges are examined. These
techniques are classified in three catego-
ries: the ion-based etching, the electron-
based etching and the chemical etching.
Ion-based techniques comprise e-beam
lithography followed by an oxygen plas-
ma etching and direct etching by a fo-
cused Ga* or He* ion beam (FIB). The
electronic techniques are tunneling li-
thography and direct focused electron
beam etching. Chemical etching presents
the peculiarity of cutting graphene along
crystallographic orientations. One can
mention the opening of carbon nanotube
(CNT) by chemical oxidation or intense
sonication, the mechanical tearing (soni-
cation) of graphene into GNRs and the
catalytic hydrogenation of graphene by

running metallic nanoparticles.
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1.1 Properties of graphene.

1.1.1 Graphene, a no gap semi conductor.

Graphene is a single atom thick sheet in which carbon atom are arranged in a honey-
comb lattice (Figure 1.1). The distance between two nearest atoms is a=1.42 A. The unit cell

of graphene is formed by the two vectors a1 and a-.

a

e
a; = (\%) and a, = %(%) in the base (e;)

The primitive cell of graphene contains two carbon atoms: a and B (Figure 1.1) that are
distinguishable by their environment. The C-C bonds are rotated by 60° giving two non
equivalent atoms in the primitive cell of graphene. Graphite is the stacking of graphene lay-
ers linked by Van Der Waals interactions and spaced by 0.335 nm. [1, 2] In an AB stacking
(Bernal stacking), graphene plane are superposed in the order ABABABAB... B is a graphene

plane translated with respect to the A graphene plane by the vector §; = % (ex+ V3ey). In

turbostratic graphite the stacking of the graphene layers is rotationally random around an
axis perpendicular to the graphene plane. Thin graphite composed of less than about 10

graphene layers is called few layer graphene (FLG).

Figure 1.1. Graphene lattice. (a) Schematics of the direct space, black lines representing C-C bonds, red
squares and blue disks represent carbon atoms « and S. a; and a, are the primitive cell unit vectors. 4, d, and
d3 are the nearest neighbor vectors. (b) First Brillouin zone with reciprocal vectors b; and b,. High symmetry
points are indicated (/; K, K'and M).
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k
The vectors of the reciprocal base ( kx) are defined by:
y

2 e . .
ei.k; = m (e; X ej). e, with (i, j, k) a circular permutation of (x, y, z)
The reciprocal lattice is defined by the ensemble of K vectors verifying:

elK.R =1

For all the position vectors R of the direct lattice.

k
The reciprocal vectors in the base ( kx) are:
y

_e2n(1 o 1
by =32 (yg) e b2 =52 3)

K and K’ are the Dirac points, located on the corners of the first Brillouin zone. Their

k
coordinates in the base ( kx) are:

y
1 1
K =2—n<i> and K’ :2_11(_1).
3a NG 3a 3

The band structure is calculated in a first approximation using the tight binding Hamil-
tonian and resolving the Schrodinger equation. [3] The energy dispersion in the momentum

space is:

E(ky, ky) i\/l + 4 cos (@) (cos

() +1) (1.1)

The energy band is plotted in Figure 1.2a. For an undoped graphene the Fermi energy
is situated where the valence and the conduction band meet. These six meeting points are

situated on the K and K’ points of the first Brillouin zone.
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Figure 1.2. Band structure of graphene. (a) 3D first Brillouin zone adapted from [4]. (b) Projected first Brillouin
zone around K and K’ points. The conductive band is displayed in blue and the valence band in red..

For a momentum vector k which is close to TK: | 1q! |<<| | TKI| with q = k —TK, the

energy can be approximated to:

EG)~ £ vellqll + o (L)’ (12)

In the vicinity of K and K’ points, dispersion band is linear in first approximation (Fig-
ure 1.2b). The two dispersion bands meet each other producing a conical-shaped valley. This
dependence is unusual and implies unique properties for graphene. Carriers in graphene

can be treated as massless Dirac fermions with an effective “speed of light” ¢*=10° m.s™. [5-7]
1.1.2 Electronic properties.
In the Drude model, the mobility of the carriers is defined as u = i where e is the

charge of an electron, n the carrier density and p the sheet resistivity. In graphene, at room
temperature, electron mobility exceeds 2,000 cm?2.V-1.s! for any micromechanically deposited
graphene, providing access to high temperature quantum hall effect. [5, 6] The simultaneous
observation of high mobility, sensibility to field effect and large lateral extension, implying
an ease for contacting made possible the exploration of graphene as a potential alternative to

carbon nanotubes (CNT) for field-effect transistors (FET) devices. [8, 9]
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The dominant scattering mechanism that limits carrier mobility in graphene is related
to graphene defects. [5, 10] Performing a current annealing in graphene remove adsorbates
and allowed to reach motilities of more than 25,000 cm2.V-1.s'. [11] For oxide supported
graphene, the optical phonons of the oxide set a theoretical limit to the carrier mobility
which is 40,000 cm2.V-1.s! at room temperature. [12] Carrier mobility increases by one order
of magnitude if the underlying substrate is removed: graphene is deposited by microme-
chanical exfoliation technique and contacted by metallic electrodes, the silica surface under-
neath is etched, resulting in the suspension of graphene (Figure 1.3a). [11] In this suspended

device, carrier mobility exceeds 200,000 cm?.V-1.s! after annealing (Figure 1.3b).

Figure 1.3. Suspended graphene device. (a) SEM image of a typical suspended six-probes graphene device
taken at 15° with respect to the sample plane. (b) Mobility u as a function of carrier density n for a suspended
graphene before (blue) and after (red) current annealing. Dotted line is the same measurement for the an-
nealed supported sample. Adapted from [11].

1.1.3 Graphene nanoribbons.

A graphene nano ribbon (GNR) is graphene for which one of its two dimensions is re-
duced to a few benzene rings and is considered as 1D graphene. There are two types of ide-
alized GNR, (i) armchair graphene nanoribbon (AGNR), is infinite along one direction and
terminated by two parallel armchair edges along the second direction (Figure 1.4a). (ii)
Zig-zag graphene nanoribbon (ZGNR) is infinite along one direction and is terminated by

two parallel zig-zag edges along the second direction (Figure 1.4b). A narrow band of

27



Chapter 1: Properties, production, and patterning of graphene.

graphene (few nanometers in width) is called GNR, the edges of which can be a random

mixture of zig-zag and armchair edges.

This lateral confinement of graphene modifies its pristine dispersion bands. Tight bind-
ing calculation has been performed to plot the energy band of AGNR and ZGNR (Fig-
ure 1.4c and d). For ZGNRs, valence and conduction bands are flattened with respect to the
bands of the 2D graphene but it is still semi-metallic. AGNRs can be semi-metallic or semi-

conducting depending on their widths. [13]

Figure 1.4. Schematics representing (a) an Armchair graphene nanoribbon and (b) a Zig-zag graphene
nanoribbon. Calculated band structure of (c) an AGNR and (d) a ZGNR. Adapted from [13]. (e) “X” is the trans-
verse axis of a GNR. (f) Energy of the valence band of a GNR versus the position along the transverse axis “X”.

Figure 1.4f plots the energy of the valence band of a GNR with a gap versus its trans-
verse axis “x”. In the middle of the GNR, the valence band is below the Fermi energy, no
conduction occurs. On the edges of the GNR, the valence band continuously increases to

reach the energy level of the insulator surrounding the GNR. Where the valence band cross-
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es the Fermi level, it creates two conducting channels on the edges of the GNR. The electron-
ic transport is thus mainly carried by the edges of the GNRs which implies that the quality

of the edges has a major influence on the electronic transport behavior.

Lateral confinement of graphene is one technique allowing to open a gap in the
graphene band to produce a FET out of graphene. [13-15] It has been predicted that electrical
properties of GNR can be tuned from perfectly metallic for ZGNR to semiconducting for
AGNR, the gap of which varies with the ribbon width. [16]

1.2 Identification of graphene.

1.2.1 Optical characterization.

A technique allowing a quick determination of the number of graphene layers is optical
microscopy associated with a specific substrate. The structure of S5i/SiO2 substrate with a thin
oxide layer grown on silicon act as a Fabry-Perrot cavity. Graphene deposited on this sub-
strate adds a small optical path to the Fabry-Perrot cavity [17] which increases the contrast
of graphene and makes it visible with an optical microscope despite it is a single atom thick
crystal (Figure 1.5a). The optical contrast of graphene versus the oxide thickness and the
wavelength of the incident light is shown in Figure 1.5b. At the maximum sensitivity of the
human eye, [8] at the wavelength A=550 nm, the maximum optical contrast for graphene is
obtained for 90 and 285 nm oxide thicknesses. Alternative substrates were also explored to
enhance the optical contrast of graphene, for example, SisNs, PMMA [17] or AL:Os on silicon
wafer. [18] Optical identification of graphene allows to rapidly identify the thinnest flakes of
a substrate but until now, it cannot unambiguously attribute the number of layer of a

graphene flake and should be associated with another characterization technique.
1.2.2 Raman spectroscopy.

Raman spectroscopy is a non destructive characterization technique. A photon beam
interacts with a material to be analyzed. Incidents photons excite electrons from the valence

to the conduction band, excited electrons can interact with phonons of the solid. The pho-
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tons emitted from the de-excitation have a different energy than the incident photons. This

energy difference is the Raman shift and provides information on the phonons of the crystal.

This non destructive and macroscopic technique is sensitive to the number of graphene
layers of a flake or its crystalline quality. With a laser excitation of 514 nm, the Raman spec-
trum of graphene has peaks with a Raman shift comprise between 1,300 and 3,000 cm™! (Fig-
ure 1.5d).

Figure 1.5. Identification of graphene (a) Optical image of a graphene flake deposited on a Si/SiO, substrate
with an oxide thickness of 285 nm. (b) Graphene monolayer contrast with respect to the silica as a function of
wavelength and SiO, thickness, adapted from [17]. (¢) AFM image of a graphene flake. (d) Raman spectrum of
a micromechanically exfoliated graphene monolayer. Vertical scale color: 15 nm. Scale bars: 10 um.

The G peak around 1,560 cm™ corresponds to a first order Raman process implying
phonons mode of symmetry Exc at the center of the Brillouin zone (I point). The G band in-
tensity is proportional to the probed volume and thus, for a constant area illuminated by the

laser, to the number of graphene layer. [19, 20]
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The two other main peaks in the Raman spectrum of graphene are second order pro-
cesses, they are called D and G’. The D peak originates from an Exc symmetry phonon mode
and a defect, it is centered around 1,350 cm™. The D band is active in presence of defects, in-
cluding graphene edges. [21, 22] The D peak intensity is related to the density of defects in
the probed area. For micromechanically exfoliated graphene, the D peak intensity is often
null, only on the edges of the flake, [23] indicating the high quality of this type of graphene.
The intensity of the D peak is dependent on the laser polarization, being maximum (mini-
mum) for a polarization parallel (perpendicular) to the edge. [23-25] The Raman D peak in-
tensity give information on the type of graphene edges in theory, pure zig-zag edges does
not contribute to the D peak while pure armchair edges does. [26, 27] This behavior is well
observed for graphite [19] or for pure zig-zag edges. [28] But the edges of micromechanically
exfoliated graphene are too rough to be able to identify the edge average arrangement (zig-

zag or armchair). [23, 24]

The G’ band originates from two Ezc symmetry phonon modes. G’ peak is also called
2D since its Raman shift is about twice the one of the D peak, however, this two-phonon
band is allowed in the second order Raman spectra of graphene without any kind of disor-
der or defects. In order to prevent any misleading connection of this feature with disorder or
defects, and to avoid confusion between the designation of “"2D" to denote two dimensional-
ity, we will use here the conventional notation ~'G’-band" as is used in the graphite and
nanotube literature. [20] For a monolayer graphene or non AB stacked graphite (AA stack,
turbostratic, decoupled graphene layers) it is a single Lorentzian peak. For a monolayer
graphene it is centered around 2680 cm! (514nm laser wavelength). [29, 30]. For AB stacked

FLG, the G’ peak is a combination of several Lorentzian peaks around 2,700 cm. [20]
1.2.3 Atomic force microscopy characterization.

AFM is a scanning probe microscopy technique in which a cantilever scans a surface.
This technique maps the topography of a surface. A tip is in interaction with a surface and
gives information on the topography of the scanned object. Different modes are available, in
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contact mode, the cantilever is in permanent contact with the surface, the position of the tip
is regulated by the deviation of the cantilever, recorded by a laser. In intermittent or tapping
mode the tip oscillates and is regulated by its amplitude. The intermittent mode reduces

modification of the surface induced by the cantilever with respect to the contact mode.

Figure 1.5c shows an AFM height image of a graphene monolayer flake. The average of
height profiles of the graphene-silica step measures the thickness of a graphene flake. How-
ever, attributing a number of layers to a certain apparent height is not obvious because of a
low reproducibility of the height measurement. The thickness of a graphene flake on top of
HOPG or FLG is measured with an intermittent mode AFM at 0.4 nm.[19] This value is close
to the interplanar van der Waals spacing in graphite (i.e. 0.35 nm [1, 2]). For graphene on top
of a SiO:z surface, the AFM apparent height is measured between 0.5 and 1.0 nm. [8, 19, 31-
33] The number of layer of these flakes has been confirmed by complementary characteriza-
tions like studying self folded sheets [34] or Raman spectroscopy. [19] The origin of the ap-
parent height of graphene on silica remains unclear since Van Der Waals interaction between

graphene and silica cannot explain such a high value.
1.2.4 Transmission electron microscopy.

TEM offers a unique characterization technique from large scale to the atomic scale for
suspended graphene. The identification of the number of layers of a suspended graphene
flake with a conventional TEM can be achieved by different approaches: imaging a folded
part of graphene, the folds brings it locally parallel to the electron beam and reveals dark
lines corresponding to each graphene sheets, [35-38] the number of dark lines corresponding
to the number of graphene layer. However, a graphene scroll exhibits a large number of dark
lines even for a graphene monolayer. [38] This technique is complemented by an electron
diffraction analysis,[36] the diffraction pattern of graphene exhibit two hexagons, corre-
sponding to the 2.13 A spacing (inner hexagon) and the 1.23 A spacing (outer hexagon) of
graphene direct lattice. [35] In the case of AB-stacked FLG of two or more layers, the intensi-

ty of the diffraction peaks of the outer hexagon is higher than the intensity of the diffraction
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peaks of the inner hexagon. It is the contrary for a monolayer graphene. [36] However, for
AA stacking the previous technique can be wrong, and an unambiguous identification of
single versus multilayer sample is possible by looking at the variation of diffraction intensity
with respect to the tilt angle of the sample. For a monolayer graphene, the diffraction inten-
sity varies very few with the tilt angle while a multilayer graphene lead to stronger varia-

tions. [36]

Aberration corrected TEM images of graphene with atomic resolution makes possible
to determine the number of layer of a FLG flake with the contrast of carbon atoms. [35, 36,
39] Furthermore this technique allows the characterization of defects of graphene and
CNT. [40, 41] Atomic resolution of suspended graphene provides the unique opportunity of

studying the crystallographic quality of the edges of graphene. [37, 38, 42]

1.3 Graphene production.

1.3.1 Micromechanical exfoliation of graphite.

Van Der Waals interactions, which link graphene layers in graphite, are weak. [43] By
attaching graphite micro pillars on an AFM tip and rubbing it against a silica surface a value
of 300 nN.um? has been found for the graphene interlayer adhesion force. [43, 44] This tech-
nique provides in-situ deposition of FLG but it never leads to flakes thinner than a few na-

nometers. [4]

Seeking for an electron beam transparent and uniform substrate, microscopists did ex-
tract 5 nm thick (~15 layers) graphene sheets from graphite crystals by micromechanical ex-
foliation. [45] This technique led to the isolation of monolayer graphene in 2004 when
Novoselov and Geim [8, 46] used a common adhesive tape to repeatedly peeling a HOPG
and thins it from about few micrometers to a graphene monolayer. The adhesive tape is then

rubbed against a Si/SiO:z substrate depositing flakes of various thicknesses.

This technique produces monolayer graphene flakes of tens of micrometers in lateral

size. Figure 1.5a shows a micromechanically exfoliated graphene flake on a Si/SiO: substrate
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with an oxide thickness of 285 nm. Figure 1.5b shows a Raman spectrum of a graphene
monolayer, the absence of D peak is a signature of low defects density. It reflects the unique

crystallographic quality of this graphene source.

Micromechanical exfoliation remains the best method for producing high electrical and
structural quality graphene because it benefits from the high quality of the starting single
crystalline graphite source. The size of the deposit is also appreciable and it is compatible
with standard lithography techniques. However it will be challenging to bring this approach

to large scale production.
1.3.2 Epitaxial graphene.

Epitaxial growth produces wafer scale graphene, it can be performed by mainly two

techniques, sublimation of carbides or CVD growth on a metallic substrate.

Sublimation of silicon carbides occurs at 1300°C by the sublimation of silicon atoms,
leaving the rich carbon surface reorganizing by graphitization. [47] The thermal decomposi-
tion of the C-terminated face produces loose stacked multilayer graphene. The stack of this
multilayer is not Bernal and its single Lorentzian G’ peak misled to conclude that it was
monolayer. Later, Raman and STM studies revealed the multilayer nature of this
graphene. [30, 48] Sublimation of silicon needs high temperatures which makes difficult to
control the graphitization process. A compromise has been found by adjusting the pressure
to decrease the silicon sublimation temperature. The graphitization of Si-terminated face of

SiC(0001) under 900 mbar argon atmosphere produces wafer-scale monolayer graphene. [49]

Another technique to produce supported graphene is chemical vapor deposition (CVD)
growth on a metallic substrate. CVD of “single layer graphite” has been reported very early
on Pt(111), [50] monolayers of small lateral size (few tens of nanometers) have been pro-
duced. Larger (more than 100 pm) crystalline domains are grown on Ru(0001) by CVD with
ethylene. [51] The first graphene layer is in strong interaction (chemisorption) with the met-

al, which limits the size and alters the study of the electronic transport in graphene. A
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growth leading to physisorbed graphene like low pressure CVD of ethylene on Ir(111) [52]
produces graphene monolayer exhibiting full coherence over step edges on a few microme-

ter scale area. However, the prohibiting cost of iridium limits its use to very specific needs.

Polycrystalline nickel films can be used as a template for CVD growth of centimeter
sized continuous FLG films. [53] However the high solubility of carbon in nickel (10! at. % at
900°C) [54] prevent a precise control of the graphene thickness. The lower solubility of car-
bon in copper (10-3 at. % at 900°C) [55] allows to produce large scale (50x50 cm?) graphene
monolayer by CVD. [56, 57] Figure 1.6a shows graphene grown by CVD on copper and
transferred on a glass slide, its size is 1x1 cm? An optical image of CVD graphene trans-
ferred onto a Si/SiO: substrate is shown in figure 1.6b. The resulting film is a graphene mon-
olayer covered by small bi-layer or FLG islands (figure 1.6b), the thickness is confirmed by
Raman spectroscopy in figure 1.6c. Graphene is found to cover about 95% of the sample. The
Raman spectrum shown in figure 1.6c does not exhibit D peak for the monolayer, which is

an evidence of a good crystallography quality.

Figure 1.6. CVD graphene grown on copper foil and transferred on (a): a glass slide or (b): a Si/SiO, substrate.
(c) Raman spectrum is taken on the blue and red circle and on the flake shown by green arrow. Scale bar is
5 um. adapted from [56].

Copper and nickel can easily be solved in etching bath, offering the opportunity to
transfer CVD graphene on any substrate. A transfer technique uses PMMA which is spun to

cover the graphene surface, then the metal/graphene/PMMA is plunged in a metal etchant.
35



Chapter 1: Properties, production, and patterning of graphene.

The graphene covered with PMMA can be transferred to any substrate including insulating

substrate and TEM grid. [56]
1.3.3 Molecular approaches.

Bottom-up chemicals routes to produce graphene offer an opportunity to control the
edge crystallography of graphene. When graphene domains sizes exceed a few hundred of
nanometers, its properties are well described by mesoscopic condensed matter. When its size
decrease, as it is intrinsically composed of a 2D pavement of organic molecular entities
-benzene rings- its properties are sensitive to the arrangement of molecular rings and edges
atomic chains. In order to investigate the nanometer-scale properties of graphene, bot-

tom-up approaches to produce graphene have been explored.

The hexabenzocoronene (HBC), which consist of thirteen fused benzene rings, become
a building block for synthesis of larger molecules. Graphene molecules containing 90 [58]
and up to 222[58] carbon atoms have been synthesized. One dimensional fusion of
polyaromatic precursor could be a rigorous approach for the synthesis of graphene
nanoribbons with controlled edges configuration. [59] A first step in this direction was the
synthesis of dehydrogenated polyphenylenes polymers which produced 2.9 nm wide rib-
bons having length of 8-12 nm. [60] Starting from 10,10’-dibromo-9,9’-bianthryl precursor
monomet, Cai et al. [61] produced AGNRs wide of 3 benzene rings (~0.7 nm) the length of
which is a few tens of nanometers. They also synthesized chevron-type GNR or Cs sym-
metry structures. [61] These ribbons have atomically smooth edges but they are limited to

STM studies.

1.4 Graphene patterning technigues.

Besides the direct production of GNRs by chemical bottom-up techniques, [61]
graphene nanoribbons can be engineered via etching techniques. Ion or electron based tech-
niques can produce arbitrary shaped graphene. For the narrowest GNRs (less than 50 nm)

the preservation of the crystallinity quality and the edges smoothness become a major pa-
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rameters for preserving a good carrier transport in GNR. Patterning techniques based on
direct electron etching are less destructive than ion based techniques because they avoid the
contamination of graphene by resist residue or ion implantation. Patterning techniques driv-
en by the crystallography of graphene based on chemical etching or mechanical tearing of

graphene are discussed here.
1.4.1 lon-based patterning.

In a work by Han et al., [62] GNRs are produced by etching graphene that is not pro-
tected with hydrogen silisesquioxane (HSQ) resist with an oxygen plasma. GNRs with a
minimum width of 15 nm and a length of 1 to 2 um have been produced. [62, 63] GNRs had
various widths and various crystallographic orientations, contacted and electrically meas-

ured. Examples of these GNRs are shown in figure 1.7.

The size of the band gap is obtained from the nonlinear conductance at low tempera-
ture. The inverse of the energy of the gap is plotted in figure 1.7c and varies linearly with the

GNRs width.

Han et al. [62] compared their results with density functional theory calculations [64,
65] which predict that the energy gap of a GNR scale inversely with its width. This compari-
son suggests that a gap is opened by lateral confinement of the 2D electron gas. However the
fact that no dependence is found for the energy of the gap with the GNR orientation is in

contradiction with theoretical studies [65, 66]

A study of Sols et al. [67] calculates the energy of the gap opened by GNRs with rough
edges (Figure 1.7d). The standard theory of Coulomb blockade effect is used for the calcula-
tion. These GNRs have an edge roughness and width that lead to “necks” along the ribbon
edges (Figure 1.7d). Theses constrictions cause an abrupt reduction in the number of con-
ducting channels and thus an increase of the impedance along the GNRs. The results are an

electric insulation of “nano-dots” where electrons become temporary confined. Coulomb
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blockade results from the electron transport from dot to dot through graphene necks by

tunnel effect.

Figure 1.7. . (a) SEM image of parallel GNRs with varying width. (b) SEM image of GNR with varying orienta-
tions. (c) Inverse of band gap energy versus GNRs width. Dashed line is a linear fit. (a-c) Adapted from [62]. (d)
Schematics of a graphene ribbon with a disordered edge leading to the formation of necks and dots along the
ribbon.. Adapted from [67].

The conclusion of this work is that the oxygen plasma etching of GNRs produces edges
with a high disorder. The energy gap opened in these ribbons is not due to lateral confine-
ment but to Coulomb blockade originated from edges disorder induced in GNRs by the pat-
terning technique.[68-70] The disorder may also originates from contamination of graphene

by resist residue, [71-73] ion implantation or amorphization of.
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A resist-free technique, focused ion beam (FIB) induced etching avoids alteration of
graphene electronic properties by resist contamination. A work by Dayen et al. [44] study
electronic transport in GNRs etched by FIB. FLG micro-disks have been extracted from
HOPG and deposited onto pre-patterned microelectrodes. Electrical contacts have been pro-
duced by FIB assisted deposition of platinum and GNR have been etched by FIB (Ga*). A

side gate has been performed out of the graphene disk (see Figure 1.8a).

SEM and AFM analysis reveal that an amorphous zone of 65 nm is created around the
FIB cut edges. Source and drain electrodes were used to plot I-V characteristics in graphite
nanoribbons for various biases in the lateral gate voltage. Experimental results are repre-
sented by disks in Figure 1.8b. Solid lines are numerical fits of the experimental values with
a model based on Coulomb blockade in a 1D array of N tunnel junctions. The value of the

titting parameter N lead to graphene dots of about 30 nm in size.

Electronic transport measurement on 100 nm wide ribbon etched by FIB shows that
they behave as a 1D array of 30 nm graphene quantum dots. The process is entirely re-
sist-less but disorder has been induced in GNR by irregularities in the edges cut by FIB, in-

tercalated Ga* ions and/or random defects.

Figure 1.8. (a) 3D rendering of an AFM image of a side-gated sub-100 nm wide graphite nanoribbon. (b) |-V
characteristics of a 50x2 mmz2, FLG ribbon at T=40 K. Applied side-gate voltages are 0; 2; 4; 6; 8; 10; 15; 20;
25; and 30 V, displayed in a black-to-red rainbow color scheme. Open circles are experimental data and con-
tinuous lines are fits using a 1D quantum dot array model. Adapted from [44].
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In an attempt of reducing the ion dose during FIB milling, Archanjo et al. [74] found
that the minimum ion dose that can insulate graphene is 3x10'® ions.cm™?. At this ion dose,
the lateral damaged width analyzed with the D band of Raman spectroscopy is 90 nm. A
graphene sample has been contacted with metallic electrodes, shaped in a Hall bar meas-
urement devices by EBL and irradiated with a low ion dose of 4x10% ions.cm™. Raman
D-peak shows damages on the irradiated area and even far from the bombarded area. The
damages of the non irradiated area are explained by electron beam imaging or non focused
ions. Electrical measurement before and after irradiation shows a dramatic decrease of the

conductivity and thus the mobility drop from 1,200 to 120 cm2.V-1.s.

Helium ion lithography takes the advantage of a lower mass of the He* ions in compar-
ison with Ga*. Using the software TRIM, Bell et al. [75] have shown that for graphene on
Si/SiO:z substrate gallium ions interact mainly with the upper most part of the material re-
sulting in features size larger than the ion beam diameter. On the contrary, helium ions pass
through graphene with very few interactions resulting in an etching size similar to the FIB
probe size. The helium ion lithography has a smaller interaction volume with graphene, and
hence a higher resolution and a potentially smaller milling feature size compared to gallium

ion lithography.

Helium ion lithography of graphene on a Si/SiO: substrate produces sub-20 nm fea-
tures size with an arbitrary pattern. However for the highest ion doses used, the substrate
swell by effect of the knock-on damage of the underlying silicon. [75] By suspending
graphene, Lemme et al. produced cut of 10nm feature size with helium beam
lithography. [76] Damages induced by the beam to graphene can be further reduced by us-

ing electron instead of ions.
1.4.2 Direct electron beam patterning of graphene.

Graphene patterning techniques using electrons can be divided in two groups: At very

low voltage (2-10 V), current flows from a biased STM or AFM tip to the graphene sample
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and etch it by local anodic oxidation. At larger voltage (80-300 kV) the focused electron

beam of the TEM etches graphene by physical removal of carbon atoms.

Few years after STM invention, [77] it has been used to locally etch a graphite
surface. [78-80] A tip is biased with a pulse voltage of 2.4 to 8 V [78-80] of maximum ampli-
tude for a current of 0.1 to 0.5 nA. [78, 79] The etching process is related to the presence of
water, in UHV the etching of graphite has been reported for a bias higher or equal to
8.5 V. [81] At low voltage, no etching is either observed in pure nitrogen or oxygen atmos-
phere. [78] The mechanical etching is excluded because no etching occurs with low bias
voltage and high current (50-500 mV and 1-4 nA) while the tip is closer to the surface in this

conditions than in the etching conditions (higher bias). [79]

The depth of the etching can be monolayer [79] or more than two layers of
graphene [78] by adjusting the STM parameters (bias 2.8 V and current 0.25 nA). Various
shapes have been achieved on HOPG, the smallest reported width of a trench is 2 nm,[78]
squares of 25x25 to 300x300 nm? one-monolayer deep or 10 nm wide lines which is long of
750 nm [79] have been also reported. A GNR produced by local anodic oxidation of a HOPG
surface has been studied by STM. [80] The lithography parameters are 2.4 V bias potential
and 1-2 nm.s! of etching speed, resulting in a 10 nm wide GNR over a length of 120 nm (see

tigure 1.9).

The edge maximum roughness is defined as the distance between two parallel lines in
which fit the edge. For nanometric wide ribbons, edge roughness is an important parameter
to assess the quality of a GNR. The 10 nm ribbon shown in figure 1.9 has a maximum edge
roughness of 2 nm over a length of 20 nm, this represent about 10 benzene rings. The RMS

roughness of these edges is 0.3 nm.

To date no etching of graphene on an insulating substrate and electrically contacted has

been reported by STM local anodic oxidation. In the literature, GNRs are made on bulk
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HOPG or on Au/SiO>/Si substrates. [82] However, graphene deposited on an insulating sub-

strate and electrically contacted has been etched by AFM local anodic oxidation. [82-85]

Figure 1.9. STM image of a 15-nm-wide GNR etched by local anodic oxidation. Scale bar: 2 nm. adapted from
[80].

Scanning probe lithography on graphene deposited on a Si/SiO: substrate by microme-
chanical exfoliation has been done with AFM biased tip. The bias voltage is increased by one
order of magnitude with respect to STM lithography, 15-35 V. [83-85] For contact mode
AFM, the bias is pulsed, [84] but AFM also operates in intermittent mode with a constant
bias. [83, 85] The relative humidity is maintained between values from 40 to 50% [84, 85] and
the etching velocity is about 10 to 200 nm.s1. [83, 84] The lateral minimum size of GNR is

25 nm in width over a length of 800 nm. [85]

Direct electron beam patterning techniques of graphene using higher energy electrons
(80-300 kV) are performed in TEM. At these energies, the main effect that can cause an elec-
tron irradiation on graphene is knock-on atom displacement. [86] Atom displacement by an

electron can be treated by a simple Coulomb potential. An electron with an incident energy
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E and a mass m hit a nucleus with a mass M which is deviated by an angle 6 with the inci-
dent electron direction. The angular dependence of the energy T that the electron can trans-

fer to the nucleus is given by:
T(0) = Tpaxcos*(0). (1.3)
Where Tmax is the maximum energy transferred by a head-on collision (6 =0).

For a relativistic electron (m<<M and E<<Mc¢?):

2E(E+2mc?)
Tmax = M—Cz (14)

Tais the threshold energy required to remove an atom. Ea is the corresponding electron
energy. For a carbon atom in graphene, Ta=17 eV, meaning that an electron beam with ener-
gy equal or higher than Es=86 keV can create a hole in graphene by knock-on displacement
of carbon atoms. For an atom at the edge of a graphene sheet, Ta is only 15eV and
E«=74 keV. A 60 keV or lower energy of the electron beam cannot etch graphene directly.
However, a 60 keV electrons can etch graphene by knock-on displacement of lighter atom of
an impurity (e.g. hydrogen) followed by the collision of the light atom with a carbon atom of

graphene

These energies are standard for TEM which can be used for electron beam induced
etching (EBIE) of graphene. Indeed, carbon allotropes can be etched [87, 88] or damaged [89]
by an electron beam of sufficient energy. For example a 5 nm wide FLG nanoribbon or 3 nm

in diameter nanopores have been etched by a Focused TEM beam of 200 keV. [88]

By setting the energy of the electrons at 80 keV, the TEM beam can enlarge a preexist-
ing hole without creating a new one. By using this energy, Girit et al. [90] have enlarged a
hole in a monolayer graphene membrane. The edges of this hole, as shown in figures 1.10a
and b, exhibit long range atomic order of “zig-zag” or “armchair” configuration. A DFT cal-
culation has shown that the energy barrier for migration of a carbon atom to various nearby

vacant sites is between 0.3 and 6.6 eV. [90] This energy is well below the threshold required
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to extract a carbon atom in an edge (Td=15eV). A carbon atom is thus more likely to rear-
range on the edge of the hole than to be ejected. The hole is overall growing but rearrange-
ments of the atoms on the edges of graphene are stimulated by electron irradiation, leading
to edges with long range order at the atomic scale. During the growth of the hole, “zig-zag”

shaped edges are favored with respect to “armchair” ones. [90]

By irradiating graphene membranes with a focused electron beam accelerated at
300 kV, Song et al. [91] shown that among the etching of graphene, the surrounding area is
severely amorphized at room temperature. By studying the e-beam induced amorphization
with respect to the sample temperature, they observed that if graphene is completely amor-
phous at room temperature, it is polycrystalline at 500°C under the same irradiation condi-
tions and single crystalline at 700°C. Two processes are in competition, self repairing of
graphene due to increased temperature and amorphization of graphene by the electron
beam. Increasing the temperature favor repairing of graphene, in consequence, under 400°C
graphene is amorphized under the electron beam accelerated at 300 kV, while over 600°C
graphene is still crystalline. [91] Decreasing the electron energy reduces the amorphization,
that is why Girit et al. [90] do not observe severe amorphization of the surrounding
graphene at room temperature with an electron beam accelerated at 80 kV (Figure 1.10a and

b).

With a TEM beam accelerated at 300 kV at temperature 700°C, Song et al. [91] per-
formed 2 nm diameter holes and 2 nm wide AGNR (Figure 1.10c). The GNR has perfect
armchair edges. The hole also exhibit long range order edges with “armchair” configuration.
Nanopores as small as 10 hexagons (e.g. 7 A) have been produced. All the edges cut by this

technique with long range order are “armchair”.

The control of the shape of the nanostructures achieved by EBIE in a TEM is performed
by irradiating an elongated area (astigmatic beam) or by manually moving the e-beam. [91]
Potentially a servo e-beam could pattern graphene in an arbitrary shape but this is not a

standard feature of a TEM beam.
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Figure 1.10. (a) Armchair and (b) zigzag configuration of carbon atoms at the edge of a hole in graphene. (c)
AGNR made from a single layer of graphene. (d) STM image of geometrical flat bottomed microholes in HOPG
after electron beam exposure. Adapted from: (a) and (b) [90]; (c) [91] (d) [92]. Scale bars: (a) and (b) 0.5 nm,
(¢) 1 nmand (d) 2 um.

For STM lithography, a chemical reagent (water) can lower the bias tension necessary
for etching graphene. [78, 81] In the case of direct irradiation with an e-beam, it behaves the
same way. Indeed, Hiura [92] has exposed an HOPG surface to the irradiation of an e-beam
with electrons accelerated at 4 kV. The energy of the electron is well below the knock-on
threshold energy to displace a carbon atom on the edge of graphene (74 keV) However, this
irradiation leads to the formation of microholes on the surface of graphite, as shown in fig-
ure 1.10d. All the holes are deep of one monolayer of graphene only. The shape of the holes
is circular for small holes (diameter less than 500 nm) and become hexagonal for bigger
holes (diameter greater than 500 nm). The direction of any side of the hexagons is parallel to
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a symmetrical axis of the graphite sheet where the holes are located. Hiura interpreted the
formation of these holes by residual oxygen in the vacuum chamber (107 mbar). Holes start
to grow at point defects in graphite and become greater via the oxidation by the residual Os.
The association of low energy electron beam with a chemical reagent leads to the formation

of crystallographically orientated and faceted holes on graphite.
1.4.3 Catalytic patterning of graphene by metal nanoparticles.

Besides electron beam irradiation of graphene in presence of Oz, other patterning tech-
niques benefits from graphene crystallinity even at the sub-nanometric size for etching this
material with smooth edges. Longitudinal unzipping of carbon nanotube is one of these
techniques. [93-95] Single or multiwall carbon nanotube (SWCNT and MWCNT) are un-
zipped and dispersed in a solution of potassium permanganate [93] or lithium and ammo-
nia. [95] These solutions based on oxidation process lead to long (few micrometers and nar-
row, few tens of nanometers) GNRs. [93, 95] These nanoribbons are oxidized, terminated by

carboxyl groups. [93]

A later process, involving sonochemical unzipping of MWCNTs also produce microm-
eter long GNR with a minimum width of 10 to 30 nm. [96] MWCNTs are grown by arc dis-
charge and calcinated in air at 500°C. CNTs are then dispersed in a 1,2-dichloroethane or-
ganic solution of poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV)
by sonication. TEM analysis of these GNR reveals that the maximum edge roughness is 1 nm
over a 20 nm length. [94] Electrical transport measurement of a GNR wide of 14 nm has been
performed, electrons travelled over a length of 200 nm and shown very good transport
properties. [96] The ribbon is metallic with a high conductance (4 e?/h) at low temperature.
Electrons in the ribbon show coherent phase transport, the electronic properties confirm the

high quality of the ribbons.

Graphite has been exfoliated by high temperature, plunged in a PmPV solution and in-
tensively sonicated. [97] This technique produces GNRs of various widths, from 50 to

sub-10 nm with a micrometer length. The mechanism of fabrication of these ribbons is
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thought to be chemical and mechanical, due to sonication in PmPV. A theoretical study by
Kawai et al. [98] has shown that GNR formed by mechanical tearing of graphene exhibit
armchair edge structure, independently from the tearing direction. The smooth edge of the-
se ribbon is confirmed by Poumirol et al., [99] GNRs have been produced by sonochemical
exfoliation of graphite [97] and dispersed on a Si/SiO: substrate. The magneto-current flow-
ing in those ribbons has been measured under high magnetic field (0-60 T). They found that
the edges of these narrow ribbons are smooth and the major source of scattering is trapped

charges in the substrate.

These chemical and mechanical techniques are able to produce GNRs with a minimum
width of sub-10 nm with edges almost atomically smooth. GNRs are obtained by suspension
and can thus be deposited on almost any substrates. However the shape cannot be con-

trolled and is mainly a simple rectangular.

The catalytic hydrogenation of graphene consists in depositing metallic nanoparticles
(Fe, [100-103] Ni [100, 104-106] and Co [107, 108]) on graphene and heating the sample at 700
to 1100°C in an Ar/H: or He/H2 atmosphere during few minutes. These particles while dif-
fusing on the graphite surface etch it. The trenches formed are straight and parallel to graph-
ite crystallographic orientation. These channels usually bend at 60 or 120°
(Figure 1.11a). [100] Datta et al. [101] have analyzed the length of these channels versus their
orientation with an AFM on a FLG cut by catalytic hydrogenation, they observed that parti-
cles mainly travelled along a privileged direction with other preferred directions at +60° rel-
ative to this. Slightly less preferred direction at 30° are observed and almost none at random
direction. This privileged direction related to graphene lattice originates from the chemical

etching mechanism and the graphene lattice orientation.

This technique allows the formation of various but not controlled shapes. Remarkably,
when two particles are parallel, they form graphene nanoribbon, for example Campos et
al. [106] observed that on monolayer graphene deposited on a silica surface, nanoparticles

that are moving toward an already existing cut are deviated just before reaching it and can
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form 10 nm wide GNR (Figure 1.11b). Equilateral triangles or parallelograms are also ob-

served. [106]

Figure 1.11. (a) Optical image of straight trenches formed by catalytic hydrogenation of graphite. adapted
from [100]. (b) Drawing and AFM image of a ribbon created by a nanoparticle which turns twice, forming two
angles of 120°. Adapted from [106]. (c) TEM image of a trench in FLG by a catalytic hydrogenation of
graphene. Adapted from [108]. Scale bars: (a) 20 um, (b) 100 nm and (c) 2 nm.

Cut made by catalytic hydrogenation of graphene are straight and preferentially paral-
lel to the graphene lattice orientations, a HRTEM study characterized the quality of their
edge at the atomic scale. [108] Schaffel observed that edges cut by catalytic hydrogenation of

tew graphene layers (see Figure 1.11c) have a maximum roughness between 1 and 1.5 nm
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over a length of 25 nm. The maximum edge roughness of the best edge is only 0.6 nm. The
respective RMS roughnesses are 0.3 and 0.2 nm. The crystallinity of graphene is even pre-

served near the cut, visible in the direct TEM image (Figure 1.11c).

This technique provides good etching quality but a full control of the shape of the etch-
ing has not been demonstrated even if some experiments show a partial control of the shape.
Tsukamoto et al. [102, 103] have deposited graphene on crystalline sapphire. It is possible to
drive metallic nanoparticles and thus the trenches direction by step edges of a sapphire. This

shows the possibility of a partial control of the etching direction but not the capability of

etching graphene with an arbitrary shape.

1.5 Perspectives.

Dans cette theése, nous allons étudier
une technique de structuration du graphene,
la gravure directe par faisceau électronique
focalisée (EBIE) assistée de wvapeur d’eau.
Cette technique combine des é¢lectrons de
faible énergie (2 a 20 keV) et une gravure
chimique (vapeur d’eau) sensible a la cristal-
lographie du graphene. La faible énergie des
électrons devrait éviter I'amorphisation du
graphéne et la rugosité des bords de gravure
devrait bénéficier de la gravure électronique et
chimique qui ont déja fait la preuve de bords

tres droit jusqu’a l’échelle atomique.

Pour étudier cette technique de gravure,
le graphéne a été déposé sur deux types de

supports, des grilles MET et des substrats

In this thesis, we will study an pattern-
ing technique of graphene, the electron beam
induced etching (EBIE) assisted by water va-
por. This technique combines low energy
electrons (2 to 20 keV) and a chemical etching
(water vapor) sensitive to the crystallography
of graphene. The low energy of the electrons
should limit the amorphisation of graphene
and the roughness of the edges cut by this
technique should benefit from the chemical
and electron-based approach, which taken
independently have shown the production of

very smooth edges.

To study this etching technique,
graphene has been deposited on two types of

substrate, TEM grids and Si/SiO: substrates.
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Si/SiOx. Le graphene suspendu sur grille
MET a été identifié par diffraction électro-
nique, la mise au point de la technique de
gravure a été effectuée sur ce graphéne. Un
MET avec correcteur d’aberrations sphériques
pour l'image a été utilisée pour 1'analyse
structurale des découpes EBIE. Cet outil
permet notamment de mesurer la rugosité des
bords et d’évaluer l'amorphisation du gra-
phéne. Le graphene déposé par exfoliation mi-
cromécanique sur substrat Si/SiO: a été con-
tacté électriquement et gravé par la technique
EBIE. Cette configuration facilitera les me-

sures de transport électronique.

Graphene suspended on TEM grids have
been identified by electronic diffraction, the
development of the etching technique has
been done on this graphene. A spherical aber-
ration corrected TEM (SACTEM) has been
used for a structural analysis of the EBIE cuts.
This tool allows to measure the edges rough-
ness and to evaluate the amorphisation of
graphene at the cutting edge. Graphene de-
posited by micromechanical exfoliation on
Si/Si0O:2 substrates has been contacted and
etched by the EBIE technique. This configura-
tion will facilitate the electronic transport

measurements.
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CHAPTER 2

Materials, techniques and instruments.

Dans ce chapitre, les aspects techniques des
matériels, instruments et techniques utilisées pour

réaliser le travail de cette these sont rassemblées.

Dans un premier temps sont présentés les
produits chimiques utilisés, les substrats pour dé-
poser le graphéne, les procédures de nettoyage de
recuit et de dépot du graphéne sur substrat
Si/SiO:. Le transfert de graphene cru par CVD sur
des grilles TEM est également traité.

Dans une deuxieme partie sont rassemblées
les caractéristiques techniques des différentes tech-
niques de caractérisation utilisées au cours de cette
these : la microscopie optique, la spectroscopie Ra-

man et la microscopie a force atomique. Le MEB

In this chapter, the different technical
aspects of the materials and techniques
used to realize the work of this thesis are
presented.

In a first part, the chemicals, the sub-
strates used to deposit graphene, the clean-
ing, annealing and deposit procedure of
graphene on Si/SiO: substrates are present-
ed. The transfer of CVD graphene on TEM
grids is also treated.

In a second part the specifications of
the different techniques used during this
thesis are presented: optical, AFM and
TEM microscopy, Raman spectroscopy. The
SEM wused for

etching and imaging
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utilisé pour graver et imager les découpes dans le | graphene is also presented.
graphéne est présenté ainsi que les METs qui ont

permis de réaliser ce travail.

2.1 Materials and technigues.

211 Chemicals, solvent and gases.

The electronic grade chemicals were used as received for the cleaning of substrates.
The list includes extra pure (96%) sulfuric acid, and hydrogen peroxide (35 wt.% solution in
water) from Sigma Aldrich. Solvent of Very Large Scale Integration grade (VLSI) obtained
from Panreac are 1-Methyl-2-Pyrrolidinone (NMP), Acetone and 2-Propanol (IPA).
De-ionized (DI) water of 18 MQ.cm resistivity was obtained from Veolia Purelab water puri-
fier. Dry nitrogen gas was used with high purity level lesser than: H2O: 3 ppm, O2: 2 ppm
and CnHm: 0.5 ppm.

2.1.2 Si/SiO, substrates.

Si/SiO2 substrates are cut in 8x8 mm? and 500 um thick chips from thermally oxidized
silicon wafer (degenerately doped with n-type impurities ~10® cm?). Oxide thickness was
285 nm. Each substrate bears a 26x26 array of (15 pm x 15 um) labeled gold crosses, with a

200 pm pitch as shown in figure 2.1.

Figure 2.1: Optical image of a Si/SiO, substrate with photolithography pre-patterned numbered metal crosses.
Scale bar is 100 pm.
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2.1.3 Si/SiO; substrates cleaning.

Si/SiOz substrates were cleaned by two methods:

Chips are first sonicated in NMP, then in acetone and finally in IPA (15 minutes each),
for a total number of three times in each solvent successively. During the transfer from NMP
to acetone (or from acetone to IPA), the oxide face is rinsed with fresh acetone (or IPA re-
spectively). Substrates are not allowed to dry during this transfer. If necessary, samples are

stored in IPA before drying under N2 flux.

The second method consists in one sonication in NMP, then in acetone and finally in
IPA (15 minutes each). Substrates are then transferred in DI water twice and put for 2hin a
hot piranha bath (1/3 volume of sulfuric acid and 2/3 volume of hydrogen peroxide). Sub-

strates are then rinsed twice in DI water and stored in IPA before drying under N2 flux.

Finally, the substrates are cleaned in a dioxygen / Argon plasma chamber for a dura-

tion of 3 minutes, immediately before depositing graphene.
214 Annealing and storage.

Samples are annealed in an oven, the temperature is regulated by a West 6100 electron-
ic. The temperature increasing rate is 300°C.min? and the cooling is performed naturally.
The sample is placed in a cylindrical tube of 3 cm in diameter and 95 cm in length. One en-
trance of the tube is connected to a flow of a mixture of Ar and H2 whom the flux is con-
trolled by a Tylan RO-28. The outgas of the tube is plunged in a water tank. Typical fluxes
used are 300 cm®.min! for Ar and 50 to 100 cm3.min! for Hz. Temperatures used are between

100 and 500°C.
2.1.5 Mechanical exfoliation deposition of graphene.

Mechanical exfoliation of graphite, [1, 2] is performed in a clean room, approximately
3 to 4 cm wide stripes of clean room adhesive tape are prepared. Natural graphite flakes are
placed on a corner of one adhesive tape. By sticking the tape against itself 10 to 20 times,

graphite is exfoliated until the whole tape surface is covered. The tape is then examined with
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an optical microscope at low magnification (50x). Graphite exfoliated flakes are transferred
to a second adhesive tape which is stuck against itself once or twice to refresh graphite
tflakes. The second tape is inspected with the binocular microscope and the substrate is
placed on the tape, in an area with the highest density of graphite, oxide face against the
tape. Chip and tape are pressed together between two fingers, avoiding any shearing
movements. Finally samples are carefully removed from the tape and inspected with an op-

tical microscope.
2.1.6 Graphene on TEM grid.

Several type of TEM grids were used to study graphene. In all case, graphene was

grown by CVD on a metal and transferred on TEM grids.

The first type of sample has been purchased from Graphene Supermaket. The grid is a
copper 2,000 mesh. Graphene is grown by CVD on a nickel surface and then transferred on
the grid by a resist-free technique. [3] The grids are covered with FLG that are certified to be

1 to 10 graphene layer thick.

The other samples were prepared by us or the group of Bouchiat in Neel institute
(Grenoble, France). TEM grids were either gold quantifoil or SisNs membranes. Gold
quantifoil grids purchased from EMS, consist of a gold 300 mesh TEM grid covered with an
amorphous carbon thin film perforated with 1 pm diameter holes. SisN4+ membranes are
purchased from EMS, they are thin membrane of SisNi perforated with hole of 1 pm in di-
ameter and supported by a silicon substrate. Graphene is grown by CVD on a copper sur-
face by the group of Bouchiat in Neel institute (Grenoble, France) or purchased to Graphene

Supermarket.

This graphene is transferred to a TEM grid by one of two techniques. The first one,
PMMA is spun on the graphene, the sandwich copper, graphene and PMMA is placed on a
10t mol.L* (NH3)s520s solution to solve copper in about 3 h. When all the metal has been
etched, the PMMA and graphene are placed on a substrate and plunged in a NMP solution

at 80°C for 15’, and cooled down to room temperature. Then it is placed in an acetone solu-
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tion at room temperature for 10", transferred to an IPA solution at 80°C, just below its boiling

point and the substrate is dried by removing it vertically from the IPA.

In the second transfer technique, graphene and copper are placed in a (NH4)25:0s solu-
tion concentrated at 2x102 mol.L ! until all the copper is gently etched which typically take
48h. The graphene released from the metal floats on the sulfite solution where it can be tak-
en directly with a substrate or a grid, dried on a hot plate at 40°C, washed in DI water and

let dried in air.

2.2 Instruments.

221 Optical microscopy.

Optical microscope was an Olympus B60 microscope with white reflected light. Ocular
has a x10 magnification and objectives have x5, x10, x50 and x100 magnifications. Green fil-

ter can be introduced in the optical path.
22.2 Raman spectroscopy.

Two spectrometers have been used. A Renishaw RM1000B equipped with a low pass
filter and a 1,800 line.mm™ grating. An Argon gas laser at a 514.5 nm wavelength have been
used. The spectrometer is coupled with an optical microscope Olympus BH-2. The other
setup is an XploRA-MV2000 from Horiba coupled with an Olympus BX-51 optical micro-
scope. Three semiconductor lasers are available with wavelength and power of 532 nm,
152 mW; 638 nm, 14.7 mW and 785 nm, 40 mW. 4 gating are available: 300, 600, 1800 and
2400 . mm™. A power filter can reduces the incident laser beam power by 0.1, 1, 10, 25, 50 or

100%. Polarizer and analyzer are available. Objectives are x10, x50 and x100 magnification.
2.2.3 AFMs.

AFM imaging was performed on a Veeco DI3000 or on a Veeco multimode Picoforce
microscope (Figure 2.2). DI3000 is associated with a Nanoscope III-A controller. Multimode
Picoforce is associated with a Nanoscope IV controller. It is equipped with a Picoforce scan-

ner dedicated to force spectroscopy studies. Both microscopes are mounted on a vibration
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isolation table with integrated acoustic hoods. They are also equipped with an optical cam-

era to approach the tip on the surface. They were used in intermittent mode.

The tips used (Bruker, OTESPA) are made of silicon. They are terminated by rectangu-
lar cantilever silicon, the thickness is between 3.6 and 5.6 um, and length between 140 and
180 um. The rear face of the cantilever is covered with a 50 nm aluminum layer reflective.
The resonance frequency of these tips is between 290 kHz and 345 kHz and their spring con-

stant between 12 and 103 Nm.

Figure 2.2. Picoforce AFM.

A homemade humidity control system is adapted to the multimode Picoforce. A plastic
bell is placed over the AFM head, it is not hermetic and air can escape. A humidity sensor is
introduced near the AFM head to measure the relative humidity (RH). For relative humidity
higher than the ambient one, a nitrogen flux is introduced in a bubble system plunged in DI
water. The water is contained by a hermetic bottle, its outgas gas feed a second bottle whom
outgas is injected in the bell. The outgas of the second bottle has a stable RH, the value of

which depends directly on the nitrogen flux. If the RH is lower than the ambient one, the
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sample is annealed on hot plate in air to desorb water. It is then placed as soon as possible in
the AFM system and pure nitrogen is directly injected in the bell. The RH is stable and de-

pends on the nitrogen flux.
224 SEM-EBIE.

SEM is a 1540 XB from Zeiss (Figure 2.3). Electrons are emitted from a field emission
gun (FEG) their acceleration tension can be set from 1 to 30 kV. Typical electronic current at
20 kV acceleration has been measured with a faraday cup, it is 280 pA. Primary or secondary

electron detectors are available. The typical vacuum level is 0.5 to 1x10¢ mbar.

Figure 2.3. Zeiss 1540XB FIB-SEM equipped with a GIS.

2.25 TEM

The electron beam can be controlled by a software so that arbitrary shaped irradiation
can be done. Associated with a gas injection system that can inject water vapor on the sam-

ple. TEM.

SACTEM analysis of graphene were conducted on a FEI TecnaiF20 (Figure 2.4)

equipped with a spherical aberration corrector for the image. Electrons are emitted by a FEG
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at 100 kV for imaging graphene. The microscope is equipped with a Gatan USC 2k2k cam-

era.

Figure 2.4. SACTEM FEI TECNAIF20

Conventional TEM images were carried out on a PHILIPS CM20 or CM30 operating at
80 and 100 kV accelerating voltage respectively. The filament source is a LaBs filament. The
microscope is equipped with a home made 2k2k CCD camera for CM20 and a Gatan MSC
1k1k camera for CM30.

Microscope images were recorded on Gatan Digital Micrograph software. Images were

flattened with a homemade software made by Christophe Gatel.
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CHAPTER 3

Morphological and structural characterization

of graphene on SiO: by AFM and Raman spectroscopy.

La production de graphéne par exfoliation
et transfert sur SiO: est une des méthodes les
plus simples et les plus usitées. L'identification
de la monocouche de graphene est possible en
combinant microscopie optique, AFM et spec-
troscopie  Raman. La littérature regorge
d’'images AFM de la monocouche de graphene
sur SiO:2 dont la hauteur apparente présente

d’importantes variations, entre 0,5 et 1,0 nm.

Dans une premiere partie, nous nous
sommes employés a trouver les parametres

permettant la mesure de la hauteur apparente

The production of graphene by exfolia-
tion and transfer on SiO: is one of the most
simple and most used techniques. The iden-
tification of a graphene monolayer is possi-
ble by combining optical microscopy, AFM
and Raman spectroscopy. The literature
provides a wide set of AFM images of
graphene on SiOz, the apparent thickness of
which presents large variations from 0.5 to
1.0 nm.

In a first part, we have explored the
parameters allowing the most reproducible

possible measure of the apparent height of
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Raman spectroscopy.

du graphéne par AFM la plus reproductible
possible. Une étude en atmospheére controlée
met en évidence le role du taux d’humidité. Par
ailleurs, dans des conditions d’humidité fixées,
la consigne d’amplitude d’oscillation de la
pointe AFM en mode intermittent est respon-
sable d'une surépaisseur artificielle qui a été
identifiée et peu étre corrigée afin d’aboutir a
des conditions d’imagerie stables et reproduc-
tibles.

En amont des chapitres 4 et 5 qui sont
consacrés a la structuration du graphéne et
donc a la création intentionnelle de découpe et
de défauts, nous avons caractérisé le matériau
initial par spectroscopie Raman, d’une part,
'intensité intégrée du pic G du graphéne per-
met de déterminer sans ambigiiité le nombre de
couches d'un dépot de graphene. D’autre part,
nous avons exploré la possibilité d’exalter le
signal Raman intrinséquement faible des dé-
fauts par couplage du graphene avec des struc-
tures plasmoniques colloidales. Le pic D du
grapheéne est sensible aux défauts présents dans
son réseau atomique. Exalter ce signal permet-
trait de détecter une plus faible quantité de dé-
fauts et par exemple de mieux caractériser spec-

troscopiquement la structure des bords de ru-

graphene by AFM. A study in controlled
atmosphere evidences the role of the relative
humidity. Furthermore, in fixed humidity
conditions the amplitude set point of the
AFM is responsible of an apparent height
overestimation which has been identified
and can be corrected leading to stable and

reproducible imaging conditions.

Before chapters 4 and 5 which will
study the patterning and thus an intentional
creation of defect in graphene, we character-
ized the starting material by Raman spec-
troscopy. On one hand, the integrated inten-
sity of the G peak of graphene allows to un-
ambiguously determine the number of layer
of a graphene flake. On the other hand, we
have explored the exaltation of the intrinsi-
cally low Raman signal of defects in
graphene by a coupling between graphene
and surface plasmons of metallic colloids.
The D peak of graphene is sensitive to its
quantity of defects. Enhancing this signal
would allow to detect a lower quantity of
defects and, for example, to better character-

ize spectrocopically the structure of the edg-
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ban de graphene.

Enfin, 'objectif de cette these étant de
faire converger des techniques permettant la
structuration du graphene jusqu’a [I’échelle
atomique sur un substrat isolant et atomique-
ment plan, il a semblé important d’évaluer la
capacité d’imager le graphene par AFM non-
contact (NC-AFM) en modulation de fréquence
qui est la seule technique actuelle permettant
d’imager sur un substrat isolant avec une réso-
lution atomique. [1-5] La fin de ce chapitre ras-
semble nos tentatives d'imagerie en NC-AFM

sous UHV.

es of graphene.

Finally, the objective of this thesis is the
patterning of graphene until the atomic scale
on an atomically flat insulating substrate by
the convergent combination of several tech-
niques. It seemed important to evaluate the
capability of non contact AFM (NC-AFM) in
frequency modulation to image graphene.
This technique is the only one allowing to
image an insulating substrate or a molecule
on an insulating substrate with an atomic of
sub molecular resolution. [1-5] The end of
this chapter gathers our attempts of imaging

graphene in UHV NC-AFM.
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Raman spectroscopy.

3.1 AFM imaging of graphene in ambient conditions.

Historically, apparent height of graphene measured by AFM has been one of the first
techniques capable of identifying the number of layers of a graphene flakes. AFM imaging
has a better spatial resolution than Raman spectroscopy and is convenient for any kind of
substrates for supported graphene in contrast with optical contrast of graphene which is re-

stricted to a few numbers of substrates.

The apparent thickness of graphene depends on the true sample thickness, the tip-
substrate interaction and the possible presence of adsorbates. The number of graphene lay-

ers can thus be deduced by using the following relationship:
hy=h;+(n—1) X g[6] (3.1)

hn is the thickness of a n graphene layer (nGL) measured by AFM and g is the separa-

tion between two graphene layers in graphite and is 0.35 nm.

Surprisingly, the reported values of AFM thickness for a monolayer graphene (hi) are
quite dispersed (table 3.1) and no consensus is achieved. This remarkable scattering of data
pointed us to conduct experiments on the AFM apparent height of graphene in order to

identify the origin of the dispersion.

Measured AFM
References
thickness hi (nm).
05to 1.0 [7]
0.7 [6]
0.5 (8]
04to00.8 [9]
0.7 [10]

Table 3.1. Thicknesses of graphene measured by AFM. The substrates are Si/SiO..
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3.1.1 Graphene thickness overestimation.

For this study, amplitude modulated atomic force microscope (AM-AFM) has been
used in intermittent mode and in ambient conditions, with AFM tips having a typical reso-
nance frequency of 300 kHz (Olympus, OTESPA tips). Graphene has been deposited by mi-
cromechanical exfoliation on Si/SiO: substrates with an oxide thickness of 285 nm. The AFM
images were flattened using SPM software Gwyddion or WSXM. [11] Apparent AFM

heights have been measured on averaged (~50) height profiles.

An AFM image of a graphene flake is shown in Figure 3.1a. Three different apparent
AFM heights could be identified. The height between the graphene flake and the SiO: sur-
face on the left (1.3 nm) and the right (2.5 nm) side of the flake were different. The one be-
tween the folded portion of the graphene flake and the graphene flake itself (0.7 nm) was

also different (Figure 3.1a and b).

The thickness of the self-folded piece is 0.7 nm, corresponding to twice the Van-Der-
Vaals gap in bulk graphite (i.e. 0.35 nm), therefore n=2.[12, 13] The linear relationship be-
tween hn and n (equation 3.1) found by Gupta et al. [6] implies that hi can be deduced from

ha by the formula hi= ha-g.

The measured thickness for the left side of the flake shown in Figure 3.1a corresponds
to hi=1.0 nm, which is in good agreement with the values found in the literature (see ta-
ble 3.1). However for the right side of the flake the thickness corresponds to hi=2.2 nm,
which is larger than the thickness found for the left side of the flake and the values found in
the literature (see table 3.1). This thickness is interpreted as an overestimation due to the
AFM imaging conditions. The schematic in Figure 3.1d represents an AFM tip scanning a
FLG sample. In the case of this bilayer flake the overestimation is found to be of the order of
1.2 nm. This AFM artifact affects the reproducibility of the measurements. In the following,
the influence of the AFM amplitude set point (Asr) on the thickness of a graphene flake

measured by AFM will be investigated.
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Figure 3.1. (a) AFM image of a bilayer graphene flake left to right scanning direction and (b), the corresponding
cross sections. The green and black cross sections represent a step from silica to graphene on the left (black)
and the right side (green) of the graphene flake. The red cross-section represents the step between the
graphene flake and a folded portion. (c) AFM phase image of Figure 3.1a. (d) is a schematic of an AFM tip
scanning a FLG. h; is the thickness of the first graphene layer, g is the interspacing between two graphene
layers in graphite and d is the overestimation due to an AFM artifact. Z color scale are (a): 4 nm and (c) 100°.
Scale bars are 5 pm.

The free amplitude (Ao) is the amplitude of oscillation of the AFM tip which has no in-
teraction with the surface of the sample, the tip being far from the surface. The Amplitude
set point (Asp) is the target oscillation amplitude of the AFM cantilever for the feedback loop
during the imaging. The distance between the AFM tip and the sample is adjusted by the
piezo tube so that the amplitude of oscillation of the tip is equal to Ase. The Asp is thus relat-
ed to the force applied by the tip on the surface, it has been investigated to assess whether or
not, if this tip-sample interaction has an influence on the apparent AFM height. Ase can be
adjusted at any time by the operator while Ao is set when choosing the free oscillations con-

ditions before scanning.
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Several AFM images of a bilayer graphene flake have been taken for different values of
Asp. The thickness of graphene for each Asr value is measured on several areas all around the
flake by a consistent protocol (flattening, sampling, averaging). Figure 3.2a shows the thick-
ness plotted versus Asr (black disks). Two extreme regimes are identified, separated by an
unstable regime. For an Asr exceeding 0.75V, the graphene thickness is h>=2.5+0.3 nm. For an
Asp below 0.62V, the thickness is h2=1.3+0.2 nm which is in good agreement with the litera-
ture (hi=0.95 nm). For an Asr comprised between 0.62 and 0.65 V, the graphene thickness is
either the high value or the low value (Figure 3.1a). Interestingly, the thickness of the self-
folded graphene piece (red squares) remains unchanged and is 0.7 nm for the entire Asp

range.

Figure 3.2. Graphene bilayer apparent height variation with the Asp. (a): Graphene bilayer thickness versus
Asp. The thickness is the height difference in AFM image between: bilayer graphene and SiO, surface (black
disks) and between the folded bilayer and the rest of the flake (red squares). The colors correspond with the
cross sections in Figure 3.1a. (b) Approaching curves which correspond to the amplitude of oscillation of the
cantilever versus the piezo extension. Approaching curves are recorded other graphene (blue line) and SiO,
(green line).

We believe that these two extreme regimes correspond to different tip-sample interac-
tions originated from a water meniscus forming between the tip and the surface. In order to
understand this behavior, approaching curve experiments over the graphene and the silica
surface have been performed. An approaching curve experiment in intermittent AFM mode

records the tip oscillation amplitude a phase shift between excitation and oscillation while
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the tip is approaching the surface. The free amplitude was Ao=30 nm, these curves are shown

in Figure 3.2b.

The three regimes identified in Figure 3.2a are also observed in the approaching
curves. When approaching toward silica, the amplitude decreases smoothly and almost line-
arly, no specific feature is observed. On the contrary, when approaching over graphene, the
monotonous decrease of amplitude is suddenly discontinued with a small jump to a larger

amplitude than before and resuming the same monotonous decrease.

For the low Asr regime, the oscillation amplitude is low, a stable water meniscus joins
the tip and the surface. The meniscus effect is an attractive tip-sample interaction, the piezo
extension is high (Figure 3.2b), the tip is close to the surface. The situation is the same over
silica. For the high Asr regime, the oscillation amplitude is higher, the meniscus does not
form or is unstable, the attractive interaction of it is reduced the piezo extension thus reduc-
es in comparison with the low Asp regime (Figure 3.2b) and thus the tip is more far from the
surface than with a stable meniscus. However, as silica is hydrophilic, the meniscus remains
stable at such a high Asp. In consequence the tip is close to the silica surface and far from the
graphene surface, the apparent AFM height is thus overestimated. For the measurement on
the self-folded piece, the two corresponding amplitude approaching curves would be the
amplitude curve of graphene (Figure 3.2b) shifted along the piezo extension axis. For any
Asp, the tip-sample interaction is the same on the folded graphene and on the graphene,

there is no overestimation.

An approaching or retracting curve can also record the phase shift of the tip. Phase is
rich in information about the tip-surface interaction. Noticeably, a negative phase shift is the
signature to an overall repulsive tip-sample interaction (averaged over an entire oscillation
cycle) while a positive phase shift reveal an attractive interaction. [14] In Figure 3.3, a jump
in the phase approaching curve corresponds to the jump of the amplitude approaching

curve. For low Asp, the phase shift is positive and thus the tip-sample interaction is overall
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attractive while for high Ase, the phase shift is negative and the interaction repulsive. The

phase also agrees the hypothesis of the water meniscus.

Figure 3.3. Amplitude (solid line) and phase (dashed line) approaching curve over graphene monolayer.

For the unstable regime, in Figure 3.1a, while the tip scan the silica, a meniscus is
formed, the interaction is attractive. The tip scan the surface and reach a graphene step, the
interaction remain attractive until the second edge of the meniscus reach the graphene step
or a defect induces the breaking of the meniscus, the interaction become thus repulsive and
the height is overestimated. In summary, a band of graphene has a low apparent height and
the rest of the flake has an overestimated height. This is exactly what is observed in the AFM
image of Figure 3.1a. The jump in the phase between the two regimes is also visible in Fig-

ure 3.1c. The radius of the water meniscus is thus estimated to be a few micrometers.

In order to explore the influence of water on the apparent height of graphene an exper-

iment has been designed to control the relative humidity (RH).
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3.1.2 Influence of the relative humidity.

Graphene has been deposited on a Si/SiO:z substrate by the micromechanical technique.
The sample and the AFM head have been placed in a home-made bell to control the relative
humidity (RH) (see chapter 2). The samples have been annealed at 200°C for one hour on a
hot plate before introducing it in the AFM if the RH was lower than the ambient one. The
AFM apparent height of monolayer graphene versus the Asr have been measured for a range

of RH from 5 to 70%, the results are plotted in Figure 3.4.

Figure 3.4. Apparent height of graphene under AFM imaging versus the amplitude set point for dry regime (a-
b); medium humidity regime (c-e) and wet regime (f). RH are (a) 5%, (b) 20%, (c) 40%, (d) RH=50%, (e)
RH=60% and (f) RH=70%.

Three domains of humidity are identified, (a-b) dry condition (0%<RH<30%), (c-e) in-
termediate conditions (30%<RH<60%) and (f) wet condition with RH>60%. Unstable Asp

with a jump in the thickness vs. Asr plot and the overestimation of graphene thickness are
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only observed for the intermediate RH conditions. For 40, 50, 60 and 70% RH, the apparent
height at low Asp are 1.3+0.5, 1.3+0.2, 1.4+0.4 and 1.2+0.5 nm respectively. For RH=40, 50,60
and 70% the apparent height for high Asp are 2.6 +0.1, 2.0+0.3, 1.9+0.1 and 1.2+0.5 nm respec-

tively.

For extreme dry (RH=5, 20%) and wet (RH=70%) conditions, no jump is observed in the
approaching curve and the apparent height of graphene is independent of the Asr. The aver-

age step height is 0.7+0.2 nm for dry conditions (RH=5 and 20%).

These results are interpreted by the presence of a water meniscus, for intermediate RH
conditions, the meniscus break later with an increasing RH over the graphene, and the over-
estimation of the apparent height of graphene decreases with the RH. At the wet regime lim-
it, the meniscus does not break any more and there is no overestimation. For dry humidity
conditions, the meniscus does not form and since, the imaging conditions are the same over
the two materials, the thickness is measured reliably. To avoid overestimation of the appar-
ent height of graphene, the RH conditions should be set to less than 30%, but the control of
the RH is not available on all AFM. As a consequence in ambient RH (typically between 40
and 60%), the overestimation can be suppressed by searching the Asr threshold below which

the flake height is stable again (Figure 3.1a).
3.1.3 Conclusion.

The apparent AFM height of graphene has a high dispersion in the literature, searching
for the causes of it, an AFM artifact has been observed. Under certain conditions, the thick-
ness of graphene is overestimated by 0.7 to 1.2 nm. This overestimation has been interpreted
as the breaking of a water meniscus over graphene for high oscillation amplitude of the tip.
This artifact has been only observed for medium relative humidity (between 40 and 60%).
During imaging, if the Asp is set below a threshold, which allow imaging in stable condi-
tions. These conditions can help in reducing the dispersion of the AFM thickness of

graphene.
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3.2 Raman scattering for characterizing thickness and crystalline

quality of graphene.

321 Graphene thickness identification using Raman scattering.

Raman spectroscopy is an efficient non destructive probe to characterize graphene
mono and multilayer, the complete spectrum of graphene is shown in Figure 3.5a. In partic-
ular, the shape of the Raman G’-peak can distinguish between graphene monolayer and AB
stacked FLG.[15, 16] The G’-peak of a graphene monolayer is composed of a unique
Lorentzian while AB stacked FLG is composed of 2 or more Lorentzians. Figure 3.5b shows
a G’-peak of a graphene monolayer and its Lorentzian fit. This identification technique can-
not unambiguously discriminate mono from multilayer graphene since the G’ Raman peak
of a misoriented or turbostratic multilayer graphene has the same shape than the one of a
monolayer graphene. [17, 18] Another technique is needed to confirm the identification of

graphene monolayer. It has been proposed to consider the ratio between the G’-peak intensi-

ty and the G-peak intensity (Ilﬂ) is greater than 1 for monolayer graphene while it is lower
G

than 1 for multilayer [16, 19]. The Raman spectrum of a graphene monolayer shown in Fig-

ure 3.5a exhibits this characteristic. However, this % ratio is dependent on defects and dop-
G

ing of graphene [20, 21] which can vary independently from the number graphene layers
and therefore does not provide an accurate technique of identification of graphene mono-

layer

The G-peak integrated intensity of graphene is proportional to the volume of graphene
probed by the laser beam. [6, 16] If we assume that the surface probed by the laser focal
point is constant, the G-peak integrated intensity of graphene is proportional to the thick-
ness of the sample. Therefore the integrated intensity of the G-peak can in principle give the
exact number of layers of a graphene flake. The following analysis has been done under the
guidance of Paillet M., Hutzinger J.R. and Tiberij A. (L2C, Montpellier). Experimentally, we
will focus on the reproducibility of the technique on 10 samples. The G-peak integrated in-
tensity of graphene flakes are normalized by the G-peak integrated intensity of a freshly
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cleaved HOPG measured before each experiment. The graphene samples have been deposit-
ed on Si/SiO:2 substrates with an oxide thickness of 285 nm by the mechanical exfoliation
technique. The thinnest samples have been identified using optical microscopy and Raman
spectra have been acquired on a XploRA spectrometer (Horiba). For each spectrum, the opti-
cal focus is set so that the G-peak intensity is maximized. The excitation wavelength was
532 nm, the power intensity set to 10% and the exposure time was 10 s. the gating was 1,800

stripes, with a hole size of 500 and a slit of 200.

Figure 3.5. (a) Raman spectrum of a graphene monolayer supported by a silicon/silicon oxide substrate. The
two main peaks of graphene (G and G’) are labeled. (b) is a Raman spectrum of a graphene monolayer G'-
peak (red circles) and its Lorentzian fit (solid black line). (c) is a plot of the G-peak integrated intensity of
graphene flakes normalized by the G-peak integrated intensity of a freshly cleaved HOPG. (d) is the Ig/lg ratio
for several graphene flakes.
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The samples are labeled from 1 to 10. The contrast in optical microscopy and the shape
of the G’-peak allow a first identification of samples thicknesses 1 to 4 as monolayer and
samples 5 to 10, are multilayer graphene. For all samples, the ratio between the integrated
intensity of the G-peak of the sample and the integrated intensity of the G-peak of a HOPG
is plotted in Figure 3.5c. For samples 1 to 4 the averaged G-peak intensity Ac/Ag, rorc is 0.6.
For samples 5 to 9, it is 1 and for sample 10 it is 1.4. The clear quantification of these values
led us to assume that samples 1 to 4 were monolayer, sample 5 to 9 bilayer and sample 10
was a tri-layer. The relevant parameter then appears to be Ac/nxAc, norc which would be
constant for the entire dataset. Indeed, the average Ic/nxIc, Horc ratio is 0.57 with a standard
deviation of 0.05 (i.e. 8%). We can therefore consider that the number of layer of graphene
can be experimentally determined with the G-peak integrated intensity technique

n=Ac/0.57 Ac, norG (+8%).

Figure 3.5d shows the ratio % for sample 1 to 10. Even if there is a clear difference be-
G

tween monolayer Ic/Ic =2.9+1.0 and bi or tri layers (0.8+0.1), the deviation from the mean
value is very high. Additionally with this technique it is impossible to distinguish between

bi and tri or more graphene layers.

3.2.2 Graphene G-peak exaltation by colloidal gold colloids.

While the exploitation of G and G’ is not impacted by the weakness of signals in
graphene, the Raman spectrum can also be used to determine the presence of defects by ex-
ploiting the D peak at 1350 cm™. It appears that this peak has a rather small intensity which
makes it difficult to characterize low density of defects by Raman. One useful phenomenon
is the enhancement of the Raman signal in the presence of noble metals. The Raman signal
can be enhanced by plasmon or doping of the metal. The enhancement by plasmon is due to
the local enhancement of the electric field by the collective oscillations of the electrons, the

Raman signal is enhanced because it is proportional to the square of the electric field.

Graphene Raman signal has been enhanced in the presence of lithographically defined

Cr/Au nanodisks, with diameter comprised between 100 and 200 nm. [22] The enhancement
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factor of the G peak near the gold structure compared to areas of graphene far from metallic
disks is more than 20 and reaches 30 for the G’-peak. [22] However, enhancement factor is
not spatially homogeneous, and it varies from 5 to 15. [22] When a thin layer of gold is de-
posited on graphene, enhancement factors up to 120 for G-peak and 60 for G’-peak are even
found. [23] These disks and films have variable shape and crystalline quality, their deposi-
tion process can damage the underlying graphene. Additionally we are interested in the
specific enhancement of the D peak. In the following, we have used gold bi-crystalline
nanoprism [24] and single crystalline nanorods [25] to study enhancement of the Raman

signal of the graphene. This work has been done with M. Nufiez during its master 1 training.

Figure 3.6. TEM images of (a) gold nanorods and (b) Au nanoplatelets. Scale bar are 200 nm. Courtesy of J.
Sharma.

The intensity map of the Raman G, G’ and D-peak are shown in Figure 3.7b-d, the exci-
tation wave length was 532 nm, with a circular polarization. The signal is higher on the cen-
tral red spot, which is the area on a nanoprism, than on the surrounding graphene by a fac-
tor 2 to 15. Two spectra acquired on the particle and on the bare FLG surrounding the parti-
cle are shown in Figure 3.7b, the G-peak intensity is about 610 counts above the prism while
only 195 counts on the bare FLG, corresponding to an enhancement factor of about 3. There

is also an enhancement of the D (1.4) and G’ (2.5) peak.
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One should notice that the graphene used in this experience was grown by CVD on
nickel and has the same domain size than the nickel grains composing the film. Due to the
small size of these domains, the Raman D-peak intensity varies with the position of the laser
beam and so the measured enhancement for the D-peak on these samples is thus not repro-

ducible.

Gold nanorods typically 400x20 nm (Figure 3.6a) prepared by J. Sharma have been dis-
persed on a Si/SiO: substrate before depositing graphene by the mechanical exfoliation tech-
nique. Raman map has been acquired of a graphene flake deposited on gold nanorods (Fig-
ure 3.7a). The maps of the G, G’ and D peak intensity are shown in Figures 3.7b, ¢ and d re-

spectively.

Figure 3.7. Raman signal of graphene enhanced by gold nanorods.. (a) A SEM image of a graphene flake de-
posited on gold nanorods. Raman map of the intensity of the (b)G peak, (c) G-peak and (d) D peak at 532 nm
of excitation wavelength of the same graphene flake.. Color scale bar is normalized by the second order Ra-
man peak of the Si [100]. Scale bars are 1 pm
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G and G’ peak are enhanced by factors of 1.5 and 3.5 respectively. The D-peak map
shows that there is signal only over the nanorods. The nanorods enhance the Raman D peak

although the factor is not measurable since the D-peak is null elsewhere.

The best contrast has been obtained for the G’-peak intensity, for this parameter a po-
larization and wavelength dependence study have been conducted. Figures 3.8a to d are the

Raman map intensity of the G’-peak at two polarization and two wavelengths.

Figure 3.8. Polarization and wavelength dependence of the enhancement of the Raman G’-peak of graphene
by gold nanorods. (a-d) Raman maps of the G’-peak intensity with (a, ¢) horizontal polarization and (b, d) verti-
cal polarization. The excitation wavelength are (a, b) 532 nm and (c, d) 638 nm. (e) SEM image of the
graphene and nanorods. (f) Absorbance spectrum of gold nanorods. Color scale bar is normalized by the se-
cond order Raman peak of the Si [100]. Scale bars are 1 um.

The 538 nm wavelength is close to the transverse resonance of the Plasmon of the gold
nanorods (Figure 3.8f). This is in accordance with the Raman map of Figures 3.8a and b, no
exaltation is visible if the polarization of the laser is perpendicular to the nanorod and an
exaltation of a factor 2 is visible if the polarization of the laser is perpendicular to the

nanorod.
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The 638 nm wavelength is close to a longitudinal resonance of the Plasmon of the
nanorod, which is in accordance with the Raman maps of Figures 3.8c and d where a en-
hancement factor higher than 4 is found for a longitudinal excitation while it is only 1.2 for a
transverse excitation. This behavior is an evidence that the exaltation is partially due to the
Plasmon of the nanorod. The following paragraph will focus on the exaltation of the D peak

intensity to improve Raman spectroscopy as a defect characterization technique.

3.23 Enhancement of graphene D-peak intensity by colloidal gold
nanorod.

Gold nanorods typically 400x20 nm (Figure 3.6a) prepared by J. Sharma have been dis-
persed on a Si/SiO: substrate before depositing graphene by the mechanical exfoliation tech-
nique. Two Raman maps of the D-peak intensity have been acquired, Figure 3.9b for the hor-
izontal polarization and 3.8c for the vertical polarization. The excitation wavelength is

532 nm.

The Figure 3.9a is a SEM image, showing the graphene flake deposited on top of gold
nanorods. The edges of graphene contribute to the D peak while the center of graphene does
not. It seems that the D peak signal of the edges is dependent on the polarization, the D peak
of edges parallel to the polarization is more intense than the edges perpendicular to the po-
larization. Some nanorods have been labeled in Figure 3.9a, the same area are circled in the
Raman maps. For A and B nanorods, there is a very small signal enhancement because they
are next to the graphene, not under it. The plasmon enhancement of the local field or the
doping of graphene are local effects, which need a close contact. As the structures can be a
few nanometers away from graphene, they do not enhance the D peak of the edge. For C
and D nanorods, they are far from graphene edge, at their position, the D peak of graphene
would exhibit no signal if the particle was not under the graphene. On the localization of the
nanorod, there is a clear D-peak signal far from a graphene edge. It is not possible to calcu-
late an enhancement factor since the graphene around the particle has no D-peak signal but

the D peak intensity is enhanced by the presence of the nanorods.
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Figure 3.9. Exaltation of graphene D-peak by gold nanorods. (a) is a SEM image of a graphene flake on a
Si/SiO, substrate. (b) and (c) are Raman maps of the D-peak intensity of graphene with an excitation wave-
length of 532 nm with a horizontal and vertical polarization, respectively. Color scale shows the D-peak intensity
counts normalized by the second order of Si[100]. (d) Raman spectra acquired on the nanorod E and on the
edge next to it for the horizontal polarization. Scale bars: 3 pm.

A clear enhancement of the D-peak is visible, Figure 3.9d shows two Raman spectra
acquired on the “E” nanorod and on the graphene edge next to it. The D-peak enhancement

factor is 5. A careful examination of the SEM image shows a tearing of the graphene sheet
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around the rod, the enhancement observed is a combination of plasmon-induced enhance-

ment, edges created by the tearing and defect of graphene.

For the nanorods in F, their structure is a V-shape. These coupled nanorods have a
plasmon resonance modified from the pristine nanorod. On the vertical polarization Raman
map (Figure 3.9¢), this structure enhances the D-peak by a factor of about 2.5, but there is no
enhancement for the vertical polarization. This enhancement is perpendicular to the axis of

the V-shape structure, this observation could be interpreted by a tip effect phenomenon. [26]

3.24 Graphene irradiation effect in the presence of gold colloidal
nanoprism.

Prismatic Au platelets (Figure 3.6b) with lateral size ranging between 0.5 and 1.0 pum
have been produced by a new one-pot method based on the direct reduction of Au precur-
sors by polyvinylpyrrolidone (PVP) in alkaline conditions at room temperature, the details
of which will be reported elsewhere. Once the reaction is complete, the nanoprisms suspen-
sion is naturally settled, decanted and redispersed into 18 MQ deionized water without any
further purification steps. This suspension has been prepared by J. Sharma and drop-casted
on Si/SiO2 substrates before graphene deposition by micromechanical exfoliation technique.
The Raman map of the D-peak intensity of this suspended graphene has been acquired, the
sample has been imaged in a SEM with electrons accelerated at 5 kV and a second D-peak
Raman map has been acquired. In the map acquired before irradiation, shown in Fig-
ure 3.10a, the D-peak intensity is almost zero. The spectra on and next to gold nanoprisms
are very similar and do not present decrease or enhancement of their intensity. After irradia-
tion, the intensity of the D-peak Raman map of Figure 3.10c shows an increase to about 30
counts on the bare graphene, far from any nanoprism. For a spectrum acquired on a
nanoprism, D-peak intensity is 150 counts, as shown in Figure 3.10d. There is also a decrease
of the G and G’-peaks intensity with respect to the spectrum acquired on bare FLG (red solid
line of Figure 3.10d)

88



Chapter 3 : Morphological and structural characterization of graphene on SiO, by AFM and

Raman spectroscopy.

Outside the nanoprism, primary and backscattered electron (BSE) irradiation of
graphene induce defects [27] and lead to an increase of the Raman D-peak intensity to about
30 counts, while it was not detectable before electron irradiation. Over a nanoprism, the D-
peak is 5 times more intense than on the bare FLG. We interpret that by an increase of the
electronic dose induced by BSE produced in the nanoprism, resulting in a more intense
amorphization of graphene. The increase of the amorphization is shown by the quenching of
G and G’-peak as well as the Ip/Ic ratio. [28] This additional amorphisation is due to a local
increase of the electronic dose because the gold surface create more BSE than the SiO:

(Zaw>Zsi).

Figure 3.10. Electron irradiation effect on graphene D-peak. (a) D-peak Raman map of an Au nano-platelet
under graphene before electron irradiation. (b) two spectra of the (a) map, on the location of the nanoprism
(black dotted line) and on the multilayer graphene far from the nanoprism (red solid line). (c) D-peak map of an
Au nano-platelet under graphene after electron irradiation (5 kV). (d) Two spectra of the (c) map that has been
acquired on the location of the nanoprism (black dotted line) and on the multilayer graphene far from the
nanoprism (red solid line). Scale bars are (a): 3 um, (c): 1 um. (a) and (c) color scale are in counts.
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This experiment points out the care that must be taken while imaging graphene with
electronic microscopy techniques. In the two previous studies (paragraph 3.2.2 and 3.2.3),
Raman map have been acquired before SEM imaging. The role of back-scattered electrons is
arising in this experiment, it will be discussed in more detail in the chapter 5 during etching

of supported graphene by electron beam induced etching.
3.25 Conclusion.

This Raman signal enhancement by nanoprism has to be rationalized because the ex-
amples shown here are not observed for all similar systems. The case of Au platelet on nickel
grown graphene is the less reproducible, it can be explained by the contamination of
graphene by carbonaceous material (see chapter 4) and eventually polymer covering the
platelets. In chapter 4 some experiments will be presented that aims to produce clean mono-

layer graphene on TEM grid, this Raman study would also benefit of better samples.

Nanorods deposited on Si/SiO2 and covered by mechanically exfoliated graphene ex-
hibit more reproducible results. It has been found that the nanostructures enhance the Ra-
man D-peak signal of graphene. There is a dependence on the polarization, of the exaltation
of the G’-peak agreeing with the absorbance of the plasmon of the nanorods. This polariza-
tion dependence is an evidence of the role of the Plasmon of the nanorod in the exaltation of

the signal.

Further study of this enhancement could be to deposit nanorods on clean graphene
monolayer and etch the graphene close to nanorods by EBIE which would provide experi-
ment for studying the enhancement of D-peak by nanorod and provide a macroscopic and

non destructive technique to study defects in graphene.

3.3 NC-AFEM imaging of graphene.

3.3.1 Graphene over silica.

Non-contact AFM (NC-AFM) is a technique allowing to reach atomic and sub-

molecular resolution on insulating substrates. We have used this technique to assess wheth-
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er graphene on an insulating substrate and specially graphene edges can be imaged with an
atomic resolution. Such a technique would provide information on structural defects of
graphene in a device configuration. Preliminary results on the modification of the substrates

and requirements for UHV and NC-AFM are presented here.

Micromechanically exfoliated graphene has been deposited on oxidized silicon wafer
(285 nm oxide thickness). The source was natural graphite. Graphene flakes were identified
by optical microscopy. The samples were then stuck on an OMICRON holder with EPOTEK
glue and dried in an oven (120°C during 1h in ambient air). After introduction in the UHV
DUF, the sample was annealed at 200°C in UHV (10° to 10" mbar) during 2 hours.
Graphene has been then imaged in non-contact mode AFM (NC-AFM) in frequency modu-
lation mode. A PPP-NCH tip (f0=319 kHz, quality factor Q=23 500) has been used to perform
the imaging. Further imaging was carried out with a contact tip (OMCL-TR800PB:
fo=74 kHz, Q=1 543) with the same imaging conditions. Finally the sample has been again

imaged in ambient condition in intermittent mode AM-AFM.

Figure 3.11a is an optical image of a graphene flake, the AFM image in ambient condi-
tion is shown in Figure 3.11b. The thickness of this flake has been measured at 0.72 nm, con-
sistent with a graphene monolayer. During the scan with a PPP-NCH tip, imaging condi-
tions were unstable and it was impossible to acquire an image. Using a tip with a lower res-
onance frequency and a lower spring constant, an OMCL-TR800PB allowed to acquire a NC-
AFM image that is shown in Figure 3.11c. An AM-AFM image acquired in ambient condi-
tion is shown in Figure 3.11d. A green arrow shows a defect in silica, proving that the zone

imaged in Figures 3.11b, c and d are the same.

Figures 3.11c and d, show that the graphene flake has been partially destroyed. This
can explain why the graphene could not be imaged with the PPP-NCH tip, the interaction of
this tip in non contact mode in UHV is higher than the cohesion between graphene and sili-
ca. In non-contact mode, the tip-surface interaction is always attractive, the tip pull the

graphene while in intermittent mode the tip press the graphene. If the attractive interaction
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graphene-substrate is lower than the graphene-tip interaction, the tip will attract and tear
the graphene, this is what has been observed. The contact tip (OMCL-TR800PB) has a reso-
nance frequency and so a spring constant quite lower than the PPP-NCH tip. The interaction
between graphene and the tip is thus reduced, which allows imaging the graphene without
destroying it. However, NC-AFM is regulated by the oscillation frequency of the cantilever,
it requires thus a high quality factor of the tip oscillation to be able to reach atomic resolu-
tion (Q>10,000). The contact tips have a too low quality factor and cannot reach atomic reso-
lution. It is thus necessary change the substrate to increase the graphene-surface interaction.
As thermal Silica is rough (~0.5-1 nm), the graphene is not in contact with all the surface
which decreases the cohesions forces. An atomically flat substrate as for example KBr would
increase the contact area and thus the adhesion force which would enable to image graphene

with a PPP-NCH tip.

Figure 3.11 : Graphene flake deposited on a Si/SiO, substrate. Optical (a) and AFM (b) image of a graphene
flake just after its fabrication. The area has then been imaged in NC-AFM in frequency modulation with a PPP-
NCH tip without being able to image it. (c) A NC-AFM in frequency modulation image has been taken with a
contact tip: OMCL-TR800PB-1. The substrate has been then taken out of the UHV chamber and imaged in
ambient condition in an intermittent mode AFM. The three green arrows show a defect in the silica. Scale bars:
5 um. Vertical color scale: (b) 10 nm, (c) and (d) 5 nm.
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3.3.2 Choice of substrates and deposition technique of graphene.

Three substrates have been studied to try to image graphene in NC-AFM. All these
substrates are atomically flat: KBr, Mica and monocrystalline sapphire. Graphene has been
deposited on them by the micromechanical technique (Figure 3.12). Optical contrast of
graphene on these transparent substrates is very small, nevertheless it was possible to found
monolayer graphene flake. Several attempts to image in NC-AFM a graphene flake on these
substrates were unsuccessful because the optical system of the NC-AFM is a simple optical
camera. It was not possible to localize graphene flake because of a too poor resolution of the

optical camera, a pixel size of 10 um, in the order of the size of the graphene flakes.

Figure 3.12. Optical images of micromechanically exfoliated graphene deposited on (a) KBr, (b) mica and (c)
alumina. (d) AFM image of a mono or bi layer graphene on mica. Vertical color scale is 10 nm (e) cross section
along the green dashed line in (d). (f) optical image of the flake shown in (d). Scale bars are (a)(b)(c)(f), 10 um
and (d) 1 pum.

In order to grow graphene on a wafer scale, its production technique has been

changed, graphene grown on SiC by molecular beam epitaxy (MBE) has been prepared by E.
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Moreau [29] and imaged by NC-AFM. Due to a sample preparation issue, we were unable to
image the graphene with an atomic resolution. A mechanical abrasion of the SiC created
morphological defects on the substrate, making impossible to image the atomic flat terraces
of the SiC and preventing atomically resolved images of graphene. However a change in the
sample preparation or, cleaner technique of transfer of graphene grown by CVD (chapter 4)

will be attempted to try to image graphene by NC-AFM.
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CHAPTER 4

Graphene Nano-Ribbons:

Electron beam induced etching and structural analysis.

Dans ce chapitre, la structuration directe
du graphene sous un faisceau électronique
("Electron beam induced etching”, EBIE) jus-
qu’'a quelques nanométres est détaillée. Cette
structuration permet de réaliser des motifs arbi-
traires, sur plusieurs échelles de taille depuis le
micrométre  jusqu'a  quelques  nanomeétres.
L’avantage essentiel de notre approche est de
limiter les sources de contamination et d’amor-
phization afin de préserver la structure et les
propriétés du graphene natif.

Le graphene peut étre structuré par plu-
sieurs techniques dont nous rappelons ici les

avantages et limitations afin d’établir les objec-

tifs et criteres que nous nous proposons d’at-

In this chapter, the patterning of
graphene by EBIE is exposed. This struc-
turation allows to realize arbitrary
shapes, on several length scales, from the
micrometer down to the nanometer
scale. The main advantage of this tech-
nique is to limit the contamination
sources and the amorphization to pre-

serve the structure and the properties of

pristine graphene.

Graphene has recently been pat-
terned by several techniques, the main
advantages and limitations of which are

first summarized here. This survey will
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teindre par EBIE. Elles peuvent étre regroupées
en trois catégories. Tout d’'abord, les approches
lithographiques (optique ou électronique) suivies
d’une étape de gravure par un plasma oxygene
permettent de graver le graphéne suivant un
motif arbitraire atteignant une résolution de
quelques dizaines de nanometres. [1-3] Cepen-
dant, 'utilisation d’une résine contribue a la
contamination du graphene. [4-6] De plus, la
gravure par plasma ionique amorphize le gra-
phene et implante des ions. [7, 8] La technique
de gravure par faisceau d’ion focalisé (Focused
Ion Beam, FIB) évite l'utilisation de résine mais
résulte en une amorphization et implantation
ionique importante pour le graphéne supporté

par le substrat. [9-11]

Un deuxieme groupe de techniques consis-
tent a modifier directement le graphéne par inte-
raction avec un faisceau électronique. A tres
basse tension d’accélération (0.01-30 V), les li-
thographies en champ proche (STM, AFM) per-
mettent une gravure du graphéne avec une
forme arbitraire sur des distances d'au plus
quelques centaines de nanomeétres. [12-16] Dans
le cas du STM, la tension de polarisation néces-

saire en ultravide (supérieure a 8.5V [12, 15]),
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enable us to list the challenges and crite-
ria to be achieved by EBIE. These exist-
ing techniques can be separated in three
categories. Firstly, the ion-based tech-
niques. Lithography (optic or electronic)
followed by a reactive oxygen plasma
etching is able to patterned graphene in-
to arbitrary shapes and reaches a feature
resolution size of a couple of tens of na-
nometers. [1-3] However the use of a re-
sist tends to contaminates the surface of
graphene. [4-6] Furthermore the ionic
etching amorphize the graphene and
contaminates it by ion implantation. [7,
8] FIB obviates the use of a resist but
supported graphene is amorphized and
ions are implanted. [9-11]

A second group of techniques con-
sists in modifying directly the graphene
by interaction with a focused electron
beam. At very low acceleration voltages
(0.01 to 30V), local probe lithography
techniques (STM lithography, AFM an-
odic oxidation) allow etching with arbi-
trary shape over a few hundreds of na-
nometer. [12-16] In the case of the STM,

the polarization bias required in UHV
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peut étre abaissée parla présence d’eau (condi-
tions ambiantes) a typiquement 3 V. [12, 13, 16]
A des énergies d’accélération d’environ 100 keV,
le faisceau électronique d'un TEM permet de
graver le graphene avec des bords ("zig-zag" ou
“armchair”) atomiquement droits. [17, 18] Ce-
pendant, le pilotage de microscopes électronique
en transmission pour la lithographie reste un
daéfi.

Les techniques du dernier groupe reposent
sur la rupture chimique ou mécanique des liai-
sons C-C et sont donc intimement dépendantes
de la cristallographie intrinséque du graphéne.
La sonication intensive d'une suspension de par-
ticules de graphite produit des rubans de
quelques centaines de nanometres de long et aus-
si fins que 10 nm de large. [19] Les bords de ces
rubans ont un trés faible désordre et sont préfeé-
rentiellement orienté suivant les directions
"armchair”. [20, 21] De la méme maniere,
I'hydrogénation du graphene catalysée par des
nanoparticules métalliques qui diffusent a sa
surface produit des découpes suivant des direc-
tions cristallographiques privilégiées. [22, 23]
En outre les bords de ces découpes sont égale-
ment tres ordonnés avec une fluctuation de

quelques cycles benzéniques (~1.5 nm). [24] Ces
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(higher than 8.5V [12, 15]), can be re-
duced to typically 3-4 V when water is
present (ambient conditions). [12, 13, 16]
At energies of about 100 keV, the e-beam
of a TEM can etch graphene with atomi-
cally smooth (zig-zag or armchair) edges.
[17, 18] However, the control of the

beam of a TEM is not a standard feature.

The last group is composed of
techniques which are based on the chem-
ical or mechanical breaking of the C-C
bound and are thus sensitive on the in-
trinsic crystallography of graphene. In-
tense sonication of a suspension of
graphite produces ribbons of few hun-
dred of nanometer in length and thinner
than 10 nm in width. [19] These ribbons
have presented a limited edge disorder
and are preferentially orientated along
the “armchair” directions. [20, 21] Simi-
larly, the hydrogenation of graphite by
metallic nanoparticles, which diffuse at
its surface, produces trenches with an
edge roughness of less than few benzenic
rings (~1.5 nm). [24] However these two

approaches do not ensure any control on
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deux approches n'assurent cependant aucun
controle précis de la forme de la gravure.

Nous proposons donc d’associer la gravure
chimique, qui semble permettre de controler pré-
cisément la rugosité des bords de découpe, avec
I"activation de la réaction par un faisceau élec-
tronique focalisé et pilotable dans un SEM.. La
tension d’accélération disponible avec un SEM
(1-30 kV) est inférieure a celle d'un TEM, mais
la présence d'un réactif, I'eau, permet d’abaisser
I'énergie d'activation pour la rupture de la liai-

son C-C (Figure 4.1).

La premiere partie de ce chapitre décrit les
échantillons dont la préparation anticipe la ca-
ractérisation structurale en microscopie électro-
nique en transmission apres gravure en MEB.
Les échantillons seront du graphene suspendu
sur des grilles TEM (Figure 4.1a). La deuxiéme
partie est consacrée a la gravure directe du gra-
phéne sous faisceau électronique de basse éner-
gie. Les principes de I'EBIE sont présentés avant
d’exposer les caractéristiques des gravures. Les
parametres importants au controle du processus

de gravure EBIE du graphene seront examinés :
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the shape of the etching.

We propose to combine the chemi-
cal etching, which fosters smooth edges,
with an e-beam-induced activation of the
reaction in an SEM in order to have con-
trol over the focal point where the etch-
ing reaction is triggered. The acceleration
tension available in a SEM (1 to 30 kV) is
lower than the one of a TEM but the
presence of a reactant (water) will lower
the activation energy to break the C-C
bond (Figure 4.1).

The first part of this chapter de-
scribes the sample preparation in antici-
pation of the structural characterization
in TEM. The samples will be graphene
suspended on TEM grids (Figure 4.1a).

The second part is dedicated to the
low energy electron etching of graphene.
The principle of EBIE is presented before
showing the characteristics of the etch-
ing. The important parameters for the
control of the EBIE process are examined

and applied to simple line. Next the etch-
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Les parametres pour des gravures simples étant
établis, nous envisageons la gravure de motifs
complexes (Figure 4.1b) qui comportent un cer-
tain nombre d’étapes clés. Un ruban de graphene
sera continument connecté a deux électrodes mé-
talliques par des constrictions triangulaires de
graphéne. L'angle entre le ruban et les constric-
tions est fixé a 45°. L'influence de I'orientation
de la gravure par rapport aux directions cristal-
lographiques du graphene est évoquée. La gra-
vure d'une longue découpe, permettant d’isoler
un ruban du reste du feuillet de graphéne est
montrée. La connexion entre deux découpes con-
tigiies avec un angle de 45° est étudiée. Enfin
nous examinons l'influence de I'épaisseur du
graphite avant de réaliser la gravure de rubans
de graphene par deux découpes paralleles.

La derniere partie de ce chapitre étudie la
qualité structurale des bords de gravures simples
effectuées par EBIE sur du graphene. L’étude est
menée avec un MET avec correcteur
d’aberrations sphériques ("spherical aberation
corrected TEM” SACTEM). Le désordre des
bords a courte distance est d’abord étudié. La
distance maximale de la zone amorphisée par la

gravure est ensuite mesurée. La rugosité sur une

longue distance est ensuite mesurée et commen-
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ing of more complex shapes is consid-
ered (Figure 4.1b) that contains some
crucial steps. A nano-ribbon of graphene
will be continuously connected to metal-
lic electrodes by two triangular graphene
constrictions. The angle between the rib-
bon and the constrictions is fixed to 45°.
The influence of the orientation of the
etching with respect to the crystallo-
graphic orientation of graphene is dis-
cussed. The etching of a long cut, allow-
ing to insulate a ribbon from the rest of
the flake is shown. The junction between
to cuts with an angle of 45° is studied.
Finally we will examine the influence of
the thickness of graphite before realizing
an etching of GNRs by two parallel cuts.
The final part of this chapter stud-
ies by a SACTEM the structural quality
of the edges of single cuts made by EBIE
on graphene. . The disorder of the edges
at small distance is first studied. The
maximum amorphisation length is then
measured. The long range roughness is
finally measured and discussed. Finally
are studied the contamination of

graphene by carbonaceous species and
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tée. Finalement, La contamination du graphene | the cleaning of graphene.
par des matiéres carbonées et son nettoyage sont

étudiés.

Figure 4.1. (a) Schéma de I'EBIE assisté par de la Figure 4.1. (a) Schematics of water assisted EBIE on
vapeur d’eau sur du graphéne suspendu. (b) schéma suspended graphene. (b) Schematic of an electronic
d'un dispositif de mesure électrique en deux point transport measurement device made with graphene.
d’'un ruban de graphene.

4.1 Sample preparation.

4.1.1 CVD graphene on Ni transferred onto copper TEM grid.

FLG (1 to 10 graphene layers) is grown on a nickel surface by chemical vapor deposi-
tion (CVD). The thin layer is transferred on a 2000 mesh TEM copper grid by a resist free
technique. [25] An IPA droplet is deposited over the grid set on the Ni/CVD graphite sur-
tace. While the droplet is drying, the grid sticks to the graphite. The nickel is etched leaving
the TEM grid covered with thin graphite. On the grid, large particles or defects are used to
locate a specific area of interest. This localization technique allows to relocate a trench per-

formed by EBIE in the TEM.

The coverage of the grid with graphene is very high, Figure 4.2a shows a large scale
SEM image of a grid where almost all the 7x7 um? squares are covered with thin graphite.

Graphite films are composed of a large variety of thicknesses identifiable by their difference
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in contrast in the SEM (Figure 4.2b) and TEM (Figure 4.2c) images. The size of the domains

of constant thickness varies from about 1 to 10 pum.

A SAED (Figure 4.2d) shows a diffraction pattern of thin graphite, the selected area is
0.13 um2. The inner hexagon correspond to a spacing of 2.13 A related to the [0110] direc-

tion, the diffraction peaks of the [1210] direction are also visible. A cross section along the

yellow dashed line in Figure 4.2d is plotted in Figure 4.2e. The intensity ratio ;[O_ﬂ is smaller

[1210]

than one, indicating that this sample is a FLG of two or more graphene layers.[26]

Figure 4.2. Nickel grown CVD graphene on a copper TEM grid. (a) and (b): SEM images of a copper TEM grid
covered with graphite. (c) Bright field TEM image of thin suspended graphite. (e) cross section following the
yellow dashed line in (d): SAED of a thin graphite, the diaphragm diameter is 200 nm. (f) is a Raman map of the
G peak intensity of graphene recorded over a suspended graphite. Dashed gray lines represent the edges of
the copper grid. (g) is a Raman spectrum of a thin suspended graphite. Scale bars: (a) 10 pm, (b) and (c) 1 um
and (d) 2 nm™. The excitation wavelength for (f) and (g) is 532 nm.

The Raman map of the G peak in Figure 4.2f shows an edge of the Copper support of
the grid (white in the map) and a suspended FLG. The G peak intensity varies from 1,500 to
5,000 counts, confirming a large variety of thicknesses (the G peak intensity is proportional

to the volume of FLG scanned and thus to its number of layers). Raman map has too poor a
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resolution to clearly distinguish the border of equal thicknesses domains. Since the laser
spot is larger than the typical size of FLG domains which prevents the monolayer identifica-
tion. It probes several thickness domains at each acquisition, Figure 4.2g shows a Raman
spectrum of a suspended FLG, the G’ is constituted of more than one Lorentzian, suggesting
that there is at least one domain with 2 or more layers of graphene under the laser beam.
The spectrum also shows a D peak at 1354 cm™. This peak reveals defects in the FLG lattice
and/or domains boundaries.

4.1.2 CVD Graphene grown on copper transferred with PMMA on

SizNs membranes.

CVD graphene grown on a copper foil is transferred on SisNs membranes perforated
with 1 um holes of 1 um in diameter over which graphene is suspended. A PMMA layer is
spun onto graphene. The copper foil supporting graphene is then placed on a copper etchant
bath (0.1 g.ml! Na25:0s solution). After dissolution of the copper, the graphene supported by
PMMA is directly transferred on a SisNs+ membrane and the PMMA is dissolved in acetone.

These samples have been prepared in the group of V. Bouchiat in Grenoble.

A SEM image of the membrane reveals that almost all the membrane is covered after
the transfer (Figure 4.3a). Only few areas (dark in the Figure 4.3a), let the bare SisN4+ mem-
brane visible. A TEM image in Figure 4.3b confirms that the holes are covered with a thin
film. In several areas in Figure 4.3b the film is partially folded, a difference in the contrast is
visible. These folded areas can be used, as well as some dust particles, to identify a specific

location on the SisN: membrane.

TEM image in Figure 4.3c shows suspended graphene. Adsorbates visible on the sur-
face are attributed to PMMA. [6] Nevertheless there are uniforms regions where the

graphene is less contaminated. The diffraction pattern in Figure 4.3d is typical of a graphene

. . . I1oT10] . .
monolayer lattice. As shown in the Figure 4.3e where 1[01—101 is greater than 1. According to the
[1210]

diffraction patterns, the sizes of the mono-crystals domains are higher than 0.5 um?.

104



Chapter 4 : Graphene Nano-Ribbons: Electron beam induced etching and structural analysis.

Figure 4.3. SisN, membrane covered with CVD graphene. A SEM image (a) showing the membrane and its
silicon nitride support. The darker stripes are area where the graphene-PMMA film is cracked. (b) is a TEM
image of several holes in the SisN; membrane, graphene is suspended over those holes (graphene drums).
The TEM image in (c) shows an area of a graphene drums. (d) is a SAED of a graphene drums, the diaphragm
diameter is 870 nm. (e) Is the cross section of the yellow dashed line in (d). Scale bars: (a) 200 pm, (b) 2 pm,
(c) 10 nm and (d) 2 nm™.

4.1.3 CVD Graphene on copper directly transferred on TEM grids.

Quantifoil are a 300 mesh gold grid covered with an amorphous carbon (a-C) thin film.
This film is perforated by an array of circular holes of 1 um in diameter. Graphene is grown
on a copper foil by CVD, purchased from Graphene supermarket. Copper and graphene are
placed on a bath of copper etchant: (NH3)s5:0s at 2.5x102 mol.L* for 30 hours. Once the cop-
per foil is completely etched, graphene is visible on the surface of the solution. Gold
quantifoil grids or SisN4+ membranes are plunged in the solution and brought under the
floating graphene. While the grid is gently surfaced, graphene sticks to the grid. It is dried

on a hot plate in air at 100°C for 15’, rinsed in DI water and let to dry in air.
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Figure 4.4. Graphene grown on a copper foil and transferred onto gold quantifoil and SizN4 grids with a resist-
free technique. (a) SEM image of a SizN,4 grid covered with graphene. (b).SEM image of suspended graphene
grown by CVD and directly transferred onto gold quantifoil %rid. (c) is a SACTEM image of suspended
graphene deposited onto gold quantifoil grid. Taken with a Titan® from FEI operating at 80kV. (d) is a SAED of
suspended graphene deposited on a SisN, grid. (e) Is the cross section of the white dashed line in (d) Scale
bars: (a) 100 um, (b) 500 nm, (c) 2 nm and (d) 2 nm™.

The coverage rate of graphene transferred by this method is as high as 80% (Fig-
ure 4.4a). A SEM image in Figure 4.4b shows a hole of a gold quantifoil grid covered with
graphene, graphene has been mechanically torn during the transfer. Figure4.4c is a

SACTEM image showing the edge of one of these mechanically torn graphene. The intensity

ratio ;m—w] in the SAED (Figures 4.4d and e) confirm that graphene is monolayer.
[1210]

4.2 Electron beam induced etching of graphene.

Unless further precisions, the following experiments are conducted on copper TEM
grids covered with graphene grown on nickel by CVD. Irradiations are performed with elec-
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trons accelerated at 20 kV. Water vapor was injected near the irradiation by a gas injection

system (GIS) of the SEM.
4.2.1 Principle.

EBIE is a patterning technique using a focused electron beam to etch mater at a nano-
scale resolution. Gas assisted EBIE combines a focused electron beam and a gas injected near
the irradiated area. A focused electron beam of a FEG SEM has energies ranging from 1 to
30 keV. The spatial distribution of the electron beam is well described by a Gaussian. The full
width at half maximum (FWHM) of the focused electron beam intensity is a few nanome-

ters. Precursor gas is injected in the close vicinity of the irradiated area.

Precursor molecules from the injected gas adsorb, desorb and diffuse at the surface of
the sample (see Figure 4.5). The electron beam dissociates those molecules and several pro-
cesses can occur, depending on the precursor. If products of the reaction are non volatile, a
deposit forms and grows under the electron beam. This phenomenon is called gas assisted
electron beam induced deposition (EBID). Dissociated molecules can also react with the sur-
face and produce volatile compounds, resulting in the etching of the reactive surface, it is

called gas assisted electron beam induced etching (EBIE).

A precursor molecule can be dissociated by primary electrons of the incident beam but
also by secondary (SE) or backscattered electrons (BSE). SEs are generated by the interaction
between primary electrons and mater of the substrate. Energy of SE is of a few eV and their
escape depth is only a few nanometers. [27] BSEs are primary electrons reflected by elastic
collisions in the substrate, their energy peak is situated close to the energy of primary elec-
trons. [27] Their escape depth is dependent on their energy, ranging from 30 nm to 10 um for

1keV and 30keV respectively in silicon. [27]. SE and BSE can lead to non local etching.

Gas assisted EBIE will be used to etch graphene. The capability to etch graphene will

be discussed in the next paragraph.
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Figure 4.5. Schematics illustrating the processes involved in gas assisted electron beam induced deposition (a)
and etching (b). Adapted from [27].

4.2.2 EBIE patterning of graphene.

Cut on graphene consists on irradiating several points along a straight line. Two condi-
tions are considered. One irradiation is performed without injecting any gas in the chamber
and each point irradiated receives an electronic dose of 20 C.mm™2. The other irradiation is
performed while water vapor is injected near the irradiated area with a GIS. The vertical dis-
tance between the nozzle of the GIS and the surface is about 100 um, the electronic dose is
4 C.mm™ and the pressure decreased by one order of magnitude to about 5x10-° mbar during

the gas injection.

Figure 4.6 shows SEM images after irradiations on graphene. No etching is observed
for irradiation without water vapor (Figure 4.6a). When water vapor was injected in the

chamber (see Figure 4.6b) a series of coalescing holes are visible on the graphene.

Water assisted EBIE of graphene is shown, in following, the major parameters that in-

fluence etching of graphene will be discussed.
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Figure 4.6. Evidence for gas assisted EBIE on graphene. SEM images of two series of irradiations (a) without
water vapor and (b) with water vapor. Electronic doses per holes are 20 C.mm™ for (a) and 4 C.mm™ for (b).
The width of the cut is 12 nm. Scale bar: 50 nm.

Electrons with incident energy of 20 keV can transfer a maximum energy by a head-on
collision with a C atom of 3.7 eV [28, 29]. This is less than the T4 energy in graphene (17 eV)
or in its edge (15 eV)[17]. It can explain why no etching is visible for graphene irradiated
with electron accelerated at 20 kV. However if water vapor is injected on the irradiated area,
etching occurs. This is evidence that the electron beam activates a chemical reaction between
water molecules and the carbon of graphene. The situation is similar for STM lithography of
graphite, while in vacuum the minimum voltage to etch graphene is 8.5V, [15] this threshold

decreases to 2-3 V in presence of atmospheric water. [12, 13, 16]
4.2.3 Parameters influencing water assisted EBIE of graphene.

The irradiation dose is the charge per unit area received during the beam rastering of

the surface:
D =— 4.1)

Where [ is the current of the beam (A), t is the pixel time (s) and S the surface (m?) irra-

diated by the electrons.
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Beam current has been evaluated with a Faraday cup in a SEM chamber. The current is
150£10 pA at 5kV acceleration and 280+15 pA at 20kV. For a single irradiation, the electron
beam irradiates the same area during t. The electron density distribution is assimilated to a
radial Gaussian around the optical axis. For a radial Gaussian profile, S it is chosen as the
maximum surface etched by EBIE at 5 kV on graphene. Indeed, as t increases, the size of the
hole in graphene increases and seems to saturate (Figure 4.7). This surface is 5=1,500 nm?, it

is about 200 times more than the surface of the beam size (7 nm?).

To perform dose vs. etched surface experiments, graphene was irradiated for various
exposure time (t). 2, 5 and 20 kV acceleration tensions have been used. The surface of the

holes has been measured on SEM images with the software Image].

The results are presented in the plot of Figure 4.7. For each acceleration tensions, the
data follow a power law with an exponent of 0.5 for 2 and 5 kV and an exponent of 0.6 for
20kV. On the 5 kV data, a saturation is visible for doses higher than 80 C.mm?, the etched
area is about 1,500 nm?2. This behavior is observable neither for 20 kV nor for 2 kV. A de-
pendence with electron energy is observed, the higher the electron energy, the smaller the

etched area.

A square root dependence has been founded between the etched area and the electron-
ic dose. At 5kV for the lowest electronic doses (Figure 4.7d and e) the holes are surrounded
by a white area which could be deposited contaminants or amorphized graphene. When the
electronic dose increases, the size of the amorphized zone is constant in contrary to the size
of the etched area. In consequence, for electronic dose higher than 5 C.mm?, the amorphized
area has been etched. In the following, etched lines are performed at doses equivalent to 5-
50 C. mm? to reduce the amorphized area. The dependence with electron energy suggests
that a hole can be etched with a lower electronic dose at 2 kV than at 5 or 20kV. Reducing the
acceleration tension of the beam could improve the technique by lowering the electronic

dose that is needed to etch graphene.
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Figure 4.7. Etched area versus electronic dose. Holes were performed by EBIE on FLG at several electrons
energy (2, 5 and 20 keV). The surface etched versus the electronic dose is plotted in a log-log scale. Blue
squares for 2 kV, black triangles for 5 kV and red disks for 20kV. Lines are the linear fit of the data. The values
of the slopes obtained by linear fit are 0.5, 0.5 and 0.6 for 2, 5 and 20 kV respectively. (b-e) holes with decreas-
ing dose, (b) 35.8; (c) 2; (d) 0.2 and (e) 0.1 C.mm™ acceleration tension is 5 kV. In (c-d) a dashed blue circle
represents the irradiated area, a disk with an area of 1,500 nmz2. Scale bar is 100 nm.

The effect of the electronic dose on the etched surface is thus characterized for a spot
mode or a single irradiation. The following study will focus on how to use spot mode irradi-
ation to produce continuous cuts. The parameters that control the electron beam for
EBIE/EBID are the probe size (Ps), the pitch factor (R) and the pixel time (t). A line is etched
by making a succession of irradiations in spot mode separated by the pitch. The pitch (p) is
defined as the product of the probe size by the pitch factor. Each spot irradiation is main-

tained during the pixel time.

In order to determine the effective size of the electronic beam, several etching follow-
ing lines have been performed. The probe size value has been set to an arbitrary value

(14 nm) and the pitch factor has been varied from 0.2 to 2.
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High pitch factor values produce separated holes as shown in Figure 4.8a. For inter-
mediate pitch factor value, holes are tangent, see Figure 4.8b. And for small pitch factors, the

etching is a continuous line with smooth edges, see Figure 4.8c. The real probe size (d) is:
d=d, xR, (4.2)
With:
de The probe size used for the experiments (14 nm)
Re the pitch factor value for which holes are tangent to each other.

Several experiments led to a value of the probe size:

d=13+1nm

Figure 4.8. SEM images for EBIE patterns etched in a suspended graphene for pitch factor (a) R>1 lead to a
series of separated spots with a diameter @=15 nm. (b) R~1 corresponds to tangents spots. (¢) Continuous
etched line is obtained for R<1. Scale bars are 100 nm.
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For etched lines, a linear electronic dose is defined:

Ixt _ IXt
D, =—=
L PsxR

(4.3)

Where L is the length of the etched line, Ps the probe size and R the pitch factor.

When the pitch between successive holes is too large, an unwanted roughness is intro-
duced, as illustrated in Figure 4.9. In this schematic representation, each disk represents an
EBIE hole in spot mode. The successive disks are shifted of 1/2, 1/4 and 1/20 of their diame-
ter, corresponding to pitch factor of 0.5, 0.25 and 0.05 respectively. The edge roughness is
defined by the distance between two parallel lines in which fit the corrugated edges, repre-
sents 7.5% for a pitch factor of 0.5, i.e. 1-2 nm. The roughness is reduced to 1.5% for R=0.25
(3 A) and to 0% for R=0.05. Clearly, a more uniform edge is obtained with smaller pitch val-

ues.

Figure 4.9. Comparison between several pitch factor values. The disks represent holes created by a spot mode
EBIE. The disks are then spaced by 1/2, 1/4 and 1/20 of the diameter. This simulates an EBIE etch following a
line with a pitch factor of R=0.5 (red disks); 0.25 (black disks) and 0.05 (blue disks).

Reducing the pitch factor results in an increase of the electronic dose if the pixel time

remains unchanged. Such a high dose damages graphene. Therefore, experiments were con-
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ducted to estimate the minimum pixel time that still etch FLG. For R=0.05, the minimum
pixel time is about 0.1s. These values correspond to a linear electronic dose of 4 102 C.m.
However, this value has been obtained on a FLG and is very dependent on the flake thick-

ness.
424 Influence of adsorbates on EBIE etch rates.

Two types of irradiations have been performed on FLG. Firstly, water vapor has been
injected near the irradiated area, two lines have been irradiated with pitch factor of 0.5 and
an electronic dose of 8.5x102 C.cm™!. Second, water vapor has not been injected, the vacuum
was about 107 mTorr and a rectangle has been irradiated by imaging mode of the SEM, the

electronic dose is unknown.

Figure 4.10a is a SEM image of these two electrons irradiations. The lines are white, un-
like etched graphene that appears black like in Figure 4.8. In the top part of the left irradiat-
ed line of the Figure 4.10a, a SEM rectangle scan is visible, that has the same white deposit
aspect. Graphene, which has been irradiated with a very low electronic dose (low magnifica-

tion SEM image) presents a wooly aspect.

Under e-beam irradiation, graphene undergoes two processes which are in competi-
tions: etching and deposition. For the rectangle irradiated in the absence of injected water,
an EBID process dominates and leaves a deposit on the graphene surface. Although water
vapor is injected, two lines were irradiated, an EBID phenomenon is visible in Figure 4.10a.
The irradiations conditions are similar to the one used for the trenches in Figure 4.8 except
that the SEM grid was used just after receiving it in the previous experiment and store in
ambient conditions for the experiment described here. Graphene has been contaminated by
the air atmosphere and the electron beam bound a material to the graphene during the irra-

diation.

In order to identify the nature of the contaminants, a square of 1x1 pum? has been irra-

diated with a high electronic dose (Figure 4.10b) and analyzed in EDX. The presence of cop-
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per, aluminum, traces of iron and carbon were the only detectable elements. In the absence
of other identifiable elements, we assume that the contamination comes from ambient hy-
drocarbons and the deposited material is probably a carbonaceous one.[30] Etching

graphene with EBIE thus need an efficient method to clean its surface.

Figure 4.10. Cleaning of graphene. (a) SEM images of a graphene suspended on a copper grid irradiated by
an electron beam following two lines in presence of water Vapor with an electronic dose of 8.5x10% C.cm™ and
a pitch factor of R=0.5. (b) SEM image of suspended graphene, a 1x1 um?2 square has been irradiated, no gas
was injected, the electronic dose was 150 C.cm™ and pitch factor, R=0.7. (c-d) SEM image of EBIE cut on thin
graphite after an annealing in a flow of Ar and H, with a flow of (c) 50 cm®.min™ for each gases and (d). Ar:100
and H,:75 cm>.min™ at a temperature of (c) 300°C for 3h and (d) 400°C for 6h. The electronic doses were (c)
8.5x10 C.cm"* with a pitch factor of R=0.5 and (d) 0.15 C.cm® with a pitch factor of R=0.3. Scale bars : 200 nm.

In order to evaluate the efficiency of thermal annealing in removing adsorbates, two
samples have been prepared. The samples are contaminated grid, the first has been annealed
at 300°C for 3h in a flow of argon and dihydrogen (50 cm?®min™ for each) and the second for
a longer time at higher temperature ( 400°C for 6h in a flow of argon and dihydrogen 100
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and 75 cm®min? respectively). Irradiations following lines have been performed on the
samples in presence of water vapor. The sample one has been etched with an electronic dose
of 8.5x102 C.cm™ and a pitch factor of R=0.5, for the second sample, the dose was 0.15 C.cm!
and the pitch factor, R=0.3.

On the first sample, Figure 4.10c shows an EBIE trench which is continuous but for the
second sample (Figure 4.10d), EBIE produced dashed cut. An annealing in reducing atmos-
phere removes contaminants of the graphene surface. This cleaning allows EBIE of
graphene, EBID of carbonaceous material is no longer the dominant process in annealed
graphene. The annealing performed in the first sample (300°C for 3h with a flow of argon
and dihydrogen of 50 cm®min?! for each gas) has successfully cleaned a graphite surface

which was contaminated by carbonaceous material

However, after annealing, Nanoparticles of various sizes are also visible on the sample,
with a higher density for the sample two, which has been annealed at a higher temperature
and greater time than the sample one. The particles produced by annealing can even hinder
the etching of graphene if their density is too high. As shown by Figure 4.10d annealing at
400°C for 6h avoid continuous etching of graphene. The work by Lin et al [6] conclude that
annealing in forming gas clean the graphene but increasing the temperature over 250°C does

not improve the cleaning.

EBIE on graphene has been shown to etch graphene when water is injected and the ef-
fect of electronic dose on the etched area is now known, the following will aim to show the

potential of EBIE on graphene in term of etched shape.
4.2.5 Crystallographic orientation of the etching.

EBIE of graphene is a chemical reaction at the gas/solid interface between water and
the carbon of graphene activated by the electron beam. Hydrogenation of graphene, which is
also a chemical etching, shows crystallographic selectivity: cut lines are parallel to either zig-

zag or armchair directions of graphite. In hydrogenation of graphene, catalytic particles can
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freely diffuse on the graphite surface and are able to follow the most energetically favorable
path. In the case of EBIE, the cutting direction is imposed by the beam rastering. If this direc-
tion follows the crystallographic orientations, it could results in a better — smoother — etch-
ing.

Graphene has been irradiated following lines with an electronic dose of 6x102 C.m'!
and a pitch factor of 0.8. Lines are orientated with respect to a graphite step with relative

angles from 0 to 38°.

Figure 4.11a shows a graphite step marked with a dashed white line. No clear depend-
ence of the edge roughness with the orientation seems to appear in the cuts shown in Fig-

ure 4.11.

Figure 4.11. Effect of the orientation of the etching. Electronic doses were 6x10> C.m™ for a pitch factor of 0.8.
(a) Cut is parallel to a step in the FLG (along the white dashed line). (b-n) cuts make an angle with respect to
the direction of the cut in (a). The values of the angles are (b) 3°, (c) 8°,.(d) 10°, (e) 13°, (f) 16°, (g) 19°, (h) 22°,
(i) 25°, (j) 28°, (k) 30°, (I) 32°, (m) 36° and (n), 38°. Scale bar is 50 nm.
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The step on the FLG is a strong indication of an armchair or zig-zag edge. Several pa-
rameters can hide a dependence on the crystallographic orientation, like the carbonaceous
contaminants, since the sample has not been annealed. The domains size of graphene corre-
sponds to the crystallographic domains of nickel, some cut are potentially on different do-
mains. The latest samples that we produced, graphene CVD on copper transferred on SisNa
membranes would solve these issues and a new analysis of crystallographic orientation will

have to be done.
4.2.6 Long distance etching.

One of the requirements of the etching technique is to be able to etch graphene over
micrometric scale with nanometric resolution for the shape, this feature is discussed here. A
1 um long cut has been etch, it fits between two line separated by 15 nm (Figure 4.12b). This
cut has been done on a suspended graphene, etched by EBIE following a line. Electronic
dose was 5.4x102 C.m and the pitch factor, 0.8. The etching speed was 250 nm.min!. This

trench shows that the objectives of long range etching are reached.

Figure 4.12. SEM image of EBIE long cut. (a) is a SEM image of a EBIE cut performed on graphite. (b) is the
same image with two parallel dashed lines separated by 15 nm. Electronic dose was 5.4x10% C.m™, pitch factor
was 0.8 and it took 4 min to be etched. Scale bar is 100 nm.

4.2.7 Fabrication of a junction between two lines.

To produce more complex shape with EBIE, two trenches have to be connected, this is
the purpose of this paragraph. A series of three junctions were etched. A junction is com-

posed of two lines forming an angle of 45°. The overlapping of the junction is schematized in
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Figure 4.13. The junction in Figure 4.13a has no overlapping, for the junction in Figure 4.13b
a line is vertically (down) shifted of 20 nm with respect to the other line and a junction with
a line horizontally (left) shifted of 20 nm is shown in Figure 4.13c. Cuts have been performed
by EBIE on suspended graphene, with an electronic dose of and 8.6x102 C.m and a pitch

factor of 0.5.

The broken lines are not perfectly continuous. There is a gap of non etched graphite be-
tween the two lines. In the SEM image of Figure 4.13a, A 15 nm gap of non etched material
or redeposited contaminant is visible. If the two lines are set so that there is an overlapping
of the ending and starting line the gap reduces to 10 nm for a vertical gap (Figure 4.13b) and
even 7 nm for a horizontal gap (Figure 4.13c). Overlap the etched lines reduces the gap but

do not suppress it.

This sample has not been annealed, carbonaceous contaminants are probably on the
surface. This is perhaps the phenomenon observed when two lines forming an angle of 45°
are being etched by EBIE. Further improvement of the technique will probably need to re-

duce the contaminant amount by annealing the graphite.

Figure 4.13. SEM images of ribbon with funnels. (a), (b) and (c): SEM images of two connected EBIE trench.
Schematics of the etchin% ordered on the EBIE software is shown bellow each images. Pitch factor and doses
are 0.5 and 8.6x10° C.m™. Scale bars are 100 nm.
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428 Thickness of the FLG.

The samples used to study EBIE of graphene are multilayer this experiment compares
cut performed on thick and thin FGL. Suspended graphene has been etched by EBIE. On
two distinct areas, two series of cut have been produced. The first series was etched with
electronic dose of 1.1x10! C.m™ and the second with 4.5x102 C.m!. The grids have not been

annealed.

The first series of etching is shown in Figure 4.14a. Edges are very rough, the maxi-
mum edge roughness is 15 to 20 nm. The formation of white beads is also observed on the
edges. This etching led to the formation of trenches that are not traversing all the FLG. The
SEM image of the second series of etching, shown in Figure 4.14b have edges maximum
roughness of 5 nm, very few beads are visible and their diameter is smaller than in the case

of the first series. Etchings led to cut over all the thickness of the FLG.

Figure 4.14. EBIE etching on thick and thin FLG. EBIE cut in Figure (a) has been done on a thick FLG, the
electronic dose was 1.1x10™ C.m™. Figure (b) is an EBIE trench performed with a dose of 4.5x10% C.m™ on a
thinner graphite than (a). Electron beam was 20 kV and water vapor was used. Scale bars are 20 nm.
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The first series of etching produced trenches while the second series produced cuts.
However the electronic dose for the second series (4.5x102 C.m™) is 2.5 times smaller than
the one used for the first series (1.1x10" C.m™). Since the amount of adsorbates is similar, this
difference in the etching is attributed to a difference in the thickness of the FLG. The FLG
used for the first series is probably much thicker than the one of the second series. Extra lay-
ers added to graphene monolayer quickly reduce the edge quality of the EBIE cut edges. A
solution to this effect is to selectively use graphene grown on copper foil instead of Ni-
grown graphene. Since such samples were not initially available, we have selected the thin-
nest possible areas of Ni-grown graphene transferred on grids. The two parallel cut per-

formed in Figure 4.14 make a GNR with a 25 nm width over a 350 nm length.
4.2.9 Thin graphene ribbons.

In this paragraph the production of as thin as possible GNRs by etching two parallel
cuts in graphene is discussed. Suspended graphene has been etched by EBIE in pairs of par-
allel lines. The distance separating the etched lines has been decreased: the separations are
50 nm, 30 nm and 20 nm, electronic doses were 4.5, 9 and 4.5 x102 C.m™ for the first, second
and third pairs respectively. The fourth pair has been made on another grid with those pa-

rameters, separation of 40 nm and electronic dose of 1.2x102 C.m.

Figures 4.15 shows SEM images of the pairs of etched lines that results in the formation
on nanoribbons. The first GNR has a width of 25 nm and a length of 350 nm. The cuts are
not fully continuous. The second pair produced a 15x450 nm GNR which stands alone only
on the upper part of the image on a length of about 100 nm. The bottom part of the ribbon is
stuck on the right border of graphene edge. The third pair did not produce any ribbon, only
a large trench is visible. Finally the fourth pairs produced a 20x400 nm GNR.

If the nominal separation between two lines is too small (20 nm, third Figure 4.15c) the
two etched line will merge in a unique and large cut. By increasing this nominal separation
to 30 nm, a 15 nm wide ribbon is produced, (Figure 4.15b) it breaks and folds on an edge of

the FLG film. A nominal separation of 50 nm produced a genuine ribbon with a width of
121



Chapter 4 : Graphene Nano-Ribbons: Electron beam induced etching and structural analysis.

25 nm and a length of 350 nm. However this ribbon is still connected by nano-bridges to the
rest of the graphene in few points. These bridges are possibly redeposition of amorphous
carbon, originating from the EBIE product or the contamination of the grid. The fourth pair
has been performed on another grid that was cleaner. A separation of 40 nm successfully

produced a ribbon of 20 nm in width and 400 nm in length.

Figure 4.15. SEM images of thin GNR produced by two parallel cut with a nominal separation of (a) 50 nm, (b)
30 nm (c) 20 nm and (d) 40 nm. The width and length of the GNRs are (a) 25x350 nm, (b) 15x110 nm and (d)
20x400 nm. The two cuts in (d) merged and produced a unique large cut. Electronic doses are (d): 1.2x10°
Zc.m™, (@): 4.5x10% C.m™, (b): 9x10° C.m™ and (c): 4.5x10° C.m™. Electron beam are 5 kV for (d) and 20kV
for (a), (b) and (c). Pitch factors are 0.5. Scale bars are 100 nm.

We have shown that EBIE can almost achieve the objectives of this work with a resolu-
tion of few nanometers on micrometer range. Further experiments will have to be done spe-
cially by improving the graphene source to a monolayer graphene grown by CVD on a cop-
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per foil associated to a transfer as clean as possible. Such a sample could improves the reso-
lution achieved by water assisted EBIE. Due to a too low resolution, the edge roughness
cannot be studied by SEM. In the next section, SACTEM is used to characterize the edge

roughness and crystallinity quality of graphene edge cut by water assisted EBIE.

4.3 Structural analysis of graphene cut by EBIE.

Unless further precisions, the following experiments are conducted on copper TEM
grids covered with graphene grown on nickel by CVD. Irradiations are performed with elec-
trons accelerated at 20 kV. Water vapor was injected near the irradiation by the gas injection
system (GIS) of the SEM.

43.1 Roughness and structural analysis of EBIE cut graphene
edges.

This paragraph characterizes the roughness of EBIE cut edges of graphene. A compari-
son with cut made in graphene by catalytic hydrogenation is discussed. Suspended
graphene has been etched by EBIE in a SEM. The etching has been performed following a
line with an electron dose of 2.5x10" C.m™. The sample has been then imaged in a SACTEM
operating at 100 kV. The sample has not been annealed. The maximum edge roughness is

defined as the distance between two parallels line in which the edge fits.

Figure 4.16a and b are SACTEM images of segments of EBIE cuts. The widths of the
cuts are about 10 nm. The edges have a maximum roughness of 0.5 and 1.3 nm over a length
of 10 and 35 nm for Figures 4.16a and b respectively. The RMS roughness is 0.4 nm over a
length of 25 nm for Figure 4.16b.

The edge roughness found for the graphene edge cut by EBIE is similar to the rough-
ness found by Schaffel et al.[24] For graphene edges cut by catalytic hydrogenation and CNT
opening. [31] 0.5 to 1nm over a length of 15nm for CNT and 1 to 1.6 nm for maximum

roughness and 0.25 nm for RMS roughness over a 24 nm long edge.
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The roughness of edges produced by EBIE is very similar to the roughness of catalytic
hydrogenation of graphite or intense sonication of CNT, which are actually the techniques
giving the smoothest edges of patterned graphene. EBIE as major advantages as performing
the etching with an arbitrary shape, no contamination of the surface with metallic particles

and being compatible with suspended graphene monolayer.

Figure 4.16. Edge roughness. The maximum edge roughness defined as the distance between two parallel
lines (red) in which fit the edge. TEM operated at 100 kV. Scale bars are 10 nm.

4.3.2 Crystalline quality of EBIE cut graphene.

One additional parameter which can seriously decrease the electronic transport quality
in graphene etched by EBIE is the lattice amorphization by the electron beam. In the follow-

ing, some evidences of the lattice preservation near EBIE cuts are provided.

Suspended graphene has been etched by EBIE along a line with an electronic dose of
2.5x10" C.m™. The sample has not been annealed. The graphene close to a cut has been ana-
lyzed by electron diffraction. A SAED of an area including the cut (see Figure 4.17a) is

shown in Figure 4.17b. As the sample has not been annealed, it is covered with amorphous
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carbon, similarly to the samples of Figure 4.16. However, the crystallinity of the graphene is
confirmed by the SAED which exhibits the two periodicity of the graphene lattice. The se-
lected area contains the cut and a part of the edges, it is not an evidence that graphene is still
crystalline on the edge of the EBIE cut but that there is crystalline graphene in an area of

about 60 nm around the EBIE cut.

A FFT of an image of a cut is shown in Figure 4.17c. It clearly exhibits the 2.13 A perio-
dicity, this is another evidence that there is crystalline graphite around the EBIE cut. If one
looks carefully at the Figure 4.16b, graphene lattice is even visible in the direct image, su-
perposed with the amorphous contaminant. The graphene lattice is visible in an area very
close to the cut, but amorphous contaminants make it difficult to precisely determine the

distance over which amorphization occurred.

Figure 4.17. Diffraction and FFT of areas close to an EBIE cut. (a) TEM images of an EBIE cut. the central disk
is the selected area for the electron diffraction of (b). (b) SAED of the EBIE cut shown in (a). (c) FFT of an im-
age of the cut shown in (a). Scale bars are (a) 20 nm, (b) and (c) 2 nm™.

Suspended graphene has been etched by EBIE along a line with an electronic dose of
2.5x101 C.m. The sample has not been annealed. The grid has been studied in a SACTEM,
using the greatest condenser diaphragm and focusing the 100 kV TEM beam close to the

EBIE cut, a hole has been made and enlarged under the e-beam.

In Figure 4.18a, the SACTEM image shows an EBIE cut (top right) and the surrounding

graphene. In the direct image, mostly amorphous material is visible, but the FFT of the en-
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tire image (Figure 4.18b) shows that the pattern of crystalline graphene is visible. Two do-
mains are distinguishable. Figure 4.18c shows the hole made by focusing the TEM beam. It is
quite isotropic in shape (circular). After enlarging this hole by imaging it with a spread TEM
beam, its shape become anisotropic. The hole is visible at the bottom left of the EBIE cut in
the main image (Figure 4.18a). Long straight edges are visible, making several relative an-

gles of 120° and 30° (Figure 4.18d).

Figure 4.18. (a) is a SACTEM image of an EBIE cut. The EBIE cut is in the upper right corner of the image. A
hole created near the EBIE cut by focusing the TEM beam and enlarged with a spread beam is visible at about
9 nm from the EBIE cut. (b) FFT of the image (a). (c) hole before it enlargement. (d) hole after enlargement
120° (red) and 30° (green) edges are shown. Scale bar are (a), (c) and (d) 5 nm; (b) 2 nm™.
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Angles of 120° and 30° visible on the enlarged hole are typical of a graphene lattice.
120° can separates two zig-zag or armchair edges while 30° angle can be a change from zig-
zag to armchair or the contrary. The shape is very similar to the hole obtained by the group
of Zettl. [17] This resemblance may be interpreted as graphene is crystalline under an amor-
phous layer of carbonaceous covering it. The closest edge from the EBIE cut is at a distance
of 9 nm, this is the maximum amorphization distance that can be deduced from this experi-
ment. Again, the amorphization distance can be less than 9 nm but the hole could not have
been created closer to the trench. The graphene sample was not annealed and its surface was
covered with an amorphous carbonaceous material. In the following experiment an anneal-

ing has been performed on graphene.

Suspended graphene has been etched by water assisted EBIE, the electronic dose was
2x102 C-m™ and the pitch factor R=0.05. After the cut, the sample has been annealed 2h in air
at 200°C followed by 2h at 250°C in Ar and H: flux of 300 and 75 cm3.min™ respectively. The
sample has been then introduced in a SACTEM, the EBIE cut and its edges have been im-

aged.

The trench is 100 nm long and 15 nm in width. In the SACTEM image of Figure 4.19
graphene lattice is clearly visible in the direct image, this crystalline area is separated from
the EBIE trench by a 1.5 nm band which appears amorphous in the direct SACTEM image.
This 1.5 nm band can be contamination of the very reactive edges or amorphization due to
the EBIE process. From this data we conclude that the EBIE process does not amorphize the

graphene edges or that the amorphization length is less than 1.5 nm.

Therefore EBIE can produce GNR with smooth edges at small scale and very limited if
any amorphization of the graphene lattice. However long range EBIE cuts have a different

behavior.
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Figure 4.19. SACTEM image of a graphene edge cut by EBIE. The EBIE cut is visible on the top right of the
image. Scale bar is 5 nm.

4.3.3 EBIE Edge roughness at long range.

The previous paragraphs examine the local edge fluctuations and structural quality.

However devices performances will also depend on the mesoscale quality of the GNR.

Figure 4.20a has been reconstructed from several SACTEM images of a single EBIE cut.
The cut is 230 nm long and its width varies from 10 to 20 nm. Along the total length of the
cut, the maximum roughness is 6 nm for the left edge and 8 nm for the right edge. The RMS
roughnesses are 1.3 and 2.0 nm for the left and right edges respectively. 4 or 5 larges protu-

berances are visible along the cut edges, we attribute these protuberances to redeposition of

128



Chapter 4 : Graphene Nano-Ribbons: Electron beam induced etching and structural analysis.

carbonaceous material, [30] they result in increasing the roughness. This EBID process could
decorate the intrinsic EBIE edges with carbonaceous material and dramatically increase edg-
es roughness. In the center of the cut, two protuberances are almost joint. Before imaging the
trench, these two protuberances were bridging across the cut but were cut by the 100 keV
electron beam while the graphene edges were not enlarged using the same electronic dose

conditions.

Figure 4.20. Roughness analysis. (a) Reconstructed SACTEM image of a long EBIE cut. (b) Is the reproduc-
tion of (@), two couples of parallel lines were added to highlight the left (yellow lines) and right (red lines) edges
roughness. TEM operated at 100 kV. Scale bars are 20 nm.
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If the EBID process is increasing the edges roughness, it has to be limited. In order to
achieve the targeted maximum roughness of less than 1 nm, a solution to avoid EBID is to

limit carbonaceous sources, this is the object of the next paragraph.
4.3.4 Cleaning of graphene.

In order to assess the effect of absorption of ambient hydrocarbon on graphene, a FLG
grown by CVD on a nickel substrate has been transferred on a copper TEM grid by a resist-
free technique, [25] it has been stored in ambient conditions for several weeks. The sample
has been then annealed in forming gas (Ar/H2300/75 cm3.min?) at 400°C during 4h.

SACTEM images have been taken before and after annealing.

Figure 4.21a shows a SACTEM micrograph taken before annealing. The direct image
shows only an amorphous organization on the surface. Barely visible spots referring to the
graphene lattice are visible in the FFT. After an annealing in forming gas, a second SACTEM
image has been taken and is shown in Figure 4.21b. The graphene lattice is now clearly visi-
ble in the direct image and the FFT shows four sets of 6 spots attributed to four graphene

domains within the image frame.

Figure 4.21. SACTEM images of a FLG on a copper TEM grid. Inset: FFT of the entire image. The graphene
surface is imaged as received in (a) or after an annealing in forming gas (Ar/H, 300/75 cm®.min™) at 400°C
during 4h in (b). Scale bars: 5 nm for mains images and 2 nm™ for insets.
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The annealing process clearly removes adsorbates from the graphene surface. Alt-
hough formal identification was not possible, we associated them to a contamination from
air hydrocarbons that can be removed by an annealing in forming gas. A grid stored in am-
bient air is recontaminated within a few hours. Storage of a grid under dry Nz atmosphere

limits contamination for a few days at least.

Two samples were used for the following experiments. The first sample was a TEM
copper grid covered with a FLG grown by CVD on a nickel surface. The second sample was
a TEM gold grid Quantifoil covered with a monolayer graphene grown by CVD on a copper
foil and directly transferred by the technique described in paragraph 4.1.3.

Although annealing is effective to remove contaminants, extended treatment leads to a
massive diffusion of metallic particles (Figures 4.10). The copper support is probably the
origin of particles contamination. The first sample has been annealed in forming gas
(Ar/H2300/75 cm?min™) at 300°C during 3h. Figure 4.22a shows a SACTEM image of the
sample one. On the FLG, copper nanoparticles are visible with various diameters, 1 to
20 nm. The edges of an EBIE trench in the middle of the image are almost invisible, hidden
by the nanoparticles. When using a copper TEM grid, particles diffuse readily during the
annealing in forming gas. These particles, the density of which is quite high, are disturbing

for the entire process of etching and producing GNRs.

The second sample has been annealed in forming gas (Ar/H2 300/75 cm3.min') at 300°C
during 3h. Figure 4.22b is a SACTEM image of the sample on a gold quantifoil grid. Almost
no nanoparticles are visible and their diameter is below 5 nm. An EBIE cut visible in the bot-
tom right of the image shows a very good edge roughness, 1.1 nm over a 22 nm length. A
gold quantifoil grid avoids massive diffusion of nanoparticles. The sample two, avoided dif-
ferent contaminations which has been identified. The contamination from air atmosphere is
cleaned by an annealing in forming gas and a storage in N2 atmosphere. No particles dif-
fused on the sample because the grid was not made of copper. The contamination due to

volatile carbonaceous compound released by the EBIE process and the contamination due to
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the injected water vapor were removed by a second annealing treatment. The result is that

the edge roughness found is small. These samples will have to be investigated to set the in-

trinsic potential of EBIE.

Figure 4.22. Metallic particles on annealed graphene. (a) is a TEM image of a graphene

grown by CVD on a nickel surface transferred on a copper TEM grid. (b) is a TEM image of

a graphene grown by CVD on a copper surface transferred on a gold TEM grid. The samples

have been annealed in forming gas at 300°C for 2 h. Scale bars: (a) 30 nm, (b) 4 nm.

Transfer on gold and SisNs: membranes is currently under investigation that grid sus-

tain high temperature, as it is the case for graphene in inert atmosphere, a more efficient an-

nealing in higher (~700°C) temperature will be explored.

4.4 Conclusion.

L’analyse structurale du graphene dé-
coupé par EBIE a révélé une trés faible amor-
phisation et une rugosité des bords sur une
petite distance de moins de 1 nm. Le recuit du
graphene est essentiel pour le nettoyage de sa

surface contaminée par des adsorbats, cette

The structural analysis of graphene
etched by EBIE revealed a very limited
amorphisation and an edge roughness at small
scale around 1 nm. Annealing of graphene is
essential for cleaning it from adsorbates, but it
is also a well known technique for smoothing

132



Chapter 4 : Graphene Nano-Ribbons: Electron beam induced etching and structural analysis.

technique est également utilisée pour redresser | edges even at the atomic scale. [32-34] The
des bords rugueux. [32-34] Les grilles MET | TEM grid on which this study has been led
utilisées pour cette étude n’ont pas permis de | does not allow intensive annealing because of
recuit trop important a cause de la diffusion de | copper diffusing. However CVD graphene
particules de cuivre. Cependant, du graphene | transferred from Copper foil to SisN4 mem-
CVD transféré sur des grilles MET SisNs ou | brane or gold quantifoil TEM grid will allow a
des quantifoils en or permettront un recuit | further study of annealing of the sample and

plus poussé de monocouches de graphéne. provide monolayer graphene.
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CHAPTER 5

EBIE patterning of graphene nanoribbons

for electronic transport measurements.

Dans ce chapitre nous allons appliquer
la technique EBIE de fabrication de nanoru-
bans développée et caractérisée au chapitre 4
dans le cas tres spécifique du graphene déposé
sur Si/SiO: et contacté électriquement en vue
de mesures de transport électronique.

Pour effectuer la caractérisation électro-
nique des rubans de graphéne, une configura-
tion en transistor a effet de champ avec grille
arriere permet de modifier la densité des por-
teurs de charge dans le graphéne et donc de
sonder son spectre énergétique tout en laissant
le graphene disponible pour sa caractérisation
Yy yyyyyivyyy>yy>yyyyZycopie en

sa structuration en GNR par EBIE. Cette

In this chapter we will apply the EBIE
technique for manufacturing nano-ribbons, de-
veloped and characterized in Chapter 4, in the
very specific case of graphene devices deposit-
ed on 5i/5i02 and electrically contacted for elec-
tronic transport measurements.

In order to perform the characterization
of the electronic properties of graphene, a con-
tiguration of field effect transistor with a back-
gate can be designed to tune the density of the
charge carriers and thus probe the energy spec-
trum while leaving the graphene available for
its characterization in Raman spectroscopy,
near-field microscopy and its patterning in the

shape of GNR by EBIE. This back-gate is con-
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grille arriere, est constituée par le silicium
[100] fortement dopé du substrat et couvert
d’une couche diélectrique de 285 nm de silice
thermique. Le graphene est déposé par exfolia-
tion micromécanique [1, 2] qui produit le gra-
phéne de meilleure qualité pour I’électronique
a ce jour. [3, 4] Le graphéne est contacté par
des électrodes macroscopiques puis mis en
forme de nanorubans par EBIE (Figure 5.1).

La premiere section présente les subs-
trats et les techniques de contact électrique du
graphene. La lithographie électronique utili-
sant du PMMA a été utilisée car elle présente
'avantage d’étre simple a mettre en ceuvre.
Cependant elle implique de couvrir le gra-
phéne d’une résine qui contamine durable-
ment le grapheéne. [5, 6] Une technique alter-
native a été développée pour contacter le gra-
phene sans contamination: le stencil qui con-
siste a placer un pochoir de la forme des élec-
trodes sur le graphene et a évaporer un métal a
travers.

La deuxieme section présente la gravure
par EBIE de graphene déposé sur un substrat
Si/SiO:. Les parametres étudiés au chapitre 4
sont repris dans la situation du graphene sup-

porté sur silice. Toutefois, I'examen de la qua-

stituted by the heavily doped Si[100] substrate,
covered with a dielectric layer of 285 nm of
thermally grown silica. Graphene is deposited
by micro exfoliation, [1, 2] which produces the
best graphene quality for electronics until
now. [3, 4] The graphene is contacted by mac-
roscopic electrodes and is then patterned into
connecting constrictions and a nano-ribbon
shape by EBIE (Figure 5.1).

The first section of the Chapter presents
the substrates and the techniques used for con-
tacting electrically the graphene. Electron beam
lithography using PMMA was used because it
has the advantage of being simple to imple-
ment. However, it implies covering the
graphene with a resist that irreversibly contam-
inates graphene. [5, 6] A technique has been
developed contacting the graphene without
contamination: the stencil, which consists in
aligning a shadow mask with the shape of the
electrodes over the graphene and to evaporate
a metal directly through it.

The second section presents the etching of
graphene supported on a Si/SiO:2 substrate by
EBIE. The parameters studied in Chapter 4 are
adapted to the situation of graphene supported

on silica. However, considering the quality of
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lité de la gravure nous imposera de modifier la

configuration des composants de graphéne.

Figure 5.1. Schéma représentant du graphene dépo-
sé sur un substrat Si/SiO, contacté par des élec-
trodes et gravé en forme de nanoruban par EBIE.

Dans la troisiéme section, la modifica-
tion apportée au substrat pour suspendre
localement le graphene est exposée. Des ré-
seaux de trous sont creusés dans la silice
avant de déposer le graphéne pour locale-
ment le suspendre, comme montré sur le
schéma de la Figure 5.1. La gravure EBIE est

alors effectuée sur le graphene localement

the etching, the configuration of the device had

to be changed.

Figure 5.1. Schematic representation of graphene
deposited on a Si/SiO, substrate contacted by elec-
trodes and patterned in the shape of nano-ribbon.

In the third section, the change in the sub-
strate in order to locally suspend graphene is ex-
plained. Arrays of trenches are etched in the silica
before depositing graphene to locally suspend it,
as schematized in Figure 5.1. EBIE etching is
then performed to cut the locally suspended
graphene. The graphene cuts show two morpho-

logical differences compared to those obtained in
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suspendu mais les tranchées obtenues pré-
sentent deux différences morphologiques
par rapport a celles obtenues dans le cha-
pitre 4. Ces tranchées sont beaucoup plus
larges et au dela d'une dose électronique li-
mite, la gravure du graphene est totalement
inefficace. L'origine de ces deux phénomenes
est décrite et des mesures pour retrouver des
gravures morphologiquement similaires a
celles obtenu dans le chapitre 4 sont expo-
sées. Finalement des conditions sont rassem-
blées qui permettent de former des rubans
similaires a ceux obtenus sur grille TEM
(30x200 nm) mais localement suspendu. Fi-
nalement, le chapitre se conclue avec la dé-
monstration de l'intégration complete de ces
différentes techniques et présente un ruban
de graphene localement suspendu, isolé du
reste du graphene et contacté par des élec-

trodes métalliques.

51 Sample preparation.

5.1.1

Chapter 4. The cuts are much broader and, be-
yond a certain electronic dose, etching of
graphene is totally ineffective. The origins of the-
se two phenomena are described and the tech-
nique is adapted to etch again cuts with a mor-
phology similar to those obtained in Chapter 4.
Finally the conditions are found to pattern rib-
bons similar to those obtained on TEM grid
(30x200 nm for example) but for graphene locally
suspended on a back-gated substrate. Finally, the
chapter concludes with a demonstration of the
full integration of these different techniques and
steps and provides a locally suspended graphene
ribbon device, isolated from the graphene and

contacted by metallic electrodes.

Graphene deposition, substrate.

The technique used to deposit graphene is the mechanical exfoliation of graphite. [1, 2]

Although very empirical and limited to small graphene samples, this graphene production

technique still provides the best graphene quality for electronic transport. [3, 7]

Beyond the identification of graphene samples, this configuration of graphene sup-

ported on a dielectric layer on top of the degenerated silicon surface is well-suited for elec-
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tronic transport measurement. Indeed the conductive substrate can be used as a back-gate
electrode on which an applied voltage with respect to one of the graphene contact results in
the controllable doping of graphene with electrons or holes carriers. However, such thick
substrates are not suitable for TEM investigations performed in chapter 4. In the following
we will therefore revisit the EBIE fabrication protocol and use SEM to assess of the results on

supported graphene match the observation on suspended graphene.
51.2 Electrical contact made by EBL.

Graphene is contacted by electron beam lithography combined with metal evaporation.
The substrates used during this work were fabricated by A. Miranda and M. Rubio-Roy.
Briefly, a PMMA layer is spin coated on the sample and the exposure to a rastered electron
beam allows to define the electrode pattern to be metalized. Metallization is performed by
thermal evaporation or e-beam sputtering. The metalized PMMA is lifted off in acetone. An

example of FLG contacted with two metallic contacts is shown in Figure 5.2.

Figure 5.2. Optical image of a FLG deposited on a Si/SiO, substrate and Contacted with Ti/Pd (5/50 nm). Scale
bar: 10 pm.
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However it has already been shown in chapter4 that PMMA contaminates
graphene. [5, 6] This technique is applied for contacting sample because it results in samples
of high enough quality for mesoscale transport measurements. However, anticipating
adsorbate-related limitation of EBIE, another technique has been investigated and is dis-

cussed in the next paragraph.
5.1.3 Electrical contact made by Stencil.

Stenciling [8, 9] is a resist less, UHV compatible surface patterning method in which a
SisN4 membrane is patterned with an apertured motif through which metal, for example, can
be directly evaporated. [10] The stencil shadow mask is placed on the substrate, aligned with
the graphene sample and metal vaporized through the stencil, transfer the pattern such as
electrodes onto the substrate (Figure 5.3a).Depending on the pattern feature size, stencil is
fabricated by optical or e-beam lithography or by direct etching, with a xenon difluoride as-
sisted FIB. The membranes used in this work were fabricated by C. Soldano using the FIB

fabrication method.

The first step consist in aligning the stencil membrane with the graphene flake (Fig-
ure 5.3a). Since our supported graphene flakes are only a few micrometers in size, we have
developed a dedicated alignment tool (Figure 5.3b). It consists in a video microscope com-
bined with a dual motorized stage. The substrate with graphene rests on the bottom stage
that can be aligned in X and Y directions with the microscope optical axis. The membrane is
mounted on an apertured disk and manipulated with the top stage that has 6 degrees of
freedom: X,Y and Z translations, parallel rotation and out of plane rotation that ensures the

parallelism of the membrane and the substrate surfaces.

The graphene flake is brought on the focus plane. The stencil is brought in the field of
view of the microscope and moved down closer to the substrate. Electrode motif is posi-
tioned at the desired location on the graphene flake, as shown in Figure 5.3b. The membrane
is lowered towards the substrate (z axis) until contact is reached. Finally the membrane is

fixed to the substrate with bees” wax, which solidifies very fast without noticeable shearing
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during cooling induced. The complete membrane/substrate block is introduced in the metal-

lization bench to produce electrodes. The stencil is then simply detached.

Figure 5.3. (a) Schematics illustrating the stencil deposition technique. Adapted from [8]. (b) Optical image of a
SizN, membrane positioned onto a substrate. In this case, the membrane is transparent, allowing to see the
substrate too. Scale bar, 100 pm.

Figure 5.4a shows an AFM image of a graphene sheet connected with aluminum elec-
trodes by the stencil technique. In this sample, the electrodes are in Hall bar configuration
with two current electrodes (largest electrodes) and four voltage leads (lateral probes). Fig-
ure 5.4 b represents the cross section of the electrodes. All the electrodes profiles are similar,
with a thickness ranging from 144 and 147 nm. The voltage electrode width is typically

900 nm while the spacing is about 2 um.

The stencil alignment is a critical process because of the size of the area between the ex-
ternal electrodes compared to the maximal area of the graphene flakes that can be routinely
obtained. The distance between the edges of the electrodes is about 8x4 um? for a Hall bar
pattern while the flakes surface is typically 10x5 um?. The repeatability of optical alignment
with this technique is estimated in 1 or 2 um. The superposition shown in Figure 5.4b shows
a very good homogeneity in the thickness and width of the electrodes deposited by stencil.
Stencil technique shown that metallic electrodes can be deposited on a graphene flake with-

out using any resist contaminant or ion irradiation. One of the limitations is the fragility of
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the SisNs membranes. In Figure 5.4a, the two electrodes in the top of the image are short-

circuited because metal was evaporated through a crack between two electrodes pattern.

Stencil is a fully compatible UHV [11] technique for contacting graphene, opening the

way for an ultraclean technology for graphene.

Figure 5.4. Electrodes deposited on a graphene flake by the stencil technique. (a) AFM image of Al electrodes
deposited on a FLG flake by the stencil technique. (b) AFM cross section of the electrodes along the green
lines in image (a). (c) Cross section of the graphene flakes of an AFM image taken before electrodes deposition
(not shown). (d) is a 3D view of (a). Scale bar: 2 um. vertical color scale: 40 nm.

5.2 EBIE on graphene supported by a Si/SiO, substrate.

5.2.1 EBIE of supported FLG without water vapor.

In chapter 3, the presence of water on graphene deposited on Si/SiO: has been dis-
cussed. This paragraph aims to etch this supported graphene by EBIE with this adsorbed

water as precursor source. In the absence of water vapor injected, e-beam etching has been
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performed on graphite flakes deposited on SiO: surface. The acceleration tension was 5 kV
and the electronic dose, 50 C.mm?2. The residual pressure was about 1 to 5x107mbar. SEM
and AFM images of the holes have been recorded. Figure 5.5 is an AFM image and its cross
section through the graphite flake. Although no gas was injected near the irradiated surface,
a hole is visible at the surface of the FLG. This hole has a diameter of 750 nm and a depth of
3 to 4 nm. Along a cross section, as shown in Figure 5.5, the depth is the height difference

between the graphite surface and the bottom of the hole.

Figure 5.5. Electron irradiation in spot mode of a supported FLG on SiO,. (a): AFM Image of a FLG deposited
on a silica surface. The irradiation has been made in the center of the image with a dose of 50 C.mm? and an
acceleration tension of 5 kV, no gas was injected. (b) is a cross section of the black line in (a), the depth of the
hole is shown. Vertical color scale: 10 nm. Scale bar: 500 nm.

This hole is different from water vapor assisted EBIE cut obtained on TEM grid (see
chapter 4). While the probe size of the electron beam is only a few nanometers, this hole
etched on graphite has a diameter of 750 nm. Furthermore, around this hole, some material
has accumulated a phenomenon that was not observed on suspended graphene. These facts
suggest a different mechanism of etching than the one reported in chapter 4. Since no water
has been injected but a marked modification of the surface is observed, an experiment has

been conducted to understand this behavior.
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Graphite flakes with two different thicknesses (50 and 130 nm) have been exposed to e-
beam in spot mode. Series of holes have been etched for a varying exposure time (t) or dos-

es. The depth of the holes has been measured by AFM and is shown in Figure 5.6a.

Since we have demonstrated in chapter 4 that graphene is not etched by e-beam in the
absence of water, we investigated the evolution of the silica beneath the observed depletion.
For this, graphite flakes have been removed by sonication after e-beam irradiation,: the sub-
strate has been sonicated for 15 minutes in each NMP, acetone and IPA baths. A second se-
ries of AFM images have been taken and the depth of the holes has been measured again.
Figures 5.6a and b show an example of holes before (a) and after (b) sonication. In Fig-
ure 5.6¢ the depth of the holes measured by AFM is plotted versus the irradiation dose be-
fore (full disks and squares) and after (empty disks and squares) sonication for two different

graphite flake, one is 50 nm thick (circles) and the other is 130 nm thick (squares).

Figure 5.6. AFM analysis of holes made on graphite supported on a SiO, surface. (a) and (b) are AFM images
of a graphite flake deposited on a Si/SiO, substrate. It has been irradiated by an electron beam without any gas
injected in the chamber, AFM Images have been taken before (a) and after (b) graphite removal by sonication.
In the (c) graph is plotted the depth of holes versus the electronic dose for two graphite flake, the thickness of
which was 50 nm (black circle) and 130 nm (red square). The depth was measured by AFM before (empty cir-
cles and squares) and after (filled disks and squares) graphite removal by sonication. (d) Electron irradiation of
silica without graphite, unknown dose, the beam was not fully focused on the surface. Acceleration tension was
5 kV for all irradiations. Vertical color scale is 10 nm. Scale bars are 500 nm.

The hole depths before and after removing the graphite flake are matching for each
thicknesses but the depth corresponding to the 50 nm flake is deeper than the one for the
thicker sample (130 nm) (Figure 5.6c). This suggests that the SiO: itself has been etched and

the graphite remained conformal to the SiO: surface. Graphene follows the shape of the
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etched silica underneath, agreeing with the literature, which has reported that graphene has
the same roughness than the underneath substrate when it is deposited on silica, mica [12]

or BN. [13]

Silica can be reduced under low energy electron beam. [14] It is also confirmed in Fig-
ure 5.6d where holes have been made in bare silica by 5kV irradiations in spot mode. This
reduction can explain the formation of holes on silica by an electron beam irradiation at

5kV.

It has been reported that electron irradiation induces defects such as the conversion of
sp? carbon into sp? species. [15, 16] Defects can also be induced because of residual O: [17] or
H20 (see chapter 3). These residual molecules could etch graphene by EBIE process but the
amount of molecules is too low and only localized damages occurs. Following the results in

chapter 4, we have therefore introduced water vapor in the chamber.
5.2.2 EBIE of supported FLG with water vapor.

Electron beam irradiations in presence of water vapor precursor have been performed
on 30 nm thick graphite flakes deposited on a SiO: substrate. Arrays of holes have been
etched using the spot mode. The acceleration tension was 5 kV, with electronic doses from 1
to 50 C.mm™. The Gas Injection System (GIS) was positioned at 250 um from the sample sur-
face, allowing for a selective flow of water vapor in the vicinity of the rastered beam. When
the reactant is injected in the chamber, the vacuum level was degraded by one order of
magnitude (~10°mbar). As graphene is supported in contrast to chapter 4, a new etched sur-
face versus electronic dose relation will be experimented. SEM and AFM images of the holes

have been then recorded.

SEM image in Figure 5.7a shows a hole presenting two distinct features: a circle with a
diameter of about 350 nm in diameter and a smaller hole (50 nm) with straight edges and
anisotropic angles. The two distinct holes are confirmed by the AFM image in Figure 5.7b, a

crater-like ring of raised material is characterized by an aspect-ratio of about 1%, defined as

147



Chapter 5: EBIE patterning of graphene nanoribbon for electronic transport measurements.

the quotient of the depth over the diameter of the hole. This hole is similar to the one in Fig-
ure 5.5a. Secondly, a smaller diameter hole is observed in the center (darker area in the mid-
dle of Figure 5.7b). It is observed that the depth of the second hole is 25 nm nevertheless it is
probably deeper since the AFM tip cannot scan the bottom of the hole due to the finite tip

solid angle . The aspect ratio of this second hole is about 25%.

Figure 5.7. (a) is a SEM image of water assisted EBIE in spot mode on a micromechanically exfoliated graphite
deposited on a Si/SiO, substrate. The electronic dose for (a) is 50 Cc.mm* (b): AFM Image of a FLG deposited
on a silica surface. An irradiation was made in the center of the image with a dose of 40 C.mm™ and an accel-
eration tension of 5 kV, water vapor was injected. (c) is a cross section of the black line in (b). (d) log-log plot of
the etched surface versus electronic dose for graphite supported on a Si/SiO, substrate. The linear fit has a
slope of 1.6 um*.C™. Vertical color scale: (a) 30 nm Scale bars are 200 nm for (a) and 50 nm for (c).

The high aspect-ratio (~25%) suggests a different dynamics. The graphite flake is about
30 nm thick. Our interpretation is that the electrons reduce silica and form a hole with a low
aspect ratio of about 1%. However, because water is injected near the irradiated area graph-
ite has also been etched, leading to the formation of a smaller hole (90 nm in diameter) with

a high aspect ratio (25%).
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The shape of the small and high depth/diameter aspect ratio hole shown in Figure 5.7d
is anisotropic, with long straight edges. This shape is reminiscent to that of graphene holes
enlarged by a TEM electron beam (80 keV) by Girit et al. [18].This anisotropy is also remind-
ing the hexagonal holes obtained by Hiura. [17]

Figure 5.7d is a log-log plot of graphite etched area versus the electronic dose. The data
follow a linear trend with a slope of 1.6 um*.C1. The etched area of supported graphene var-
ies as D' whereas the etched area of suspended graphene varies as D°° (Figure 4.7). The sig-
nificant difference implies that EBIE is more efficient on supported graphene and can be at-
tributed to the presence of the silica underneath the graphene. The substrate produces
backscattered electrons (BSE) that contribute to increase the effective electronic dose beyond
the nominal value. Additionally backscattered electrons are not confined in the narrow and
normal electron beam (unlike incidents electrons) and could significantly increase the etched

area.

In gas assisted EBIE process, the etching process is induced by primary, backscattered
and secondary electrons. The energy of primary and backscattered electrons is a few tens of
keV, while the energy of secondary electrons is only a few eV. The primary electrons are fo-
cused and interact with graphene in the probe size only. Only the SE produced within a few
nanometers from the surface even far from the incident point can escape and induce some
EBIE. However BSE produced within the interaction volume will induce EBIE on their way
back out. Since these electrons emerge in all directions, they produce damages in a very

wide area, away from the impact point.
5.2.3 Water assisted EBIE of lines in FLG on SiO..

The etching of lines in supported graphene has been investigated. Water vapor has
been injected in the SEM chamber, the electronic dose was 0.11 C.m™ and the pitch factor 0.5.

The etching speed was 900 nm.min.
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The resulting cut is shown in Figure 5.8, it presents a very complex morphology. The
graphene flake is visible in the top left and bottom right corners separated by the cut in the
middle of the image in Figure 5.8b. While the electron beam size is only a few nanometers in
diameter, graphene has been completely etched on a width of 500 nm and is partially etched
on two bands on either side of about 200 nm in width, in which a series of narrow ribbons
(width of 50+20 nm) perpendicular to the etch direction are visible. In the center of the cut,

the contrast is white with a sudden change to black in the middle.

This pattern is the generalization of Figure 5.7b in which the etching process has been
induced by primary and backscattered electrons, the latter ones being responsible for the

significant 900 nm wide broadening of the cut.

The etching quality is highly dependent on the suppression of the backscattered elec-
trons. A solution to lower the influence of BSEs is to locally suspend graphene, which is ex-

plored in the following.

Figure 5.8. EBIE etching of graphene on SiO,. (a) is a SEM image of a graphene flake supported on a Si/SiO,
substrate. An EBIE trench has been performed on it, the zoom of the green square is visible in the b) image.
Water vapor was injected in the SEM chamber acceleration tension was 20 kV and dose, 0.11 C.m™. Scale
bars are 500 nm.
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53 EBIE on locally suspended graphene.

5.3.1 Modification of the Substrate for locally suspends graphene.

One should point out that pools beneath graphene have been fabricated before [3, 4] or
after [19, 20] graphene deposition. We have selected the first approach in order to limit the
contamination on graphene. Arrays of pools (1x5 um?, Figure 5.9) have been defined on the
silicon oxide surface by photolithography. Oxide has been etched by a solution of buffered
HF on a depth of 200 to 250 nm. Graphene is deposited on this substrate by micromechanical

exfoliation.

Figure 5.9. (a) and (b) Optical image of a Si/SiO, substrates with pools, graphene has been deposited by mi-
cromechanical exfoliation. (b) Schematic view of a Si/SiO, substrate with pools. A locally suspended graphene
flake connected with metallic electrodes is cut by water assisted EBIE. Scale bar are (a) 100 um and (b) 5 pm.

5.3.2 EBIE pattern of locally suspended graphene.

Graphene has been deposited on a pre-patterned substrate by the micromechanical ex-

foliation technique. 1 um long cuts has been performed by water assisted EBIE on the sus-
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pended part of the graphene flakes with an electronic dose of 6x102 C.m™ and acceleration

tension of 20 kV, the resulting cut is visible in Figure 5.10.

The first observation is that the etching has been successful and the cut has a length of
1 um for a width of 150 nm. The maximum edge roughness is 20 nm and the area around
the edge of the cut is uniformly dark. One can notice, though, that the rest of the suspended

graphene has a wooly aspect and a brighter contrast.

Figure 5.10. Water assisted EBIE cut on a locally suspended graphene. Electronic dose is 6x10% C.m™ and
acceleration tension, 20 kV. Scale bar is 100 nm.

Although graphene has been suspended, the EBIE cuts have not exactly the same as-
pect than the cuts performed on graphene suspended on TEM grid in chapter 4. The aspect
of the trench is very different from the supported graphene in Figure 5.8. The trench is about
ten times larger than the electron beam size, an interpretation of this enlargement as well as
a technique to avoid enlargement of the EBIE trench will be provided in the paragraph 5.3.4.
The change in SEM contrast around the trench is a manifestation of a modification of the

graphene surface, this phenomenon will be described in the following paragraph.
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5.3.3 Silicon sputtering and redeposition.

For this entire section, Si/SiO2 substrates were used. The oxide thickness was 285 nm
and pools were patterned on them with a depth of 200 to 250 nm. Graphene has been depos-
ited onto them by micromechanical exfoliation. A water assisted EBIE has been performed
on a locally suspended graphene flake along three lines with an electronic dose of

9%x102 C.m! for each line.

Figure 5.11a shows two of the three cuts around which an area of about 1.5 um is dark,
the rest of the pool is very bright with a wooly aspect as described for image 5.10. Only two

cuts are visible on the SEM image because the third irradiation did not etch graphene.

Figure 5.11. SEM images of EBIE trenches. All the samples are locally suspended graphene over pools of a
Si/SiO, substrate, with an oxide thickness of 285 nm and a pool depth between 200 and 250 nm. (a) SEM im-
age of an EBIE cut made with an electronic dose of 9x10 C.m™. (b-d) This sequence of images has been tak-
en after an EBIE etching with an electronic dose of (b) 9x10% C.m™, (c) 18x10° C.m™ and (d) 27x10” C.m™.
Scale bars are 200 nm.

Although EBIE patterning the cuts graphene as in the case of freely suspended
graphene, it seems that a secondary phenomenon results in the limitation of the etching effi-
ciency. To further investigate this point three EBIE lines have been etched along the same
segment on locally suspended graphene and monitored by SEM (Figure 5.140b-d). The ex-
tension of the dark area appearing after the first etching increases with the successive elec-

tronic doses.
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We think that silica is vaporized from the bottom of the pool by the electron beam irra-
diation and contaminates the graphene surface. To test this hypothesis, a locally suspended
graphene flake is irradiated following two lines in the presence of xenon difluoride (XeF2)
injected by the GIS with electronic doses of 2 and 4x102 C.m and imaged by SEM. On the
same sample, lines have been etched in the same area in presence of water until the EBIE
process was blocked. Finally a cut was etched in the presence of XeF: again with an electron-
ic dose of 2x102 C.m!. SEM images of the successive step are collected in Figure 5.12. After
an irradiation under a flux of XeF2, the graphene remains intact but severe damages are visi-
ble through it, on the bottom of the pool (shown by the black arrow). The etching of silica in
the bottom of the pool is extensive. The water assisted EBIE step that has etched graphene is
shown in Figure 5.12b. Graphene present the same apparent modification described above
and it is no longer possible to etch it by water assisted EBIE. An etching by XeF: assisted

EBIE shown in Figure 5.12c violently tore graphene apart.

Figure 5.12. XeF, assisted EBIE of graphene. (a): SEM image of a graphene locally suspended which has
been irradiated twice (2x107 and 4x102 C.m™) with a flux of XeF,. (b) is a SEM image of the same graphene
flake etched by water assisted EBIE until etching become impossible. (c): The same area after an etching by
XeF, assisted EBIE along a line with an electronic dose of 2x10% C.m™. Scale bars are 100 nm.
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From this series of EBIE irradiations we can conclude that pristine graphene is not
etched by XeF: assisted EBIE (with electronic dose smaller than 4x102 C.m). However, silica
and/or silicon in the bottom of the pool are clearly etched by XeF. [21, 22] We also confirm
that there is a maximal electronic dose after which water assisted EBIE of locally suspended
graphene is blocked. However, a subsequent XeF: assisted EBIE seriously alter the graphene
sheet. It thus appears that during the water assisted EBIE patterning of graphene, the e-
beam reaches the bottom of the pool where silica is sputtered onto the bottom side of the
graphene surface. When the graphene is coated with silica, the etching is blocked unless one
reacts with the silica sheath with XeF: under the e-beam which results in the complete de-

struction of the suspended material.

In Figure 5.13 we show that dual H20O/ XeF: EBIE protocol could be successfully used
to produce a graphene ribbon of 140 nm in width and 300 nm in length (Figure 5.13a) and
eventually to fabricate the graphene lead. However, in the final state shown in Figure 5.13b,
the ribbon morphology is not controlled. Moreover, the suspended ribbon is most certainly

amorphized, fluorinated [23] or even mostly composed of an undefined Si/C/F/O material.

Figure 5.13. Suspended graphene nanoribbon. (a): a 150 nm wide ribbon. Finishing the ribbon shown in (a) by
water and xenon difluoride assisted EBIE, (b) is a SEM image of a ribbon with two funnels. The ribbon is 60 to
80 nm in width. There is a constriction of 60 nm long and 15 nm wide. Scale bars are 200 nm.
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As a consequence, silica or silicon sputtering onto graphene should be avoided. This
can be reached by fabricating deeper pools, which is in progress. The next paragraph will
investigates the cause of the enlargement of the EBIE cut on locally suspended graphene ob-

served in Figure 5.10.
5.34 Mechanical strains in a graphene sheet.

Locally suspended graphene has been etched by water assisted EBIE along the 1 um
pool width. The electronic dose was 9x10 C.m.Figure 5.14 shows that the cut is 350 nm
wide and edge roughness is about 25 nm over a length of 400 nm or more. The extremities of
the cut, magnified in Figure 5.7b have a parabolic shape. This shape and width are in great
contrast with those of the cuts obtained on fully suspended graphene (see chapter 4). For
such a dose, the cut width is about 15 to 20 nm and the RMS roughness is smaller than 2 nm
over hundreds of nanometers. This cut broadening behavior appears on all micromechani-
cally exfoliated graphene deposited on Si/SiO: substrates, although the width of the trench

can be larger (Figure 5.15a).

Figure 5.14. (a) SEM image of graphene suspended over a pool of a Si/SiO, substrate. It has been etched by
water assisted EBIE. The acceleration tension was 20 kV and the electronic dose 9x10% C.m™. (b) is a zoom of
the black dashed square in (a). Scale bars: 100 nm.

A series of three water assisted EBIE cuts at an electronic dose of 9x102 C.m™ have been
performed on locally suspended graphene Figure 5.15 shows the succession of EBIE cuts.

The first etching leads to a very large cut of 500 to 650 nm in width as seen in Figure 5.15a
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with partially folded edges. The width of the second cut is only 150 nm and the third cut

performed between the two first ones has a width of 30 nm.

Figure 5.15. SEM images of a series of EBIE cuts on locally suspended graphene. All the cuts are made by
water assisted EBIE with an electronic dose of 9x10? C.m™ and a voltage acceleration of 20 kV. The first cut is
shown in (a). The second cut is done at the right of the first cut, visible in (b). White arrows show the third cut,
visible in (c) which has been done between the two previous cuts. Scale bar are 200 nm.

The shape of the first cut suggests that the graphene is initially under a high in plane
strain. Upon etching, the edges are released and the strain on the graphene sheet is signifi-
cantly reduced. The second cut done next to the first one, (Figure 5.15b) has a width much

smaller (150 nm). Figure 5.15c demonstrates that the third etching, performed between these
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two first cuts, recovers a width of 30 nm, which is close to the value obtained on freely sus-
pended graphene on TEM grids (15-20 nm). This indicates that the built in tension of the
graphene sheet has been fully relaxed by the first two cuts allowing to retrieve the optimal

EBIE conditions.

Another experiment that corroborates this interpretation is shown in Figure 5.16a, two
parallel cuts have been etched by water assisted EBIE on locally suspended graphene. The

first cut has a width of 150 nm, while it is reduced to 80 nm for the second.

Figure 5.16. Asymmetric EBIE cut. SEM images of water assisted EBIE cuts on locally suspended g;raphene.
The numbers on images indicates the order of etching. Electronic doses were (a) 6x102 C.m™ and (b)
3x102 C.m™. In both images acceleration tension was 20 kV. Scale bars are 200 nm.

Noticeably, a clear asymmetry in the shape of the second cut can be observed. This ef-
fect is also visible in a similar experiment shown in Figure 5.16b. We observed that the
broadening of the cut on one side can be up to 3-4 times longer than on the other side. Both
Figure 5.16a and b illustrate that the broadening is reduced on the side facing the first cut. In
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the case of etching performed between two cuts (Figure 5.15¢) or between a cut and a freely
suspended edge of the graphene flake (Figure 5.15b), this asymmetry disappears. All these
evidences can be qualitatively accounted for by considering a strained graphene. The strain
could be induced initially by the micromechanical exfoliation technique. The successive
peeling between the elastic glued adhesive tape surfaces could build up a strain that could
be transferred to the deposited graphene. The buffer layer evoked in chapter 3 [24] could
contribute to the preservation of the built-in strains by promoting the adhesion of the
graphene to the silica. The weight of the 1x5 um suspended graphene over the pools could

also contribute to this strain along the long axis of the pools.

In order to get some confirmation on which shape would results from a line cutting in
a strained film, we have used some very simple finites elements numerical simulations using
the structural mechanics module of the software COMSOL. The locally suspended graphene
has been modelized by a 2D rectangle of 1x5 um with strain of equal intensity imposed on
the four edges. The etching has been modelized by a 600x20 nm? rectangle hole in the
graphene sheet. The thickness, the Young’s modulus and the Poisson coefficient of graphene
were chosen to 0.35 nm, 1x10'2 Pa [25] and 0.165 [25] respectively. The sheet was left to relax

and Figure 5.17 shows the results of the simulation.

A built-in strain of 35 N.m™ had to be set on the edges in order to get a 150 nm result-
ing width as observed in Figure 5.10. Interestingly, the simulation leads a parabolic shape of
the cut similar to the experiment. This very preliminary approach seems to confirm that the
built-in strain could account for the relaxed shape of the cuts in the case of locally suspend-
ed graphene but more detail should be taken into consideration. The strain obtained is very
close to the breaking strength of graphene, 41 N.m™ [25] but the weight of the suspended
graphene has not been included. The dependence on the thickness of the film is critical but
difficult to define. It thus appears that a more quantitative mechanical modeling will be nec-

essary to fully interpret our observations.
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Our experimental observations are in striking contrast with the absence of strained

Raman data acquired on micromechanically exfoliated graphene. [26]

Figure 5.17. Simulated displacement of a cut in a strained film. X and Y axis are in nm, black solid line is the
contour of the non strained film. Color scale represents the displacement of the loaded film.

54 Complete patterning of GNR devices on locally suspended

graphene.

Figure 5.18 is an illustration of our achievements, a locally suspended graphene has
been etched by water assisted EBIE at an electronic dose of 2x102 C.m™. Two cuts separated
by 750 nm have been etched to release the build-in strain. Between these cuts, a graphene
nanoribbon with two contacting wedges has been etched (Figure 5.18a). The two first cuts

have width of 45 and 15 nm. The ribbon has a width of 30 nm over a length of 200 nm.
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A locally suspended graphene deposited by micromechanical exfoliation on a Si/SiO:
substrate (285 nm of oxide thickness) has been contacted with Ti/Pd electrodes deposited by
e-beam lithography. Graphene has been etched by water assisted EBIE along Two parallel
cuts to relax the build-in tensions and a GNR with two contact wedges has been etched be-
tween these cuts. The GNR has been isolated from the rest of the graphene sheet by etching
long cuts on the supported graphene. A false color SEM of the GNR device is shown in Fig-
ure 5.520b. The SiO: surface (violet) is visible where graphene does not cover the substrate
and where it has been etched. The GNR is connected to the leads (yellow) by a contact
wedges and the left part of the starting graphene sheet has been cutaway. After the first
nanofabrication attempt seen in Figure 5.18b, contacts between the GNR and the rest of the
suspended graphene flake persists. However, the GNR has been fully isolated by a second
EBIE cut.

Figure 5.18. (a) SEM image of a 30x200 nm graphene ribbon etched by water assisted EBIE on a locally sus-
pended graphene. Electronic dose was 2x10“ C.m™ (b) Graphene nano-ribbon etched by EBIE and contacted
by metallic electrodes. Colorized SEM image of metallic leads (yellow-brown), supported (blue), suspended
graphene (dark blue) and silica surface (violet). Acceleration tension 20 kV. Scale bars are 200 nm.
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55 Conclusion.

La technique EBIE caractérisée au cha-
pitre 4 a montré un potentiel pour fabriquer des
nano-rubans de graphéne tout en préservant
leur qualité structurale. Dans le dernier cha-
pitre de cette these, nous avons appliqué cette
technique sur du graphene en configuration de
dispositif électronique. La vaporisation de silice
du fond des piscines limite actuellement la
technique, mais la fabrication, déja en cours, de
substrats avec des piscines plus profondes, de-
vrait permettre de limiter ce phénomeéne. Le
graphéne localement suspendu est en tension
mécanique, ce qui est contradiction avec des
études Raman [26]. Une amélioration de la si-
mulation de la forme de découpes formées dans
un film dont nous avons présenté un embryon
ici devrait permettre de calculer les tensions
présentes dans un feuillet de graphene de ma-
niére complémentaire a la spectroscopie Raman.

En reldchant ces tensions, un nanoruban
de graphéne de 30 nanometre de large connecté
a des électrodes et isolé du reste du feuillet de
graphéne a aussi été fabriqué, constituant

l'aboutissement de ce travail.

The EBIE technique, characterized in
chapter 4, has shown a potential to produce
nano-graphene ribbons while pre-serving
their structural quality. In this last chapter,
we have applied this technique to a graphene
configuration suitable for electronic device.
Vaporization of silica from the bottom of
pools currently limit the technique, but the
manufacturing, already underway, of sub-
strates with deeper pools should limit this
phenomenon. Locally suspended graphene is
mechanically strained, which is inconsistent
with Raman studies [26]. Improved simula-
tion of the shape of the cuts formed in a
strained film which we have presented here
should allow to calculate these strains in
graphene sheet in a complementary manner

with Raman spectroscopy.

By releasing these strains, we have
etched a 30 nanometer wide graphene
nanoribbon. A ribbon connected to electrodes
and isolated from the rest of the graphene
sheet has also been fabricated, constituting

the culmination of this work.
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Conclusion.

L’objectif principal de ce travail de thése est
I'intégration de méthode de dépot de graphene sur
substrat isolant, de contact électrique et de struc-
turation multi-échelle depuis la dizaine de micro-
meétres jusqu’a la dizaine de nanomeétres en limi-
tant au maximum la contamination et I'amorphi-
sation que nous nous sommes attaché a caractéri-
ser par microscopie électronique. Par ailleurs, I'ex-
tension de ce travail étant destiné a une ingénierie
du graphene jusqu’a [l'échelle moléculaire voire
atomique, il est essentiel que |'ensemble des mé-
thodes de structuration, contact et caractérisation
soit compatible avec un futur environnement en

ultravide.

Dans un premier temps, cet objectif nous a
conduit a caractériser la monocouche de graphene

sur substrat isolant par des méthodes spectrosco-

The main objective of this work is the
integration of methods like deposition of
graphene on insulating substrate, electrical
contact and multi-scale patterning of
graphene, from tens of micrometers to tens
of nanometers with a minimal contamina-
tion and amorphization that we character-
ized by electron microscopy. Moreover, the
extension of this work is intended for engi-
neering graphene to atomic or molecular
scale, it is essential that all the structuring
methods, contact and characterization are

compatible with a future UHV environ-

ment.

At first, this goal has led us to charac-
terize the monolayer graphene on insulating

substrate by spectroscopic methods such as
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piques, comme la spectroscopie Raman, et micros-
copiques, comme la microscopie a force atomique
ou la microscopie électronique. Bien qu'il soit dé-
sormais admis que le graphene déposé sur un
substrat de silice thermique ait, dans des condi-
tions ambiantes, une épaisseur apparente variable
d’au moins 0.5-1.0 nm, aucune étude détaillée ne
donnait des conditions de mesure AFM fiables ni
ne cherchaient 1'origine de cette épaisseur supé-
rieure a la distance interplanaire du graphite
(0.345 nm). Nous avons montré qu une des causes
de la forte variabilité des mesures AFM en mode
intermittent était liée a des conditions d'imagerie
pour lesquelles la consigne d’amplitude de vibra-
tion de la pointe AFM, Asp excede une valeur
seuil et a une humidité relative ambiante comprise
entre 40 et 60%. La formation d'un ménisque
d’eau entre la pointe et la surface solide résulte
alors en une situation stable d'imagerie de la si-
lice, hydrophile, mais une situation d'imagerie
instable de la surface de graphene, de sorte que la
hauteur apparente du grapheéne est alors suresti-
mée de 0.7 nm. Pour éviter cet artefact, I'ampli-
tude de vibration de la pointe AFM doit étre ré-
duite en-deca des valeurs menant a l'instabilité
afin de garantir que le ménisque d’eau soit préser-

vé en cours d'imagerie aussi si bien sur la silice
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Raman spectroscopy and microscopic, such
as atomic force microscopy or electron mi-
croscopy. Although it is now accepted that
graphene deposited on a thermal silica sub-
strate has, in ambient conditions, a variable
apparent thickness of at least 0.5-1.0 nm, no
detailed study gave reliable neither AFM
measurement conditions nor seeking the
origin of the greater thickness than the
interplanar spacing of graphite (0.345 nm).
We have shown that the causes of the high
variability of AFM measurements in inter-
mittent mode was related to imaging condi-
tions for which the amplitude setpoint of
oscillation of the AFM tip, Asp exceeds a
threshold value and a relative humidity be-
tween 40 and 60%. Forming a meniscus of
water between the solid tip and the surface
results in a stable imaging over silica, which
is hydrophilic, but unstable situation imag-
ing over the graphene surface, so that the
apparent height of graphene is overestimat-
ed by 0.7to 1.0 nm. To avoid this artifact, the
amplitude of oscillation of the AFM tip
must be reduced below the values leading to
instability to ensure that the water meniscus is

preserved during imaging on the silica as
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que sur le graphene. Il ne reste alors plus qu’une
source de surestimation systématique de 1'épais-
seur de la monocouche de graphéne, la présence
d’adsorbats sous le mono-feuillet. Ceux-ci peuvent
étre éliminés par recuit et un environnement ul-

travide.

La deuxieme technique de caractérisation
utilisée est la spectroscopie Raman. Nous avons
utilisé l'intensité intégrée du pic G du graphene
pour une identification sans ambigiiité du nombre
de couches composant un dépot de graphéne. En-
suite, nous nous sommes intéressés a l'exaltation
du signal Raman, et en particulier celle du pic D,
comme moyen de suivre des défauts, des leurs
premieres apparitions en cours de nanostructura-
tion du graphene. Pour cela, des prismes et nano-
bitonnets cristallins d’or ont été déposés sur ou
sous du graphene monocouche. Nous avons obser-
vé que les nanobdtonnets exaltaient l'intensité des
pics G et G par des facteurs respectifs de 1.5 et
3.5. La présence de nanobdtonnets au voisinage
immédiat du graphéne a provoqué une exaltation
de l'intensité du pic D du graphéne. Toutefois,
'exaltation n'est pas trés reproductible, nombre de
facteurs n’étant pas maitrisés comme par exemple
le dopage du grapheéne. Bien qu'il soit intéressant

de tester ce phénomene en présence d'un bord dé-
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well as on the graphene. There remains a
source of systematic overestimation of the
thickness of the monolayer graphene, in the
presence of adsorbates on single sheet. The-
se can be removed by annealing and a UHV

environment.

The second technique used for charac-
terization of graphene is the Raman spec-
troscopy. We used the integrated intensity of
the G peak of graphene for unambiguously
identify the number of layers of a graphene
flake. Then we are interested in the exalta-
tion of the Raman signal and in particular
that of the D peak, as a means to track de-
fects, since their first appearances during
the nanostructuring of graphene. To do this,
prisms and crystal gold nanorods were de-
posited on or in the graphene monolayer.
We observed that the nanorods exalted peak
intensity of the G and G 'by factors of 1.5
and 3.5 respectively. The presence of
nanorods in the immediate vicinity of
graphene caused also an enhancement of
the intensity of the D peak of graphene.
However, the exaltation is not very repro-
ducible, many factors are not mastered like

for example the doping of graphene. Alt-



Conclusion.

coupé de graphene, cette approche n'a pas été
poursuivie dans I'état d’avancement actuel de
compréhension de l'exaltation du signal Raman et

notamment de sa faible reproductibilité.

La fabrication, a terme, de structures de gra-
phéne multi-échelle dédiées au transport électro-
nique jusqu’aux dimensions moléculaires ou ato-
miques requerra une méthode d'imagerie du gra-
phéne avec une résolution atomique sur substrat
isolant. Pour cela, les premieres tentatives d'ima-
ger du graphéne sur silice thermique par AFM
non contact en modulation de fréquence en ultra-
vide ont été entreprises. Toutefois, malgré nos ef-
forts, le graphene a été systématiquement détruit
lors de Il'imagerie. Nous soupconnons que
Uinteraction est trop faible entre le graphéne et le
substrat dont la rugosité nominale (<1 nm) reste
par ailleurs trop importante par rapport a
U'amplitude d’oscillation de la pointe (quelques
nanometres). D autres substrats, parmi ceux con-
nus pour permettre une imagerie nc-AFM résolue
- KBr, saphir monocristallin et mica - ont été exa-
minés et du graphene monocouche y a été déposé
avec succes. Cependant, le contraste optique du

graphéne monocouche sur ces substrats transpa-

rents est extrémement faible, de sorte que malgré
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hough it will be interesting to test this phe-
nomenon in the presence of a graphene cut
edge, this approach was not pursued in the
current status of understanding of the exal-
tation of the Raman signal and mainly its

low reproducibility.

Manufacturing multi-scale structures
of graphene dedicated to electron transport
to the molecular or atomic dimensions re-
quire an imaging method of graphene with
atomic resolution on insulating substrate.
For this, the first attempts to image
graphene on thermal silica by non-contact
AFM in frequency modulation in UHV were
undertaken. However, despite our efforts,
graphene has been systematically destroyed
during imaging. We suspect that the interac-
tion is weak between graphene and the sub-
strate the roughness of which (<1 nm) is also
too large compared to the oscillation ampli-
tude of the tip (a few nanometers). Other
substrates, including those known to allow
imaging in nc-AFM at the atomic or
submolecular resolution were examined:
KBr, monocrystalline sapphire and mica.

Monolayer graphene has been successfully

deposited on those substrates. However, the
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des recherches aussi longues que vaines, il n’a pas
été possible de retrouver le graphene déposé par

nc-AFM.

De cette série de trois approches de caractéri-

sation, il apparait donc que la technique
d’exfoliation de graphite fournit du graphene de
qualité mais qui est trop peu abondant sur les
substrats et trop sujet a contamination lors du
dépot. C'est pourquoi il semble essentiel de déve-
lopper des méthodes propres, compatibles avec
l'ultravide, de transfert du graphéne cru par CVD

sur films métalliques.

Le travail central de cette these qui est pré-
senté aux chapitres 4 et 5, est la structuration di-
recte du graphene par faisceau d’électrons en pré-
sence d'un réactif : 'eau. Pour cela, nous avons
choisi deux configurations: du graphéne multi-
couche (1 a 10) et suspendu sur des grilles TEM a
été utilisé pour mettre au point la gravure de gra-
phéne par EBIE et étudier par microscopie électro-
nique la qualité structurale et la propreté du gra-
phene apres gravure. Ensuite, notre approche a été
appliquée a une configuration plus proche du

composant électronique, c’est-a-dire supporté ou
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optical contrast of graphene monolayer on
the transparent substrates is extremely low,
so that despite searches in vain as long as it
has not been possible to find graphene de-

posited nc-AFM.

In this series of three approaches to
characterize the graphene, it appears that
the technique of graphite exfoliation of
graphite provides the best quality but with a
too low yield and too sensitive to contami-
nation. This is why it seems essential to de-
velop specific methods compatible with the
ultrahigh vacuum, transfer of graphene by

CVD on raw metal films.

The central work of this thesis, pre-
sented in Chapters 4 and 5, is the patterning
of graphene by a focused electron beam in
the presence of a reagent: water. For this
aim, we chosen two configurations, one is a
multilayer graphene (1-10 layers) suspend-
ed on TEM grids which was used to develop
EBIE of graphene and study its structural
quality in an electron microscope after etch-
ing. For the second sample, EBIE has been
applied to a configuration closer to an elec-

tronic component, that is to say, supported
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partiellement supporté sur un substrat possédant

une grille arriere.

Une premiere série de travaux a montré la
faisabilité de la gravure de graphene avec des élec-
trons de faible énergie (2 a 20 keV) en présence de
vapeur d’eau. Les découpes ainsi obtenues ont des
largeurs de 10 a 20 nm. La gravure d'une ligne
s’effectue par une succession de points d'irradia-
tion espacés régulierement. Le rapport de cet espa-
cement au diametre d'un trou (~15 nm) doit étre
faible (~0.05) pour graver une ligne continue avec
des bords aussi lisses que possible. Un parametre
limitant I'efficacité de gravure est la contamina-
tion du graphéne par des d’espéces carbonées qui
s‘oppose a 1'éjection de matiere lors de
Uirradiation réactive. Un recuit et un stockage en
atmosphere inerte est alors indispensable et permet
de partiellement résoudre ce probleme qui ne de-
vrait etre limité en environnement ultravide. Nous
avons étudié en détail les stratégies de gravure
permettant de réaliser des motifs complexes a plu-
sieurs segments. et montré qu'il est parfaitement
possible de réaliser des découpes de 15 nm de large
sur de longues distances (1 um), ce qui est indis-
pensable lors de la structuration du graphéne

entre quelques micrometres et la dizaine de nano-

meétres. Enfin, nous avons montré qu'il est pos-
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or partially supported on a substrate pos-

sessing a backgate.

A first series of studies has demon-
strated the feasibility of graphene etching
with low energy electrons (2-20 keV) in the
presence of water vapor. The cuts obtained
have widths of 10 to 20 nm. Etching a line is
done by a succession of regularly spaced
spots of irradiation. The ratio of the spacing
to the diameter of a hole (~ 15 nm) must be
low (~ 0.05) for etching a continuous line
with the edges as smooth as possible. A pa-
rameter limiting the effectiveness of the
etching is the contamination of graphene by
carbonaceous species. Annealing and stor-
age in an inert atmosphere is therefore es-
sential and can partially solve this problem,
which should be limited by a full UHV en-
vironment process. We studied in detail the
strategies for achieving cuts with an arbi-
trary and complex pattern. We shown that it
is possible to make cuts of 15 nm wide over
long distances (1 pm), demonstrating the
multiscale characteristic of this technique.
Finally, we have shown that it is possible to

produce on a routine basis, of graphene
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sible de produire, de maniére routiniére, des nano-
rubans de graphene de 20-30 nm de large et plu-
sieurs centaines de nanometres de long par gra-
vure de deux découpes paralleles. La largeur mi-
nimale réalisée est de 20 nm pour 250 nm de long.
Nous avons alors entrepris la caractérisation des
bords de gravure par microscopie électronique a
transmission avec correction d'aberrations qui
révele la tres bonne qualité de la découpe par rap-
port aux techniques actuelles. La rugosité de bord
intrinseque a courte distance (~30 nm) est de
1.3 nm et la rugosité RMS est de 0.4 nm. L'ima-
gerie directe a résolution atomique a montré que le
bord de la gravure n'était amorphisée que sur une
largeur maximale de 1.5 nm, soit quelques cycles
aromatiques. Par ailleurs, il apparait que la rugo-
sité de bord a longue distance (> 200 nm) résulte
de la redéposition de contaminants adsorbés dont
été de

I'élimination a obtenue par recuit

Iéchantillon a 250°C en atmosphere réductrice.

Enfin, notre protocole EBIE de gravure des
nanorubans de graphene a été appliqué a du gra-
phéne supporté par un substrat Si/SiO:. Deux
phénomenes liés a la présence du substrat appa-
raissent. Sous l'irradiation électronique en pré-
sence d’eau, la silice est gravée et une modification

substantielle de la morphologie du substrat est
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nanoribbons of 20-30 nm in width and sev-
eral hundred nanometers long by etching
two parallel cuts. The minimum width of 20
nm is performed for 250 nm long. We then
undertook the characterization of the etched
edges by transmission electron microscopy
with aberration correction, which reveals
the high quality of the cut compared to cur-
rent techniques. Intrinsic edge roughness at
short distance (~ 30 nm) is 1.3 nm and the
RMS roughness is 0.4 nm. The direct imag-
ing at atomic resolution showed that the
edge of EBIE cuts was amorphized at a max-
imum length of 1.5 nm, a few aromatic
rings. Moreover, it appears that the edge
roughness at long distance (> 200 nm) re-
sults from a redeposition of adsorbed con-
taminants whose elimination was obtained
by annealing the sample at 250 ° C in a re-

ducing atmosphere.

Finally, our EBIE protocol for etching
graphene nanoribbons has been applied to
graphene supported by a Si/SiO: substrate.
Two phenomena related to the presence of
the substrate appear. Under electron irradia-

tion in the presence of water, silica is etched
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observée. De plus, les électrons rétrodiffusés par la
silice ¢largissent la gravure a plus de 500 nm
contre seulement 15-20 nm lorsque le graphene est
suspendu. Nous avons donc modifié notre méthode
de préparation du graphene afin de le suspendre
localement, a 250 nm au-dessus de la silice, ce qui
a permis de résoudre ce probléme. Toutefois, dans
ces conditions, la silice est encore vaporisée du
fond de la tranchée et le graphene ainsi partielle-
ment suspendu sur une aire de 1x5 micrometres
subi des tensions mécaniques qui élargissent signi-
ficativement les gravures. Nous nous sommes af-
franchis de cette tension par la gravure de deux
découpes de part et d'autre du motif a réaliser qui
retrouve alors la largeur optimum de 30 nm. Ain-
si, nous avons démontré qu'il était possible de
graver des nanorubans de graphéne localement
suspendu de 30 nm de large et 200 nm de long par
la technique EBIE. Ces nanorubans, réalisés sur
des substrats avec une grille arriere ont été contac-
tés par des électrodes métalliques et leur caractéri-

sation en magnéto-transport est possible.

L’objectif de ce travail qui était de dévelop-
per une méthode de structuration multi-échelle du

graphene en évitant la contamination et I'amor-
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and a substantial change in the morphology
of the substrate is observed. In addition,
backscattered electrons in silica extend the
etching over 500 nm against only 15-20 nm
when graphene is suspended. So we
changed our method of preparation of
graphene to locally suspend, above a
250 nm deep silica pool, this approach
solved this problems. However, under these
conditions, silica is still sputtered from the
bottom of the trench and partially suspend-
ed graphene on an area of a 1x5 micrometers
is mechanically strained which significantly
enlarge the cuts. We relax this tension by
etching two cuts on both sides of the pattern
to achieve cut with a typical width of 30 nm.
Thus, we have shown that it is possible to
perform locally suspended graphene
nanoribbons wide of 30 nm and long of 200
nm by EBIE. These nanoribbons, on sub-
strates with backgate were contacted by me-
tallic electrodes

and magneto-transport

characterization is possible.

The objective of this work was to de-
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phisation du mono-feuillet atomique a été, en
grande partie, réalisé. La technique de découpe par
EBIE en présence de vapeur d’eau est désormais
fiable. La qualité des nanorubans semble atteindre
celles des autres techniques les plus avancées et
I"étude systématique structurale et fonctionnelle
des nanorubans ainsi produits est désormais pos-
sible. Il est cependant important de noter que la
principale limitation a cette approche qui ressort a
la fois des expériences de spectroscopie Raman
exaltée par les colloides d’or, de nos tentatives
d’'imagerie en nc-AFM et de I'analyse par micros-
copie électronique a haute résolution des découpes
par EBIE est la nécessité impérative de produire,
contacter puis structurer le graphene en éliminant
au maximum toute source de contamination.
D’une maniere générale, |'environnement ultra-
vide devra, a terme, étre choisi pour les compo-
sants. Toutefois, la priorité est de produire le gra-
phene sans adsorbat. Le transfert sans résine du
graphéne produit par CVD sur métaux que nous
avons commencé a développer pourra répondre a
ces exigences, a conditions de prévoir un recuit a
haute température en atmosphere réductrice ou
sous ultravide et donc sur des substrats ne diffu-
sant pas. Dans le cadre des études par TEM a

haute résolution, les premiers essais sur des grilles
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velop a method of multi-scale structuration
of graphene avoiding contamination and
amorphization of single-atomic sheet, it has
been largely achieved. The water assisted
EBIE is now reliable. The quality of the edg-
es of cuts performed by this technique
seems to reach those of the best actual tech-
niques and systematic structural and func-
tional study of GNR is now possible. It is
important to note that the main limitation to
this approach emerges from all the charac-
terization experiences of Raman signal exal-
tation by gold colloids, attempt of nc-AFM
imaging and analysis of the cuts by high
resolution electron microscopy is the imper-
ative to produce, then contact the graphene
by eliminating any source of contamination.
Generally, the UHV environment will even-
tually have to be chosen for the compo-
nents. However, the priority is to produce
graphene without adsorbate, transfer with-
out resist of graphene produced by CVD on
metals that we have started to develop can
meet these requirements, if a high-
temperature annealing in a reducing atmos-

phere or ultrahigh vacuum is doable. In the

studies using high-resolution TEM, the first
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en or montrent une faible diffusion des particules
métalliques. Si cette qualité est confirmée, le gra-
phene CVD, de grande extension latérale, pourra
étre déposé sur des substrats atomiquement plans

pour reprendre sa caractérisation en nc-AFM.

Concernant I'EBIE, si les preuves de prin-
cipes de l'efficacité de cette approche ont été dé-
montrées au cours de ces travaux, une optimisa-
tion de la stratégie de gravure des motifs com-
plexes est nécessaire. En particulier I'affinement
du choix de la tension d'accélération, du gaz réac-
tif, de la méthode d’accumulation de la dose de
gravure devront étre encore étudiés. Enfin, il est
évident que I'EBIE me fournit pas encore des
structures de graphéne a la structure de bords
maitrisée a 1'échelle atomique. La conjonction
d'un redressement des bords par courant Joule ou
manipulation d'atomes dans un STM pourrait
permettre d’atteindre les objectifs ultimes de

structuration du graphene. [1, 2]

Enfin, dans le cas des composants électro-
niques a base de nanorubans de graphene, 1'ap-
proche des rubans partiellement suspendus est
propice aux mesures de transport. Les mesures de
transport électronique des nanorubans de gra-

phene gravés par EBIE peuvent étre planifiées ain-

si: A basse température faire varier la tension de
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annealing tests on gold grids show a more
moderate diffusion of metallic particles. If
this quality is confirmed CVD graphene of
large lateral extent, may be deposited on
substrates atomically flat to resume its char-

acterization by nc-AFM.

Concerning EBIE, if the evidence of ef-
fectiveness principles of this approach have
been demonstrated in this work, an optimi-
zation strategy of the etching is required. In
particular refinement of the selection of the
acceleration voltage, the reactive gas, the
method of storage of the etching rate will
still be studied. Finally, it is clear that EBIE
does not yet provide structures of graphene
edges at the atomic scale. The combination
of a recovery of edges by Joule heating or
manipulation of atoms in STM could
achieve the ultimate goals of the graphene

patterning. [1, 2]

Finally, in the case of electronic com-
ponents based on graphene nanoribbons,
the approach of partially suspended ribbon

is ideal for transport measurements. Elec-
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la grille arriére dont on peut en déduire le dopage
et la mobilité des porteurs de charge. Cette expé-
rience devrait étre répétée avec des rubans de lar-
geur différente afin de savoir a partir de quelle lar-
geur le transport électronique passe a un régime
de blocage de coulomb. Cette étude permettrait une
nouvelle caractérisation de la qualité de gravure

du par EBIE.

Toutefois, la question de la vaporisation de
silice imposera d’approfondir la gravure du subs-
trat. Par ailleurs, la relaxation de la tension méca-
nique observée dans nos échantillons sera essen-
tielle a la préservation des structures de graphene
suspendu. L'intégration de la méthode de contact
par stencil complétera notre approche d'une pro-
duction de nanorubans entierement compatible

avec 'UHYV.
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tronic transport measurements of graphene
nanoribbons etched by EBIE can be sched-
uled as follows: At low temperatures vary-
ing the voltage of the gate to tune the dop-
ing and deduce the mobility of charge carri-
ers. This experiment should be repeated
with ribbons of different widths to see from
electron transport what ribbon which lead
to Coulomb blockade regime. This study
would be a new characterization of the qual-

ity of the etching by EBIE.

However, the question of vaporization
of silica requires further etching the sub-
strate. In addition, the relaxation of the ten-
sion observed in our samples is essential for
the preservation of suspended graphene
structures. The integration of the contacting
method using a stencil complements our
approach to the production of nanoribbons

fully compatible with UHV.
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Summary:

Graphene is one of the most promising candidates to build future electronic devices. Its peculiar electronic properties derive
from its atomic structure and are characterized by a two-dimensional electron gas at macroscopic scale and molecular states
at the nanometer scale. This thesis work aims at patterning graphene monolayer over this entire range of length scales to
produce arbitrarily shaped graphene nanoribbons (GNR) continuously connected to graphene pads. The three main objec-
tives consist in (i) producing, contacting and patterning graphene monolayer down to features size of about 10 nm for a
ribbon length of several hundreds of nanometers, (ii) integrating all steps while minimizing contamination to ultimately
reach UHV-compatible samples and (iii) etching GNRs while preserving the high crystallinity of graphene and minimizing
its amorphization.

The first part will focus on the characterization of the graphene monolayer itself by ambient AFM topography and Raman
spectroscopy. We show that these techniques suffer from a poor reproducibility of the height measurement and a limited
sensitivity to low defect density. However, the source of AFM instabilities is identified as the presence of a water meniscus.
Stable operating conditions are found and yield reproducible height measurements. In order to enhance the Raman signal of
defects in graphene, we investigate the intensity evolution near crystalline gold nanorods placed close to graphene edges.

The second part describes in detail how GNR can be etched directly in graphene using a low energy (1-20 keV) electron
beam in the presence of water vapor. We show that electron beam induced etching (EBIE) can produce < 20 nm-wide GNRs
with length of hundreds of nanometers or micrometer-long trenches to isolate the GNR form the graphene sheet. A particu-
lar attention is paid to the characterization of the structural quality of the GNR edges. A spherical aberration corrected TEM
analysis demonstrates that the graphene lattice is intact at less than 2 nm from the EBIE-cut edges.

The last part is dedicated to the application of our promising EBIE method to the fabrication of contacted GNR electronic
field-effect devices. We show that graphene devices supported on silica are significantly amorphized by backscattered elec-
trons. A new design of devices made of locally suspended graphene is proposed and makes it possible to produce GNRs
(typically 30x200 nm) connected to electrodes on a back-gated substrate.

This work opens the way to electrical transport measurements of GNR and, beyond, GNR-based complex structures and
constitutes the first step towards an integrated atomic technology of molecular graphene devices.

Keywords: Graphene, E-Beam Induced Etching, AFM, aberration-corrected TEM, Raman spectroscopy molecular
electronics

Résumé:

Le graphéne est I’un des candidats les plus prometteurs pour la fabrication des futurs dispositifs électroniques. Ses remar-
quables propriétés électroniques découlent de sa structure atomique et sont caractérisés par un gaz bidimensionnel
d’électrons a I’échelle macroscopique et des états moléculaires a I’échelle nanométrique. Cette thése a pour but de structu-
rer le graphéne sur une large gamme d’échelle de longueurs pour produire des nano rubans de graphene (GNR) connectés a
des électrodes de graphéne. Les trois principaux objectifs sont (i) produire, contacter et structurer des GNR jusqu’a une
largeur de 10 nm et une longueur de plusieurs centaines de nanometres, (ii) planifier toutes les étapes de ce processus tout
en minimisant la contamination pour obtenir, a terme, des échantillons compatibles avec I'ultravide et (iii) graver des GNRs
tout en préservant la qualité cristallographique du graphéne et minimisant son amorphisation.

La premiére partie est dédiée a la caractérisation du graphéne monocouche par des analyses topographiques AFM et spec-
troscopiques Raman. Nous montrons que ces techniques sont limitées, I'une, par une faible reproductibilité de la mesure de
la hauteur apparente et l'autre, par une faible sensibilité aux défauts peu denses. Cependant, I’origine de I’instabilité de la
mesure AFM a été identifiée comme résultant de la présence d’un ménisque d’eau. Des conditions de fonctionnement stable
ont été trouvées et conduisent a des mesures de hauteur apparente reproductibles. Pour augmenter le signal Raman dd aux
défauts dans le graphéne, nous avons suivi I’évolution de I’intensité du signal dans le voisinage de nano-batonnets d’or
cristallins placés pres des bords du graphéne.

Une seconde partie décrit en détail comment nous avons directement gravé des GNR dans le graphéene en utilisant un fais-
ceau électronique de faible énergie (1-20 keV) en présence de vapeur d’eau. Nous montrons que la gravure induite par un
faisceau électronique (EBIE) produit des GNRs de moins de 20 nm de large et longs de plusieurs centaines de nanometres
ou des tranchées longues de plusieurs micrométres permettant d'isoler un GNR du feuillet de graphéne. Une attention parti-
culiére a été portée a la caractérisation de la qualité structurale des bords des GNR. La microscopie électronique en trans-
mission avec correcteur d’aberrations montre que le graphéne est intact a moins de 2 nm d’un bord de découpe EBIE.

La derniere partie est dédiée a I’application de cette technique EBIE prometteuse pour fabriquer des GNR contactés électri-
quement dans un dispositif a effet de champ. Nous montrons que des dispositifs de graphéne sur silice sont amorphisés de
maniere significative par des électrons rétrodiffusés. Un nouveau dispositif a été congu et réalisé qui consiste a suspendre
localement le graphéne et a permis de fabriquer des GNR (typiquement 30x200 nm) connectés par des électrodes sur un
substrat possédant une grille arriere.

Ce travail ouvre la voie pour la mesure de transport électronique dans des GNR et, au-dela sur des structures plus com-
plexes basées sur les GNRs. Il constitue la premiére étape vers une technologie atomique intégrée pour des dispositifs
d’électronique moléculaire a base de graphéne.

Mots clés: Graphéne, Gravure induite par faisceau électronique, AFM, MET avec correcteur d’aberrations, Spec-
troscopie Raman et électronique moléculaire.
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