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Abstract

This thesis reports on a novel method for graphene transfer that is fully UHV compatible,
which has remained a challenge for a long time due to the necessity of supporting
graphene for transfer and most often requiring supporting layer removal post-transfer.
Our graphene transfer method is based on the wafer-bonding approach, where graphene
is stamped onto a target surface, from a support to which it is weakly bound. We use a
bilayer of graphene supported by a teflon tape for the low adhesion between graphene
layers and the flexibility of teflon tape to allow adaptability to the target surface.

We demonstrate successful transfer onto Cu(100) and Ir(111) single crystal surfaces as
well as on gr/Ir(111), thus forming a (partial) graphene bilayer on Ir(111). For in-situ
characterization, we use Auger electron spectroscopy and STM. Auger measurements
confirm that we are able to transfer an average 0.8-0.9 ML of carbon, by comparison
to CVD grown samples. After transfer onto Ir(111), we show that by annealing to
1000 °C, we are able to observe by STM the characteristic moiré pattern formed by CVD
grown graphene on Ir(111). Auger spectra show that the graphene-Iridium interaction
undergoes a change from physisorption to chemisorption upon annealing. XAS and
Raman spectroscopy demonstrate that the annealing step taken post transfer to observe
the moiré by STM is only necessary to induce a change in interaction strength but not
to heal graphene defects, to increase its domain size, or to make it flat. After transfer
onto Cu(100), Raman spectra show that the transferred graphene is of the same quality
as the CVD grown graphene before transfer, without further annealing. Comparison
of synchrotron based high resolution XAS spectra of transferred gr/Ir(111) to CVD
grown samples confirms that the transferred graphene is flat on top of the Ir(111) crystal
surface.

This enables sample and device fabrication, usually hampered by impurities, to be carried
out in UHV leading to fully reproducible results. Clean twisted bilayer graphene samples
can be made and studied in UHV. Further, surface science can be extended to the third
dimension, by capping layers and continuing growth, etc., all under clean conditions.

Key words: Graphene, graphene transfer, ultrahigh vacuum, graphene moiré, scanning
tunneling microscopy, Auger electron spectroscopy, Raman spectroscopy, x-ray absorption
spectroscopy
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Résumé

Cette these porte sur une nouvelle méthode de transfert de graphéne entierement compa-
tible avec 'UHV, ce qui est resté un défi pendant longtemps en raison de la nécessité
de supporter le graphéne pour le transfert et le plus souvent nécessitant I’enlévement
de la couche de support suite au transfert. Notre méthode de transfert de grapheéne est
basée sur I’approche wafer-bonding, ou le graphéne est pressé sur une surface cible, &
partir d’un support auquel il est faiblement lié. Nous utilisons une bicouche de graphéene
soutenue par un ruban de téflon pour la faible adhésion des deux couches de graphene et
pour la flexibilité du ruban de téflon qui permet de s’adapter a la surface cible.

Nous démontrons un transfert réussi sur des surfaces monocristallines de Cu(100) et
Ir(111) ainsi que sur gr/Ir(111), formant ainsi une bicouche (partielle) de graphéne sur
Ir(111). Pour la caractérisation in-situ, nous utilisons de la spectroscopie d’électrons
Auger ainsi que de la microscopie & effet tunnel. Les résultats Auger confirment que nous
sommes capables de transférer une moyenne de 0.8-0.9 ML de carbone, par comparaison
avec les échantillons obtenus par CVD. Apres transfert sur Ir(111), nous montrons qu’en
recuisant a 1000 °C, nous avons pu observer par STM le motif moiré caractéristique formé
par le graphéne obtenu par dépot chimique en phase vapeur sur Ir(111). Les spectres
Auger montrent que 'interaction graphéne-Iridium subit un changement de physisorption
a chimisorption lors du recuit. Les spectroscopies d’absorption des rayons X (XAS) et
Raman démontrent que ’étape de recuit prise apres le transfert pour observer le moiré
par STM est seulement nécessaire pour induire un changement dans la force d’interaction,
mais pas pour réparer les défauts du graphene, pour augmenter la taille des domaines ou
pour le rendre plat. Apres le transfert sur Cu(100), les spectres Raman montrent que
le graphene transféré est de la méme qualité que le graphéne obtenu par CVD avant
le transfert sans recuit. La comparaison des spectres XAS haute résolution, obtenus
au synchrotron, des échantillons de gr/Ir(111) transférés avec ceux obtenus par CVD
confirme que le grapheéne transféré est plat sur la surface du cristal Ir(111).

Ainsi, la fabrication d’échantillons et de dispositifs, généralement entravée par les impu-
retés, peut étre effectuée dans 'UHV, ce qui permet d’obtenir des résultats entierement
reproductibles. Des échantillons propres de graphene bicouche torsadé peuvent étre
fabriqués et étudiés sous UHV. De plus, la science des surfaces peut étre étendue a la
troisieme dimension, en recouvrant les couches et en poursuivant la croissance, etc., le
tout dans des conditions propres.



Résumé

Mots clés : Graphene, transfert de graphéne, ultravide, moiré, microscope a effet tunnel,
spectroscopie d’électrons Auger, spectroscopie Raman, spectroscopie d’absorption des
rayons X
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Frequently Used Abbreviations

Throughout this thesis we will refer to the following chemical elements :

Argon (Ar), Carbon (C), Copper (Cu), Iridium (Ir), Iron (Fe), Nickel (Ni), Oxygen (O),
Platinum (Pt), Silicon (Si) and Tungsten (W).

And the following molecules and compounds :

Alumina (Al,O3), Ethylene (C,H4), Methane (CHy), Iron Chloride (FeCls), PDMS
((C2HgOSi)x), PVA((C,H40)x), Sodium Hydroxide (NaOH) and Teflon ((CaFy)y).



Introduction

The history of graphene dates back to no less than 160 years ago, in 1859, when Sir
Benjamin Collins Brodie described the lamellar structural property of reduced graphite
oxide. His observations were the first to reveal the stacking of “minute brilliant plates”
forming graphite [1]. It was however not before 1947 that a theoretical study of the
electrical properties of graphene, “a single graphite sheet”, was introduced by P.R.
Wallace [2].

In the 2000s, the semiconductor industry, traditionally based on silicon, was reaching
a limit in performance. In the quest to increase the performance, new materials whose
properties could be controlled by an electric field were sought. Chasing this goal in 2004,
two Physicists, Geim and Novoselov developed a simple method to isolate monocrystalline
graphitic films with a thickness of a few atoms from graphite using mechanical cleavage [3].
They were the first to report on this simple isolation process involving pressing a piece of
scotch tape on the surface of a lump of graphite and exfoliating by lifting the tape. Shortly
after, they were able to isolate a single graphene layer using the same procedure and
using a combination of optical microscopy, scanning electron microscopy and atomic-force
microscopy [4]. In 2010, thanks to their work demonstrating the exceptional properties of
graphene, they were awarded the Nobel prize in Physics “for groundbreaking experiments
regarding the two-dimensional material graphene”.

The simplicity of the method demonstrated by Geim and Novoselov was revolutionary
and unlocked a worldwide frenzy of graphene-related research. Among other properties,
this new wonder material conducts electricity better than copper, is almost perfectly
transparent (2 % absorption) and is 200 times stronger than steel while six times lighter.
The delamination process, although simple, yields small samples and is time consuming,
making it unsuited for commercial mass-production. More scalable processes for graphene
production including liquid-phase exfoliation [5,6], synthesis on SiC [7] or chemical vapor
deposition (CVD) and many others [8] have been introduced, each with its own advantages
and drawbacks [9].

The most commonly used graphene synthesis method is CVD growth, which has rapidly
evolved, yielding large-area (wafer-scale single crystal graphene on Ge [10]) and high
quality graphene on catalytic metallic substrates such as nickel [11], copper [12] or

9



Introduction

iridium [13,14]. The facile self-limited process of graphene growth on polycrystalline
Cu by CVD has been widely used, with graphene areas limited only by the size of the
polycrystalline Cu substrate and of the reactor. The quality of the graphene obtained
with this method strongly depends on the Cu substrate roughness and monocrystalline
domains as well as on the growth parameters [15].

The interest in graphene was initially motivated by its interesting electronic structure
and its unusual transport properties, and a lot of effort has been put into transforming
the zero bandgap semiconducting behaviour of freestanding graphene into a gapped
semiconductor, similarly to Si, that can be integrated in electronics devices [16-18].

Over time, graphene has found many additional applications [19]: in electronics [20] for
instance, for flexible touchscreens [21], for organic light emitting diodes (OLEDs) [22] or
flexible solar cells [23]. Alternatively, the moiré pattern formed by it on single crystal
metal surfaces has been used as a template for the self-assembly of nanostructures [24-30]
or graphene has been used as a decoupling layer for the realization of single atom
magnets [31-33].

Applications may also involve the transfer of graphene on a surface where it does not
grow, or stacking of graphene layers to produce multilayered nanostructures such as van
der Waals homo [34,35] and heterostructures [36-38]. The advancement of fabrication
methods enabled the control of the relative twist angle between successive layers of 2D
materials and opened up the field of twistronics [39]. In 2018, P. Jarillo-Herrero & al.
demonstrated that at the predicted magic angle 8y = 1.1° between two layers, twisted
bilayer graphene (tBLG) becomes a superconductor [40], tBLG has been shown to be
characterized by flat bands and to exhibit van Hove singularities [34,35]. The fabrication
of large areas of tBLG remains a challenge; small twist angle tBLG can only be obtained
by transfer of a single graphene layer on top of another graphene layer either grown by
CVD or previously transferred [41-43].

Other applications can be imagined. For example, in the field of magnetic data storage,
the thermal stability of the magnetization of the nanomagnets used for the bits is a
challenge posed by the continuous demand for increased areal density. Thermal stability
of the magnetization is limited by the so-called blocking temperature (T}) above which
the magnetization vector fluctuates randomly. Blocking temperatures of 40 K have been
reached for superparamagnetic islands of Co on Au(788)Co/Au(788) [44]. Co islands on
Au(11,12,12) have a blocking temperature of 85 K [45], and surrounding the Co with Fe
increases the blocking temperature to 105 K [46].

In order to increase the magnetic stability (blocking temperature) of these systems,
magnetic structures can be extended in the third dimension. We refer to these structures
as magnetic pillars. Attempts have been made to form magnetic pillars, by stacking of
consecutive layers of Au(111) with Co islands on top, which showed limited spatial order

10
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(hundreds of nm) [47], or by growing graphene on top of an IrNi superlattice of clusters
grown on a gr/Ir(111) moiré template by in-situ decomposition at high temperature of
ethylene, which only yielded small patches of graphene [48]. An alternative to in-situ
growth consists of transferring a sheet of graphene onto such a superlattice of clusters,
followed by redeposition of clusters and so on, forming a mille-feuille structure of magnetic
clusters as depicted in figure 1. In addition to opening the possibility of growing pillars,
this would also allow one to cover samples, protecting them from atmospheric conditions,
acting as a capping layer.

To enable advances in the multiple applications of

graphene, a multitude of graphene transfer meth-

o o@o 0000 oo@o o ods from the growth substrate to the target surface
: have been developed [49,50]. These range from the

mechanical exfoliation of graphene from its growth
substrate to the chemical etching of the substrate
under the graphene. Most of these transfer tech-

niques, however, require the use of a supporting
layer to prevent the atomically-thin graphene layer

to break or roll up. The most common transfer tech-
nique involves covering the CVD grown graphene
Figure 1 B Schemat.ic illustration of 4, Polymethyl methacrylate (PMMA) and subse-
“Mille-feuille” stacking quently etching the metallic growth substrate, leav-
ing behind graphene supported on PMMA, which

is then transferred to a target before removing PMMA by immersion in hot acetone [51].

Alternatively, graphene transfer from a polycrystalline Pt growth substrate has been
demonstrated by electrochemical bubbling [52]. Not only does this technique avoid
contamination of the graphene with metallic atoms that remain of the substrate etching,
but the graphene grown on a Pt(111) substrate is of high quality [53] and the growth
substrate can be reused since the PMMA-supported graphene is peeled off the Pt with
hydrogen bubbles formed by electrolysis in an NaOH solution [52]. These transfer methods
are known as “wet transfers” because the process of isolating graphene and its supporting
layer from the growth substrate is done in a liquid environment.

Dry transfer procedures do not require an aqueous environment for graphene isolation.
Instead, graphene is covered with a supporting layer and delaminated from its growth
substrate in air or in a controlled atmosphere. One of these transfer techniques uses
Polyvinyl alcohol (PVA) as a supporting layer and a Polydimethylsiloxane (PDMS) stamp
for graphene/PVA delamination from the growth substrate [54]. This procedure does not
require etching of the metallic substrate, making the transferred graphene, in the ideal
case of a perfect detachment, free of metal ions. The PDMS stamp is then detached after
the transfer from the PVA by heat activation. The PVA, however, must be removed by
immersion in hot water after transfer.

11
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In this thesis, we present a method to deposit large areas (up to 5 x 5 mm?) of high
quality (structural defect and adsorbate free) graphene in Ultra-high vacuum (UHV)
onto a desidered target surface without any further steps of support removal. We use
bilayer graphene (BLG) supported on teflon (PTFE) as source wafer for the transfer.
The weak van-der-Waals interaction between the two graphene layers [55] compared to
the interaction of graphene with the target wafer (or single crystal sample) enables the
transfer of exclusively the top layer of BLG.

The first chapter of this thesis focuses on the main properties of graphene as well as
synthesis and transfer methods. We first describe graphene’s atomic structure before
introducing electronic and phononic properties and the most commonly observed defects.
These properties allow us to probe the presence and quality of graphene through exper-
imental methods which we describe in the second chapter. We then present the most
common graphene synthesis and transfer methods before finally giving a brief description
of multilayer graphene systems and their different configurations.

The second chapter covers all the characterization and experimental methods employed
in our work. We first give a description of Raman spectroscopy and describe the origin
of the main Raman peaks that characterize graphene. The principle of synchrotron
based x-ray absorption spectroscopy is then explained and our experimental setup is
described; a typical spectrum obtained for graphene is shown. Scanning tunneling
microscopy (STM) and Auger electron spectroscopy (AES), both of which are carried out
in-situ, are explained and a typical STM image of the gr/Ir(111) moiré is shown with
the corresponding Auger spectrum. The combination of all these methods enables full
characterization of graphene after growth and after transfer. Our experimental setup is
then presented, with emphasis on the components vital to the transfer procedure. Finally
the graphene growth techniques employed in our work are presented.

In the third chapter, we describe in detail each of the transfer procedures that were
attempted towards reaching our UHV-compatible transfer goal. Each procedure we
worked on led to a conclusion which allowed us to move onto the next step. At the end
of this chapter, we present a PVA-assisted transfer procedure which was our first transfer
of graphene within UHV, but which required taking the sample out of UHV to remove
the PVA support layer.

In the fourth and final chapter, we describe our UHV-compatible teflon-assisted graphene
transfer method. Gr/Ir(111) samples obtained by our transfer method are characterized
in-situ by AES and STM. We carried out XAS measurements at the EPFL-PSI XTreme
end-station. Graphene was transferred to Cu(100) in UHV and Raman spectra were
acquired in air post-transfer. To conclude, we demonstrate the versatility of our transfer
method by transferring graphene in UHV onto a gr/Ir(111) sample, making BLG/Ir(111).

12



I} Graphene properties, synthesis
and transfer

The first part of this chapter provides the theoretical background necessary to understand
the experimental data obtained with the different characterization techniques used in
our work; the structural, electronic and phononic properties as well as the most common
defects in graphene are described in section 1.1.

The second part of this chapter focuses on the most common techniques for monolayer
graphene (MLG) production and transfer (sections 1.2 and 1.3). Multilayer graphene
production techniques are described in section 1.4 with emphasis on BLG. These produc-
tion and transfer methods provide the foundation for the successful transfer method we
present in this thesis.

1.1 Graphene atomic structure, electronic and phononic
properties

1.1.1 Atomic structure

Graphene is a single layer of sp?-bonded carbon atoms arranged in a honeycomb lattice
with a lattice constant of 2.462 A [56]. There are two triangular sublattices composed
each of (non-equivalent) atoms A and B respectively (see fig. 1.1). The lattice vectors a;
and ap are defined as :

a; = V3aey, agzg(—\/gex+3ey) (1.1)

where a=1.42 A is the C-C bond length.

The unit cell of graphene (highlighted in gray in figure 1.1) contains two atoms and
although graphene is a 2D material, the thickness of a graphene monolayer is considered
to be the same as the interlayer spacing in graphite, d = 3.35A [57]. This definition of
thickness is however not unequivocal and is related to the spatial extension of the electronic

13



Chapter 1. Graphene properties, synthesis and transfer

Real space Reciprocal space

ky

First Brillouin zone

Figure 1.1 — Graphene atomic structure: (left) in real space, and (right) in reciprocal
space. Each carbon atom binds to 3 carbon neighbors, with rag = a = 1.42 A and
llaill =laz|| =2.46 A. Adapted from [60].

clouds. Graphite is part of the category of van der Waals materials, characterized by strong
interatomic in-plane bonds and by weak vdW interactions between layers. Graphene is
accordingly also a vdW material.

The vdW force is a distance-dependent electrostatic interaction between polar molecules
(the fluctuations in the polarization induced by the electron motions in non-polar molecules
also induce this interaction, referred to as the London-van der Waals interaction). The
vdW energy potential can be described by the Lennard-Jones potential [58,59] with a
minimum energy at an interlayer distance d =0.335 nm in the case of graphite. It is not
the result of a chemical bond and is therefore weak.

Each carbon atom has 6 electrons in total, 2 in the 1s inner-shell and 4 valence electrons
which form bonds with neighboring atoms in graphene. All carbon atoms are sp?
hybridized, meaning that the 2s, 2px and 2py orbitals form 3 identical lobes in one plane
(yellow lobes in figure 1.2). These sp? orbitals form strong covalent bonds (¢ bonds)
with the sp? orbitals of neighboring carbon atoms, giving graphene high stability and
tensile strength. The fourth outer-shell electron occupies the 2p, orbital (7 orbital) above
and below the plane containing the carbon atoms (blue lobes in figure 1.2). These n
orbitals merge with their neighboring m orbitals creating a “plane” of electrons above
and under the graphene layer. These free electrons enable graphene to absorb light by
photon absorption, such that each layer of graphene absorbs 2.3 % of light in the visible
range. The absorption increases linearly with increasing numbers of layers [61]. In some
cases, this property can be used for rough determination of layer number.
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S

v

._ ¥ ¥ ¥ 1

Figure 1.2 — Representation of the honeycomb structure with electronic orbitals. In-plane
C-C sp? o bonds in yellow and out of plane p, orbitals (7 electrons) in blue.

1.1.2 Electronic properties (band structure)

Although the band structure of graphene is not indispensable for this work, the (ap-
proximated) energy dispersion relation is presented for completeness of the description
of graphene. As the in-plane covalent bonds have fully filled valence bands they are
disregarded for the calculation and only the p, out-of-plane electron orbitals, described
by the wave function ¢, obeying Schrédinger’s equation with energy €), are considered.
The atomic orbitals ¢, are eigenfunctions of the hamiltonian Hy, of a single isolated

atom.

Hat|pp) =epldp)  with  (¢pldp) =1 (1.2)

To determine the energy dispersion relation, the two non-equivalent atoms A and B are
considered and a separate Bloch wave function is defined for each of the p, electron
orbitals, respectively (/)l/‘1 and <p‘1§, where k is the wave vector of the electron :

{ Ph0 = I Lre 9y R (@Rl =(sien=1

The total wave function of the system is the linear combination of both wave functions :
YR = ad¥¢X ) + oK () (1.4)

This wave function is the solution of the Schrodinger equation where in the basis defined
by ¢4 and ¢p the Hamiltonian is given by :

sl | (ORIHIGE) (PEIHIOK)
(P5IHIBY) (5IHIPE) (1.5)
H=Hy+AV
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Where AV represents the electrostatic potential due to ion cores on adjacent atomic sites.
In order to solve this hamiltonian, the tight binding model introduces hypotheses which
allow one to obtain the energy eigenstates E(k). It is first considered that for tightly
bound atoms, the crystal field integral is neglected (see eqn. 1.6 (a)). Second, the transfer
(hopping) integral y terms are non-zero only for first neighbors (see eqn. 1.6 (b)) and
finally, the p orbitals on different sites do not overlap (see eqn. 1.6 (c)).

(@ ($plAVIpy)=0 — f ¢ DAV, E)dr =0

_ * o —_ .
) { Y@ = [ ¢ @AV, (r—r') dr = —y nearest neighbors (16)

Y@ =0 all other sites

(c) f(/);;(r)gbp(r—x)drzo for x#0

The first two conditions imply that the diagonal terms of the matrix defined previously
are equal Ef‘ = £§ =¢p (they are equal because atoms A and B are chemically identical).
This term represents the energy of the p; orbital in an isolated atom. The transfer

integral AX in the case of nearest neighbors reduces to

. kya _ikya k
Ak = —yZe’kdi = —Y(e’ 7 t2¢ 26 cos(%a)) (1.7)
d

Schrodinger’s equation can then be rewritten as

k k k k
£ A a a
AII(L‘* 811(3 ( bk = E(k) bk ) (18)

The solutions to this system give the electronic band structure of graphene.

kya kea  kyaV3
Ei(k):epiy\/1+4cosz%+4cos ; cos y2

(1.9)

This solution is plotted in figure 1.3 for a Fermi energy of 0 (¢, = 0) and a hopping
parameter y =3 eV [62]. Figure 1.3 (b) is the contour plot of the band structure of
graphene and inequivalent Dirac points K and K’ = —K are marked.

The band with positive energy values (above the Fermi energy of 0 eV, in yellow in fig.
1.3 (a)) is referred to as the anti-bonding 7* band and the bonding 7 band corresponds
to the negative energies (in blue in fig. 1.3 (a)). With one p, electron per atom, the
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Figure 1.3 — Graphene tight binding electronic band structure (a) in 3 dimensions and
(b) contour plot of the band structure of graphene with inequivalent K and K’ Dirac
points highlighted.

bonding band is fully occupied, while the anti-bonding band is entirely empty. These
two bands touch at the K and K’ points, making graphene behave like a zero band-gap

semiconductor (or semi-metallic).

1.1.3 Phononic dispersion relation

The phonon dispersion relation of graphene is crucial to understand its Raman signature.
Because there are two atoms in the first Brillouin zone, there are six phonon branches,
three of which are acoustic phonons (A), originating from the I'-point of the Brillouin zone,
and three are optical phonons (O). Of these six, four are in-plane (i) phonon branches
and two are out-of-plane (o) branches. The in-plane modes are either longitudinal (L)
or transverse (T), depending on whether the direction of the atomic motion is along or
perpendicular to the carbon-carbon bonds, respectively. These branches are labelled
in figure 1.4, which shows the DFT-calculated phonon dispersion relation [63]. The
analytical expression of the phonon dispersion relation of graphene can be obtained
within the framework of the Born-von-Karman model considering interactions between
first and second nearest neighbors [64], which we do not elaborate on.

Zone-center phonons are characterized by zero momentum in contrast to the non-zero
momentum K and M (high symmetry points) phonons. Those responsible for the main
Raman bands of graphene are highlighted and labelled in figure 1.4. The vibrational
modes leading to the Raman spectrum of graphene are described in detail in section
2.1.1.
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Figure 1.4 — Calculated phonon dispersion relation of graphene. Graphene has six phonon
branches, four out-of-plane (0) modes and two in-plane (i) modes. The main phonons
that can be excited for Raman transitions are highlighted (G band in zone-center, D and
2D bands in zone-edge). Adapted from [65].

1.1.4 Defects in CVD grown graphene

In the theoretical atomic structure of graphene presented previously, defects in the lattice
were not considered, but are inevitable in real graphene samples due to the growth
processes, transfer methods and adsorbates. In general, defects in three-dimensional
crystals can be intrinsic, when the breaking of the symmetry is caused by an atom of the
same nature as the bulk, or extrinsic when due to an impurity. These terms apply to
graphene although it is a 2D-material and can be further classified by their dimensions (0D,
1D, 2D). For graphene, typical point defects (0D) include single vacancies or interstitial
atoms whereas dislocations are typical line defects (1D) [66-68]. This section focuses
on the most common defects which appear during CVD growth of graphene. Defects
induced by the transfer process are discussed in section 1.3.

The most common intrinsic 0D defect is the Stone-Wales defect (see fig. 1.5 (a)), in which
the in-plane rotation of 90° of a single carbon bond results in two pairs of pentagonal
(in green) and heptagonal (in red) rings instead of the typical honeycombs, leading to
the displacement of the atoms in immediate vicinity of the defect and to out-of-plane
wavelike structural defects extending over nanometers [69].

The absence of one or more carbon atoms in the typical carbon rings forming the graphene
layer are referred to as single or multiple vacancy defects. These defects are less common
than the Stone-Wales defects due to their higher energies [66]. The simplest vacancy
defect is when a single C atom is missing in the lattice. This leads to both a five-sided ring
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(b)

Figure 1.5 — Schematic representations of defects in the graphene lattice (a) Stone-Wales
defect (b) Single vacancy with the dangling bond represented as a red circle (¢) Double
vacancies. Adapted from [66].

and a nine-sided ring as is shown in figure 1.5 (b). In this single-vacancy configuration, a
dangling bond always remains (indicated by a red circle in figure 1.5 (b)). For double
vacancies, as shown in figure 1.5 (c), unlike the single vacancy, there are no dangling
bonds and the network remains more coherent with minor perturbations in the bond
lengths around the defect. The double-vacancy is energetically more favorable and more
commonly observed [66].

Two other types of defects may occur when growing graphene by CVD on polycrystalline
Cu as is the case in most of our work. First, because the graphene begins its growth in
different positions on the Cu substrate, domains of different crystallographic orientations
are formed and grow until they join. Upon merging with surrounding patches of graphene,
differently oriented patches yield line defects (1D), along which a chain of pentagons,
hexagons and heptagons may appear. The density of these defects can be minimized by
growing graphene on single-crystals such as Ir(111), although they may seldom appear
as shown in figure 2.16.

Second, impurities such as nitrogen may generate substitutional defects (0D), where a
C atom is replaced (most commonly) by a N atom, which forms chemical bonds with
neighboring C atoms. This substitution is enabled by the chemical similarity between
C and N atoms, which have similar atomic radii (less than 10 % difference) and have 6
and 7 electrons respectively. Other atoms that do not easily fit into the graphene layer,
instead find it more energetically favorable to lie on top of the graphene surface. These
atoms may be carbon atoms which were generated from the single or multiple vacancy
defects or metal atoms or oxygen-containing functional groups [66].
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As will be shown in section 2.1, Raman spectroscopy enables one to probe the defect
density in graphene by the appearance of characteristic peaks generated by the presence
of defects.
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1.2 Monolayer graphene synthesis

Monolayer graphene can be obtained on a variety of substrates with a multitude of tech-
niques, each having characteristic carbon sources, pressure and temperature parameters.
In some cases, with a modified set of parameters, similar techniques can be used to yield
multilayer graphene which we will discuss further in this chapter. All synthesization
techniques can be classified in two categories, depending on whether the approach is
top-down (where a single layer of graphene is isolated from bulk graphite) or bottom-up
(where graphene is formed by assembly of carbon atoms). Most of these growth techniques
are summarized in figure 1.6. Deposition of carbon atoms and segregation from the bulk
are not depicted in the figure but are explained hereafter.

Top-down Graphite
Liquid-phase i
exfoliation
-
Micromechanical
' . cleavage
o Graphene

Bottom-up TeSi &
e ¢ Chemical vapour
Yo 2% deposition

Figure 1.6 — Graphene synthesis approaches. The top-down approaches are based on
the exfoliation in liquid phase or by mechanical cleavage of graphite sheets. Bottom up
approaches include the evaporation of Si from SiC layers or the chemical vapor deposition
of a carbon-containing precursor gas on the target surface. Figure adapted from [70].

Top-down approach

The original method developed to isolate a single layer of graphene, presented by Professor
Sir Andre Geim and Professor Sir Kostya Novoselov, consisted in using a piece of tape
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to repeatedly remove graphene layers from bulk graphite until a single layer was left on
the tape [3]. Although this mechanical exfoliation process performed on highly oriented
pyrolytic graphite (HOPG) yields high quality graphene and is very simple, it is time
consuming and yields small samples, with very little control on domains, limiting its
potential for commercial mass-production, although used in research. Similar in principle
to mechanical exfoliation, liquid phase exfoliation (LPE), a three-step process, is a
scalable technique which yields flakes of mono and multilayer graphene [5,6,71]. First,
graphite is chemically oxidized, which reduces the binding energy between layers and
enables separation of the graphene oxide layers in the second step by providing energy
through sonication or electrochemical processes. Finally, the graphene oxide must be
reduced in order to obtain graphene, which increases the tendency to regroup with other
layers and also induces defects in the lattice.

Both of these top-down techniques mainly suffer from difficulty in controlling the number
of graphene layers obtained, which is incompatible with our work aiming to transfer a
single layer at a time and for this reason are not discussed further.

Bottom-up approach

Alternatively, graphene can be grown with a bottom-up approach, where single atoms
of carbon combine to form a layer (or more) of graphene on a substrate. The source of
carbon atoms can either be the growth substrate, a solid C source, or a carbon-containing
(precursor) gas.

In the first case, graphene growth is generated by thermally induced segregation of carbon
atoms to the surface in bulk carbon-soluble materials such as nickel [72], platinum [73,74],
ruthenium [75-77] or SiC [78] and enables growth of single and multilayers of graphene.
In the cases of nickel, platinum and ruthenium, the samples must first be annealed and
exposed to hydrocarbons, which dissociate and allow the C atoms to diffuse in the bulk.
The carbon-containing sample can then be annealed and the cooling rate of the sample
dictates the mobility of carbon atoms that migrate to the surface of the sample [79].
Rapid quenching freezes the mobility of C atoms and allows a single layer of graphene to
be grown. In contrast, slow cooling enables multilayers of graphene to form. In the case
of SiC, high quality graphene films have been demonstrated by annealing SiC samples at
temperatures in excess of 1650 °C in an argon environment [80, 81].

Alternatively, carbon atoms can be deposited on the surface, either by CVD or by
molecular beam epitaxy (MBE). For growth by CVD, a catalyzing substrate, such as Cu,
Ni or Ir, usually kept at high temperature, is exposed to a carbon-containing gas (such as
methane (CHy) or ethylene (C2Hy)) which decomposes on the substrate surface, leaving
adsorbed C atoms that diffuse and aggregate to form the graphene layer [11,13,82].
Large area graphene has been demonstrated using CVD, with wafer-scale single crystal
graphene on Germanium [10], 30 inch graphene on polycrystalline Cu [83] or ultra-high
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oriented grains of graphene on a Cu(111) foil of dimensions up to 5 x 50 cm? [84]. For
growth by MBE, carbon atoms are evaporated from a solid C source onto the growth
substrate surface at high temperature, not requiring catalyzing activity [85-88].

Depending on the substrate, the process is self-limiting or not, and a single layer of
graphene or multiple layers are formed. For our work, we describe the detailed procedure
in the case of growth on a Cu substrate in section 2.6.1 and on an Ir(111) substrate in
section 2.6.2.

For a complete description of growth processes, the reader is referred to graphene growth
and applications reviews [8,89-91].

23



Chapter 1. Graphene properties, synthesis and transfer

1.3 Graphene transfer

Since graphene growth requires specific conditions, it cannot be obtained on any given
surface. Instead, on surfaces where it cannot be grown, the only possible solution is to
transfer a CVD-grown or an exfoliated layer of graphene onto that surface. The basic
components for graphene transfer are a graphene source, such as CVD grown graphene
on Cu, a transfer medium to support the graphene layer, a technique to isolate it from
its growth substrate and a target sample. There are various combinations that are used,
each with their advantages and disadvantages. In general, graphene transfer processes
are known to introduce defects and contamination to the graphene layer as shown in
figure 1.7.

Transfer medium

Contamination

Wrinkle

Figure 1.7 — Schematic of the defects and contamination due to the graphene transfer
process [92]. The transfer medium (carrier layer) can be PMMA, PVA, PET, PDMS,
etc...

Generally, the supporting layer is required in order to conserve the quality and continuity
of the graphene layer during the transfer procedure. Indeed, it has been shown that
the yield of suspended graphene over a hole drastically decreases with increasing hole
dimension, such that for holes larger than 8 um in diameter, more than 40 % of the
suspended graphene breaks [93], making a support-layer-free transfer prone to damaging
the graphene. However, the support layer (transfer medium) is known to leave behind
residue. PMMA is the most commonly used polymer for the support layer. Once the
transfer is completed, the supporting PMMA layer can be removed by immersing it in hot
acetone. Studies have, however, shown that this transfer procedure introduces PMMA
residue which is impossible to completely remove [94]. However, optimizing the PMMA
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preparation results in the minimization of residue [95] and using low pressure air plasma
for PMMA removal has also demonstrated a 71 % decrease in residue content [96]. The
residual polymer amount impacts the electrical and thermal properties of graphene [97].
In the cases where graphene is rinsed in water post-transfer, there may be doping of the
surface with water. This can however be removed by annealing to temperatures in excess

of 100 °C.

In addition to residue, various strains and imperfections in the supporting layer may
induce defects in the form of cracks in the sheet or wrinkles, where the graphene forms
bunches or rolls up. Additionally, depending on the anchor points during transfer, the
graphene sheet also experiences strain.

The minimization of residue amount and defects is key for a high quality transfer
procedure. Minimizing contamination from both the etching solution and the support
layer can be achieved by adopting a low-residual support layer and by performing multiple
etchings to remove contamination of previous etchings. Further, cracks, wrinkles and
strain can be minimized by choosing a support layer that is sufficiently flexible to adapt
to both the graphene layer and the target surface at atomic scale and which during
removal (for example by immersion in hot acetone for PMMA) does not cause excessive
strain on the graphene layer.

Graphene transfer methods can be classified in two categories depending on whether the
graphene isolation technique is based on chemical etching of the metal growth substrate
or if instead the technique is etching-free. We present other approaches that do not use
PMMA as a supporting layer. This section does not present all known transfer methods.
For a more in-depth review of all transfer methods, the reader is referred to graphene
transfer method reviews [49,98,99].

1.3.1 Chemical etching transfer

In most chemical etching transfer methods, the growth substrate is chemically etched
away from under the graphene. For a Cu substrate, FeCls is generally used as the etchant,
although other Cu-etching solutions can be used. The etching procedure is a process
described by three reactions :

FeCls + Cu — FeCl, + CuCl (1.10)
FeClsz + CuCl — FeCl, + CuCl, (1.11)
CuCl, + Cu — 2CuCl (1.12)

The Cu reacts with the FeCls by forming a solution of FeCl, and CuCl, which further
reacts with the FeCls forming copper chloride, which in turn also reacts with the Cu,
further etching it. This procedure, although simple and preserving the quality of graphene,
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has been shown to leave behind substrate residue as well as metallic ions from the etching
solution (typically Fe atoms) [100,101], which can mostly be removed by a second chemical
etching with acid etching solutions such as HC1 or HNOj3 [102]. Low etching solution
concentrations are preferred as slow dynamics cause less damage to the graphene layer.
In the case where the CVD graphene lies on both sides of the Cu growth substrate, before
the chemical etching, the graphene layer on one side is removed by Oxygen Plasma if a
single layer of graphene is targeted [103].

Instead of PMMA, thermal release tape (TRT) can be used as a supporting layer [104].
Although simple, the transfer procedure using TRT has been shown to leave residue and
is not as well adapted to large area transfer due to inconsistent adhesion of the tape [105].

1.3.2 Etching-free transfer

Etching-free transfer methods involve the delamination of graphene from its growth
substrate. The first obvious advantage of such methods is that the Cu or Fe residual
atoms that are a by-product of the chemical etching processes are avoided. However, in
order to support the graphene, a supporting layer is still required and may introduce
residue. Further, the growth substrate can theoretically be reused after delamination for
a new growth.

One of these etching-free methods is electrochemical bubbing, which is based on the
principle of electrolysis. A sample of CVD grown graphene on a metal such as copper
[106,107], platinum [52], or iridium [108] is covered with PMMA and used as the cathode
of an electrolysis cell. A platinum wire is used as the anode. Both are immersed in an
NaOH solution and a voltage is applied to the system. This leads to the formation of
hydrogen bubbles at the interface between the metal substrate and the graphene layer,
peeling off the graphene/PMMA from its growth substrate in a matter of minutes [109].
The PMMA layer is removed post-transfer by immersion in acetone.

Alternatively, dry transfer procedures do not require the sample to be placed in a liquid
solution for delamination. Instead, graphene is mechanically delaminated from its growth
substrate by means of a polymer stamp. The (generally CVD-grown) graphene layer is
first covered with PVA and subsequently covered with PMMA for extra support. In this
way, PMMA residue can be avoided as it is not in contact with the graphene directly,
but with the PVA buffer layer that can be removed by immersion in hot water [110].
Similarly to this PVA/PMMA approach, it has been shown that PDMS can be used as a
supporting layer for delamination [111], or that one can also use only PVA [54]. Once
covered with PVA the gr/PVA stack is delaminated from the Cu growth substrate using
a PDMS stamp. This transfer procedure is described in detail in section 3.4.

26



1.4. Multilayer graphene types and synthesis

1.4 Multilayer graphene types and synthesis

The most common example of multilayer graphene is graphite. Indeed, graphite consists
of multiple layers of graphene stacked on top of each other with an interplanar spacing
of 3.35 A [57]. In graphite, the most common stacking type between layers is of type AB
(see fig. 1.8 (b)), also referred to as Bernal stacking, where atom B of the top layer lies
directly on top of atom A of the lower layer (atoms A and B in fig. 1.1). The center of the
hexagon between two layers is displaced such that a hexagon centre of one layer is aligned
with a carbon atom from the layer below it. This type of stacking is an energetically
favorable configuration. Less commonly, because energetically less favorable, graphite
may exist in an AA stacking configuration where the two layers are aligned on top of
each other as is shown in figure 1.8 (a).

Configurations that are not AA or AB stacked are referred to as tBLG. In this case, the
relative orientation between two graphene layers is defined by an angle (@ in fig. 1.8
(c)). This type of stacking is observed typically when two graphene layers are stacked
mechanically with a controlled (or not) relative angle, but have also been shown to appear
for multilayer graphene growth on Ir(111) [112-114] or on Pt(111) [115].

(a)

Figure 1.8 — Stacking types of bilayer graphene. The lower layer of graphene is blue,
the upper is red. (a) AA stacking. (b) AB stacking. (c) Twisted bilayer graphene,
characterized by twist angle a. Adapted from [116].

The simplest (top-down) technique for multilayer graphene production is exfoliation from
bulk HOPG. Using this technique, there is however very little control on the number
of layers. Alternate bottom-up techniques, which allow better control on the number
of layers, include CVD of a carbon-containing gas or segregation of carbon atoms from
bulk of a carbon-soluble substrate such as ruthenium [42,117,118] which can also be
combined to yield multi-layer graphene as is done in the case of platinum, where varying
the cooling rate leads to a control on the amount of graphene formed [79].
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The growth process of the multilayer graphene on a given substrate depends on the
carbon solubility of the substrate, its ability to form stable carbides, and its reactivity
to carbon [119]. A high carbon solubility sample will have the ability to form multiple
layers of graphene by segregation of the carbon atoms from the bulk towards the surface
in specific growth conditions. The multilayer systems relevant to our work are discussed
in what follows.

BLG grown on Cu

Multilayer graphene can be obtained using Cu as a growth substrate. The process involved
uses a high hydrogen pressure to passivate the graphene on its edges with H,, such that
the edges are detached from the catalyst surface, allowing the diffusion of carbon into
the area beneath the monolayer to form the second layer underneath [119,120].

Multilayer graphene grown on SiC

In recent years graphene on SiC has been the center of attention for nanomaterials
because of the large-area, high-quality graphene and because of its compatibility with
current semiconductor manufacturing technologies [81]. Similarly to the growth method
for single layer graphene on SiC, multilayer graphene is formed on SiC by thermal
decomposition. The number of layers depends on the annealing temperature, time, and
on surface polarity, but is difficult to control. On the C-terminated surface, the graphene
layers often are rotated with respect to each other, whereas on the Si-terminated surface,
the multilayered graphene has Bernal (AB) stacking [121].

BLG by mechanical stacking or folding

As mentioned in the introduction, stacking two layers of graphene generally involves
covering graphene with a supporting layer and transferring one layer on top of another.
This can be done in the simplest form with graphene grown by CVD on polycrystalline
Cu and yields multiple domains of random orientations [41]. Alternatively, higher control
over the twist angle has been demonstrated using the tear and stack method [122], which
is based on the separation of a graphene domain in two parts, selective picking of one, and
transfer with a controlled rotation angle onto the other part, yielding tBLG [35,42,123].
Alternatively, instead of tearing and stacking the graphene, tBLG samples have been
obtained by folding the graphene layer [43,124].

We demonstrate BLG made by mechanical stacking of two single graphene layers in
section 3.4.2. In general, graphene bilayers obtained by mechanical stacking, however,
inevitably suffer from defects and contamination, both of which are induced by the
transfer procedure (see fig. 1.7) and thus minimization of contamination is essential. We
demonstrate a fully-UHV compatible procedure for stacking in chapter 4, with reduced
residue.
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This chapter focuses on the experimental methods employed to characterize the graphene
transfer process in our work. In section 2.1, Raman spectroscopy is described with
emphasis on graphene’s Raman signature. In section 2.2, X-ray Absorption Spectroscopy
and how we used it for graphene transfer assessment is presented. In sections 2.3 and
2.4, Auger Electron Spectroscopy and Scanning Tunneling Microscopy are introduced,
both of which can be used in the Ultrahigh vacuum (UHV) experimental chamber in
our EPFL laboratory, which we describe in section 2.5. In section 2.5.3, we describe
the mechanism used for graphene transfer in our chamber. Finally, the MLG growth
techniques (graphene on Cu and on Ir(111)) used in our work are described in section
2.6.

2.1 Raman spectroscopy

Raman spectroscopy is a technique used to determine the vibrational signature of
molecules and is typically performed in air. When light interacts with the molecules
of a material that can be present in the solid, liquid, or gas phase, the oscillating
electromagnetic field of the incident photons induce a polarization of the electronic cloud,
which places the molecule in a higher energy state, as shown in figure 2.1.

A photon arrives on the sample with wavelength A; and is scattered at a wavelength As.
A majority of the photons undergo elastic scattering, where the energy (or wavelength)
of the scattered photons is the same as the incident photons. This type of scattering
is also referred to as Rayleigh scattering. These photons give no information on the
molecules and are filtered out. When the energy of the exciting photon is close to the
transition energy between two real states, the molecules can be excited to an electronic
state that is an eigenstate of the system and relax back into a lower energy level by
emission of a photon (Aemission) Of wavelength characterized by the energy difference
between the two electronic states, referred to as fluorescence. This process depends on the
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Figure 2.1 — Scattering processes involved when a photon interacts with a sample. The
electromagnetic field of the incident photon (A;) excites the molecule to a real or virtual
higher energy level, from which it then decays with photon emission to a level with the
same or different energy from its initial state. The majority of the photons are scattered
elastically (Rayleigh). A small fraction of them are absorbed and emit photons (Aemiss)
to decay to a lower energy state (fluorescence) and another small fraction are scattered
with a different energy (Raman processes).

energy levels of the atoms of the sample as well as laser energy. Fluorescence generates a
background which in some cases may completely cover the Raman signal of graphene on
top (gr/Ir(111) for example [125]).

A small fraction of photons will scatter at a different energy than the incident photon
(inelastic scattering). The molecules are excited to a virtual energy state (a state that is
not a free eigenstate of the system and is very short-lived), before decaying to another
level (same as initial, higher or lower energy state). The change in the photon energy is
converted into energy in the vibrational or rotational state. Because the energy states
are virtual, the non-resonant Raman signature of a molecule is independent of the laser
excitation. Raman-active modes must conserve both energy and momentum to exist and
thus impose conditions on possible processes as will be shown in section 2.1.1.

If the emitted photon is of lower energy (As > A;) than the incident radiation, the scattering
is referred to as Stokes scattering. On the contrary, if the emitted photon’s energy is
higher than the excitation energy (As < A;), the process is referred to as anti-Stokes
scattering.

For these types of scattering, Raman shift is defined as the change in frequency undergone
by monochromatic light scattered by a sample :

_(r 1 7 -
AV_(M M)Xlo [cm™] (2.1)
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Where A; and A are expressed in nanometers and the multiplication factor accounts for

1
Notch filter ﬁ

the conversion to cm™".
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Figure 2.2 — Schematic of Raman spectroscopy showing the main components of a Raman
spectrometer. A monochromatic laser light interacts with a sample. The inelastically
scattered light is directed onto a grating and through an amplifier communicating with a
data acquisition software with user interface.

Experimentally, the sample is exposed to a laser beam through the objective lens
(see figure 2.2). The chosen laser wavelength depends on the analyzed sample. Laser
wavelengths range from ultraviolet to near infra-red. The Renishaw inVia confocal
Raman microscope [126] we used is equipped with three lasers with wavelengths 488 nm,
532 nm, or 785 nm. Higher wavelength lasers such as the 785 nm laser are less affected
by fluorescence (which increases with the energy of incoming photons), but the Raman
scattering intensity being proportional to A7*, lower wavelength lasers such as the 488 nm
wavelength laser are far more sensitive (throughout most of our work, the 488 nm
wavelength laser was used). The depth sensitivity of Raman spectroscopy also strongly
depends on the selected laser wavelength. On a silicon sample, the penetration depth of
a 785 nm laser is about 12 pum, at 532 nm it is 0.7 pm while in the UV range (10-400 nm)
it can drop to 5-10 nm [127].

To avoid damaging samples, the intensity of the beam is fixed by the user in measurement
settings. The elastically scattered photons are then filtered out with a notch filter. The
inelastically scattered photons are reflected onto a grating (the density of the grating in
lines/mm defines the spectral resolution). The photons diffracted from the grating reach
a CCD camera and the signal is amplified before being plotted as Raman intensity (in
a.u.) vs. Raman shift (in cm™!). The acquired spectrum yields the vibrational signature
of a molecule, giving insight into the bonds between atoms and in the case of graphene,
into eventual defects.

In our measurements using a 488 nm wavelength laser, two gratings of respectively
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2400 1/mm and 600 1/mm were available. The 600 1/mm grating covers a far broader
spectrum of wavelengths in a single acquisition, but sacrifices resolution to do so. In
order to maximize resolution of the peaks we used a 2400 1/mm grating. The range of
the acquired spectrum is, however, not sufficient to cover the total range between the D
and 2D bands (1350 cm™! to 2700 cm™!). For each measurement, two separate spectra
centered around the G and 2D bands respectively were acquired and assembled.

In practice, the two spectra are acquired successively on the same spot without modifying
the sample position and laser focal. The first spectrum ranges from 840 cm™! to 2250
em™! and the second one ranges from 2065 cm™! to 3275 cm™!, with an overlap region
between 2065 cm™! and 2250 cm™!. Each spectrum is separately normalized to the area
(approximated by the trapezoidal rule) under the overlap region (between 2065 cm™! and
2250 cm™1), allowing for comparison between G and 2D band intensities or areas, after

background subtraction (due to fluorescence of the underlying substrate).

2.1.1 Raman spectrum of graphene

As an example for graphene analysis using Raman spectroscopy, the Raman spectrum
of a commercially available graphene suspended on a TEM grid (Ted Pella Inc. [128])
is shown in figure 2.3. There are 3 main bands originating from both zone-center and
zone-edge phonons (see figure 1.4), which are used for assessment of graphene quality
and number of layers [129-131]. The processes generating these bands are sketched in an
energy-momentum graph in figure 2.4.
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Figure 2.3 — Raman spectrum of a commercial single layer of graphene on TEM grid
(Ted Pella Inc. [128]). The 3 main bands (D, G and 2D) are labelled. 488 nm laser
wavelength, 2400 1/mm grating, 25 mW power, exposition time of 50 s, averaged over 10
sample regions.

The G band, characterized by a Raman shift of 1580 cm™!, represents an in-plane
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Figure 2.4 — Energy-momentum schematic graph showing Dirac cones with Raman
scattering processes of photons on the sample for the (a) G band, (b) D band and (c)
2D band. The Fermi energy is noted Eg, the phonons q and the defect d. In green, the
incoming photon and in red the outgoing photon. Adapted from [131].

vibrational mode involving the sp? carbon atoms. It is a one phonon process where the
incident photon resonantly excites a virtual electron-hole pair in graphene, which is then
scattered by an iTO (in-plane Transverse Optical phonon) or iLLO (in-plane Longitudinal
Optical phonon) zone center phonon (zero momentum). The electron-hole pair then
recombines and emits a photon redshifted by the amount of energy given by the phonon.
Due to the zero momentum, this is an intra-valley process. The intensity of this band
is proportional to the area probed by the laser and has been shown to increase with
increasing numbers of layers (more atoms contribute to the vibration mode), to about 10
layers where it is maximal and then decreases again and tends towards G band values
of graphite [132]. Our work involves only a maximum of three layers of graphene; it is
considered that the G band intensity increases with increasing layer number.

The 2D band, characterized by a Raman shift of 2700 cm™!, represents an in-plane
breathing-like mode of carbon rings. It is a two-phonon inter-valley process where an
electron-hole pair is created by the incident photon near K point and the electron is
inelastically scattered by an iTO phonon (q) to the K’ point. In order to conserve energy
and momentum, it has to be scattered back to the K point by another phonon (-q) before
recombining with the hole.

The shape of the 2D band has been shown to be an indicator of the number of layers of
graphene [129]. Indeed, in the case of Bernal stacked (see section 1.4 bilayer graphene
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(BLG) a splitting of the 2D peak into four sub-peaks is expected due to the interaction
between graphene planes causing the 7 and 7* bands to divide into four. This is not
necessarily observed in misaligned bilayer graphene [133]. In our work, the assessment of
layer number, generally between a single layer and bilayer of graphene, relies instead on
the evolution of the peak intensities and FWHM (shown to vary with layer number [133])
as well as the ratios between peak intensities. The I(G)/I(2D) peak intensity ratio
increases as the number of layers increases [134]; however, comparison between results
obtained on various substrates also shows that this ratio is dependent on the underlying
substrate [135,136]. Therefore, the I(G)/I(2D) ratio can only be used for comparison of
graphene layers on identical substrates as will be discussed in section 4.

The D band, characterized by a Raman shift of 1350 cm™!, is also called the defect peak.
Similarly to the 2D-band, it involves an iTO phonon (q) around the K-point. However,
the electron inelastically scattered by the iTO phonon to the K’ point is then elastically
scattered back to K point by a defect (-d). Only one phonon is involved thus the energy
shift is half of the 2D band’s. This process is also an inter-valley process and its intensity
is proportional to the defect density in the area probed by the laser. The larger the band
relative to the G band (an sp? vibration), the higher the defect density [130,131,137,138].
It has been shown that different types of defects have specific influences on the D band
shape and position [131] and in the case where the defect density is low and the distance
between defects Lp is larger than 10 nm, the ratio between D and G band intensities,
I(D)/1(G) is proportional to the defect concentration defined as 1/LZ. On the other
hand, when the defect density is high, the I(D)/I(G) ratio increases proportionally to
LE [129].

Similarly to the inter-valley processes that generate the D and 2D bands (see fig. 2.4),
there exist intra-valley mechanisms that generate the D’ band (defect activated, shift of
1620 cm™1) and the 2D’ band (shift of 3240 cm™!), which are typically much weaker in
intensity than the D and 2D bands. The ratio between D and D’ bands was shown to be
maximal for sp3-defects, to decrease for vacancy-like defects and to reach a minimum
for boundaries in graphite [139]. In general, these bands were not observed in our work,
implying that the defects in our graphene samples were in majority sp® type defects.
Although the most commonly encountered defects were described in section 1.1.4 we do
not focus on the effect they produce on the D and D’ bands as the defect density is more
relevant for our work.

Finally, in figure 2.3, the peak located at 2450 cm™! is believed to be an overtone, a
combination between a band around 1100 cm™ and the D band (1350 cm™!) [140].

In practice, to study the uniformity of graphene, spectra are acquired over multiple
regions of the sample. The averages are then given with a confidence interval evaluated
as the standard deviation of the dispersion of the values measured in different spots. The
measurement error on the fits of the peak intensities is 3 %, which in most cases is much
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smaller than the confidence interval and is therefore neglected.

In summary, by analyzing multiple points on the surface using Raman spectroscopy,
one can assess the quality, continuity and uniformity of the graphene layer as well as
determine (to a certain extent) the number of layers. In practice however, in our work, the
limitations of Raman spectroscopy lie in the impossibility to obtain spectra of graphene
on highly fluorescent samples such as platinum or iridium.
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2.2 X-ray Absorption Spectroscopy (XAS)

X-ray Absorption Spectroscopy is an extremely sensitive surface analysis technique based
on the absorption of photons by core electrons. While the spectrum in vicinity of an
absorption edge (X-ray absorption near edge structure (XANES) or Near-edge X-ray
Absorption Fine Structure (NEXAFS)) is used for determination of the local electronic
state of atoms, the portion well above an absorption edge, referred to as extended
X-ray Absorption Fine Structure (EXAFS) gives access to interatomic distances and
coordination level of atoms [141]. Characterization of orbital polarization can be carried
out by X-ray linear and circular dichroism (XLD and XCD), which are based on the
difference in absorption with respect to incident photon polarization. In a magnetic
field, X-ray magnetic circular dichroism (XMCD) or X-ray Magnetic Linear Dichroism
(XMLD) give information on the magnetic properties of atoms [142].

When a photon strikes an atom, a core electron can either be ejected from the atom
into a vacuum continuum (used in X-ray Photon Spectroscopy (XPS)) or promoted to
an unoccupied electronic state. XAS is based on the change in absorption coefficient
of the studied sample while scanning the energy of incident photons. Indeed when the
energy of incoming photons matches that of a transition from core electron to an empty
valence level or to eject the electron into a continuum, the absorption coefficient increases
sharply. Each edge occurs at its own characteristic absorption energy, given by the
electron binding energies in the different shells of the atom (K,L,M...) [141]. The high
sensitivity of XANES is also used to detect surface contamination by tuning the photon
energy to match the absorption energies of suspected contamination molecules.

In practice, a high intensity beam of photons (x-rays) is guided to the surface of a sample
mounted in a UHV chamber. The x-ray (photon) energy is tuned to the values of the
absorption edges of the atoms that are being studied. For instance, probing graphene on
a surface requires the x-ray energy to be swept around the K-edge absorption energy of
C (284 eV). X-ray absorption can be acquired in different ways; in this thesis we use the
total-electron-yield (TEY) mode given its strong surface sensitivity.

Our experiments were performed at the end-station of the EPFL/PSI X-Treme beamline
of the Swiss Light Source at the Paul Scherrer Institute in Villigen, Switzerland [143].
The end-station is equipped with an in-situ preparation chamber where samples can be
prepared and cleaned. For measurement, the sample is mounted on a rotating sample-
holder where it is exposed to the incoming x-rays (a magnetic field can be applied for
XMCD or XMLD). The photons can be polarized either circularly ( + or - ) or linearly
( 0° or 90°). A schematic representation of the relative orientations of the sample and
x-rays is shown in figure 2.5; the 0° (E field) polarization vector is in the plane defined by
the surface normal and the x-ray beam and the 90° polarization is parallel to the sample
surface. The angle 8 between surface normal and incident photon beam can be adjusted
with a precision of 2-3°.
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Figure 2.5 — Schematic of sample and beam geometry for XAS at the X-treme beamline
[143]. The incidence angle 0 is 60° for grazing incidence and 0° for normal incidence.

As shown in section 1.1, the electronic orbitals of graphene are in-plane sp? (o) bonds
between carbon atoms and the out-of-plane 7 electron orbitals. There are therefore 2 main
transitions that characterize the graphene XANES. The 7 electron orbital absorption
peak, corresponding to a C 1s— m# transition, at 285 eV, and the o electron orbital
peak, corresponding to a C 1s— g* transition, at 292 eV. At fully grazing incidence, one
can in principle select one of these two transitions by choosing the linear polarization
direction. At 0° polarization, only the out-of plane m orbitals of the carbon atoms in
graphene are detected, and in 90° polarization, only in-plane o bonds contribute to the
XAS. However, the cross section at fully grazing incidence is very small, and for this and
other experimental reasons, the maximum angle of incidence is 60° off surface normal.
Thus at 0° polarization, both the o and & orbitals of graphene are detected.

Figure 2.6 shows the XANES spectrum of graphene on a polycrystalline Cu sheet at the
carbon K-edge transition measured in grazing (60°) incidence at the X-Treme beamline.
The Cu background was acquired on a clean Cu sample and subtracted. The two main 7
and o electron orbital absorption peaks are visible in the spectrum as clearly separate
peaks. These XANES spectra can be used to determine if the sample is highly crystalline
or amorphous (as will be shown in sections 3.4.2 and 4.4) and determine if graphene is
flat or if it is wrinkled. Further, the intensities of the peaks enable us to distinguish a
monolayer from a bilayer of graphene on a substrate as will be shown in section 3.4.2.
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Figure 2.6 — Grazing incidence XANES at carbon K-Edge for a sample of monolayer
graphene on Cu. The 0° and 90° polarizations have been summed. Graphene m orbital
absorption peak at 285 eV and o orbital peak at 292 eV. The spectra were acquired at
60° incidence at room temperature the X-treme beamline. Cu background was acquired
on clean Cu single crystal and subtracted.
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2.3 Auger Electron Spectroscopy

Auger electron spectroscopy can be used to reveal the chemical composition of surfaces.
The interaction of a surface atom with a high energy electron beam or with x-rays may
cause an electron of the atom to be ejected into the vacuum. When the ejected electron
is a core electron, an electron on a higher level may decay into the vacancy (core hole)
whereby it releases energy. This generally occurs by photon emission. However in some
cases the energy can be transferred to another electron from the same atom, kicking it
out into vacuum. This effect is called the Auger effect and the ejected electron is the
Auger electron [144,145]. Auger electron spectroscopy (AES) relies on the measurement
of the kinetic energy of Auger electrons. Due to the limited escape depth of electrons
from the solid for typical electron energies (see fig. 2.7 (a)), AES is a surface sensitive
technique. The Auger intensity originating from atoms forming layers up to a depth z in
the sample depends exponentially on the depth z [146] :

I(z) =Ioo(l—exp(—%)) (2.2)

where the constant I, is the Auger intensity measured for a thick sample and A is the
mean free path of Auger electrons (which depends on electron energy). The total depth
from which 95 % of the signal is emitted can be obtained by imposing that the signal
I(z95) = 0.95- I, and yields zgs = 3A.

The kinetic energy of the Auger electrons corresponds to the difference in energy between
initial electronic transition into the vacancy and the energy required for ejection of the
Auger electron into vacuum. Suppose E4, Ep, and E¢ are the binding energies (measured
with respect to vacuum) of electrons in A, B, and C levels, respectively, of the neutral
atom (see fig. 2.7 (b)). The energy released (E4— Ep) when the second electron decays
from level B to level A is transferred to the third electron. Taking into account the work
function (¢s) of the spectrometer, the kinetic energy of the Auger electron Ejyg is then
given by [147] :

Eaug = Ea—Ep—Ec—¢s (2.3)

The work function ¢s depends on the characteristics of the analyzer and on the geometry
of the setup.

Auger transitions are denoted with the x-ray notation, using the shell notations (K,L,M,N,O,P),
where K is the principal quantum number n = 1, L is n = 2 and so on. For example, in

a KLjLy 3 transition, K is the core level hole (A in fig. 2.7 (b)), L, is the initial state of

the relaxing electron (B in fig. 2.7 (b)) and Ly 3 the initial state of the ejected electron

(C in fig. 2.7 (b)).
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Figure 2.7 — (a) Mean free path of electrons in solid as a function of electron energy [148].

(b) Schematic of the auger electron generation process with electrons A;B and C in 3

steps : First the incoming electron kicks out a core electron A (1). Then, electron B

decays into a lower energy level and transfers energy to electron C (2). Finally, Auger
electron C is ejected into continuum (3).

The relationship between mean free path and the electron energy as shown in figure 2.7
(a) depends on the type of sample studied (element, organic or inorganic compound) [148].
For elements, the most accurate relation for A (in monolayers) is A = 538E72 +0.41vd - E
whereas for inorganic compounds the relation is A = 2170E~2 +0.72Vd - E, where d is
the monolayer thickness in nm and E the electron energy above the Fermi level in eV.
For most elements, where the main peak’s energy is higher than tens of eV, these two
relationships are governed by the second term.

Using these equations, the mean free path of electrons can be calculated in the cases
of electrons from the Iridium bulk, at an energy of 54 eV (11;(54)), electrons from the
Iridium bulk travelling through a layer of graphene (A¢(54)), and electrons from the
graphene layer, at 272 eV energy (Ac(272)) [148]. For graphene, the layer thickness is
d =0.335 nm and for Ir(111), the layer thickness is aj =0.22 nm.

Ar(54) = are - (B8 +0.41- v/(ay - 54)) = 0.35nm

Ac(54) =d- (38 +0.41-/(d-54)) = 0.65nm (2.4)

Ac(272)=d- (25 +0.41-1/(d-272)) = 1.31nm

As was shown previously, the analyzed depth is approximately 34 and hence less than
six monolayers of graphene on top of Ir(111) should completely mask the signal from
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bulk iridium Auger electrons at 54 eV. Indeed, the analyzed depth at 54 eV is 1.95 nm
and 6 layers of graphene should be 2.01 nm thick.

Our Omicron AES system consists of an electron source (NGE 52), a cylindrical mirror
analyser (CMA 100), a lock-in amplifier and matching unit, all controlled by an Auger
control unit (ACU) connected to a computer equipped with DATAuger data acquisition
software. By scanning a specified range of energies of Auger electrons arriving on the
detector, the resulting spectra can be used to determine the nature of the surface atoms,
their concentration and environment. However, because of the large background during
acquisition of the distribution function N(E), one records its derivative %. For
determination of Auger peak intensities, the sensitivity Sx (relatively to Ag) of an element

X is calculated as [149] :

Ix

Sx =
Iag

(2.5)

Where Ix and Ipg are the reference peak intensities for bulk material given in the handbook

% spectrum is also directly related to the

of Auger electron spectroscopy [149]. The
power settings (filament current and voltage) of the electron beam, as well as analyzer

parameters [149].

Calibration of the spectrometer is performed by acquiring the elastic peak (due to
elastically scattered electrons) by scanning the analyzer energy around the incoming
electron beam energy. Both sample-detector distance and x-y deflector values are changed
in order to obtain the optimal elastic peak shape as proposed by Omicron’s reference
sheets.

In our work, AES is first used as a technique to assess cleanliness of target samples
before transfers. Indeed, before attempting a graphene transfer, the quantity of carbon
on the target must be below our detection threshold. Second, once the transfer has been
attempted, AES not only gives information about if and how much carbon (graphene)
was transferred, but also about eventual contaminants such as oxygen or traces of the
graphene support residue. The measurement spot is approximately 2 mm in diameter
and the crystals used in our work are 7 mm in diameter. We could therefore in theory
measure 3 regions without overlap on the sample, but the alignment between sample and
the electron source can be done with at best a few degrees precision, implying that we
can only measure on 2 distinct areas before measuring outside of the sample, which gives
a strong signal of the insulating sapphires holding the sample down on the sample holder
(see section 2.5.1).

As an example, the Auger spectra acquired on a clean Ir(111) crystal and on CVD grown
graphene on Ir(111) (grown in our UHV chamber, see section 2.6.2) are shown in figure
2.8. The iridium main transition peak (at 54 eV) corresponds to an NOO transition [150].
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The main transition peak of carbon (around 271 eV) originates from the carbon KLL
transition [151]. The peak positions are affected by the sample position relative to the
detector, the detector work function as well as possible chemical shifts. The latter may
be used to detect changes in graphene-surface interaction as will be discussed in section
4.2. In our experiments, the Ir main transition peak was located within 53 eV and 60 eV
depending on experiments and this was attributed to a combination of the measurement
configuration and chemical shifts. The main carbon peak was located within 270 eV
and 280 eV, for the same reasons. The ratio between peak-to-peak intensities of carbon
and iridium main transitions can be used for assessing relative quantities of graphene
(or carbon) on the iridium surface. According to the spectrum shown in figure 2.8, a
monolayer of graphene on a clean Ir(111) crystal was characterized by a peak-to-peak
ratio Ic/Iy = 1.75. This value was however not a constant throughout our whole work.
For reasons we were unable to explain, after some repairs to our experimental setup
and consequent bakeout to recover the UHV conditions, the peak-to-peak ratio changed
from a value of Ic/Iy =2.7 (used as a reference in the first part of our work in chapter
3) to Ic/ Iy = 1.75 (used as a reference in our work with PTFE in chapter 4). We were
unable to explain this variation in the ratio, but a test conducted by C. J. Powell et
al. on multiple Auger spectrometers had revealed that there may be large variations in
obtained spectra depending on the model and experimental conditions used [152]. Indeed,
kinetic-energy values (peak positions) variations between instruments and groups of up
to 32 eV were reported at 2025 eV. More importantly, peak intensity ratios for the main
peaks of Cu (60 eV peak intensity / 920 eV peak intensity) and Au (70 eV peak intensity
/ 2025 eV peak intensity) were found to vary in most cases by a factor of 2 (for Cu)
and 5 (for Au) compared to the average values over all experiments (in some cases the
factors would be in excess of 38 and 120 respectively, but were attributed to measurement
issues) [152]. Although these results date from 1982, a change in the spectrometer may
have induced a variation in the peak-to-peak ratios, which fits within this range. To
avoid erroneous data interpretation due to variation in the AES spectrometer, reference
spectra on CVD grown graphene were frequently acquired for comparison with spectra
acquired on samples produced by transfer methods. The equivalent amount of transferred
graphene was then calculated in ML, with respect to the most recent reference.

These reference Ic/Iy values have been used to rapidly assess and quantify graphene
transfers in-situ. The transfer of a clean layer of graphene onto a clean sample of Ir(111)
should be characterized by a Ic/ I ratio identical to the calibration one in the case of a
full monolayer transfer. A higher value of the ratio is obtained for carbon contamination
on the surface and a lower value for a sub-monolayer transfer (both effects may coexist
and annealing may reduce surface contamination). For sub-monolayer ratio values, the
equivalent monolayer amount was supposed to vary linearly with the ratio. The presence
of impurities on the surface prior to or post-transfer (such as oxygen, main peak at 520
eV) can be detected by extending the analysis to energy values corresponding to the
suspected elements. In our work, most measurements were carried out between 30 eV
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Figure 2.8 — AES spectra of clean Ir(111) and CVD grown graphene on Ir(111). The
intensities are normalized to the Ir peak height (at 54 eV) and the spectra are offset for
clarity. Primary electron energy 3 kV, 0.3 €V step in analyzer energy. Ic/I;y = 1.75.

and 1000 eV. The minimum detectable quantity is limited by the signal to noise ratio
of the experimental setup, as will be discussed in section 4. This ratio is made better
by increasing channeltron voltage, which in turn further multiplies the electrons in the
electron multiplier before the detector, at the cost of reducing the lifetime of the electron
multiplier.

In theory, the ratio of main carbon and iridium peaks can be approximated using the
exponential decay of intensity with increasing thickness as mentioned previously [146].
Assuming that graphene is a continuous layer completely covering the Ir(111) surface,
the intensities for both C (Ic) and Ir (Ir), are given respectively by :

Ic = Sc-To-c(272)- (1~ exp i ) (2.6)
e =Sie Ty A1e(54) - (exp (725 :

The relative sensitivities for the C peak at 272 eV and the Ir peak at 54 eV are
calculated with equation 2.5 and the reference values in the handbook of Auger electron
spectroscopy [149]:

SC =0.2 and S[r =0.25 (27)

The carbon to iridium main peak intensity ratio can then be calculated using equations
2.4,2.7, the thickness of graphene and the interlayer spacing in Ir(111) (0.335 nm and
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0.22 nm respectively) :
Ic 00592

= =1.
I 0.05225

(2.8)

This value is smaller by 35 % than the lowest experimental value we obtained, even if
the moiré superstructure observed in our STM analysis confirmed that we had only a
single layer of graphene on Ir(111). In addition, we carefully checked that after cleaning
the Ir crystal by sputtering and annealing, no carbon had segregated to the surface
(confirmed by both Auger and STM). The discrepancy can be related to the simplicity of
the model treating the gr/Ir(111) as a continuous system, and thus neglecting the real
atomic structure.

An estimation for the Auger main peak ratio that should be observed for two layers of
graphene on Ir(111) can be obtained by setting d =2-0.335 in the previous equations,

the ratio is then given by :
Ic _ 0.105

I  0.03125

=3.36 (2.9)

Comparison to the MLG/Ir(111) theoretical value suggests that BLG/Ir(111) should
be characterized by a Ic/I ratio 3 times larger. This result is used as a reference for
the transfer of a single layer of graphene on top of gr/Ir(111) in sections 3.5.1 and 4.7.
Similarly to the sub-monolayer case, the estimated coverage between a single and two
layers was considered to vary linearly with the ratio.

Throughout our measurements, the electron gun parameters were 2.4 A and 3 kV and
the channeltron (electron multiplier) high voltage was set to 1300 V.
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2.4 Scanning Tunneling Microscopy

Scanning Tunneling Microscopy is a very powerful tool enabling atomic-resolution prob-
ing of an electrically conducting surface. Invented in 1982 by researchers at IBM in
Switzerland [153], their invention earned them a Nobel Prize in 1986 and has since
then unlocked the door to understanding phenomena taking place at surfaces at the
atomic scale. The principle on which this technique relies is the quantum tunneling
effect, in which electrons can tunnel through a potential barrier. Indeed, by bringing a
conductive pointed tip (STM tip) in proximity (less than 1 nm) to a conducting sample
surface, the electrons from the tip may tunnel through the vacuum to the sample or
vice-versa. The distance at which this effect can be observed is limited by the overlap
of the quantum wavefunctions of both the tip apex atom electrons and the underlying
surface atoms’ electrons. In general, there are two operation modes for an STM, in the
first, constant height STM, the surface of the sample is scanned and the tip is maintained
at a constant distance from the sample, supposing the sample is flat. In this mode, the
tunneling current is then acquired as a function of the tip (x-y) position (determined by
piezoelectric transducers). In the constant current operation mode, the tip is approached
to the surface or retracted from it while scanning to keep the tunneling current constant
by means of a feedback loop which outputs the control voltage to the z axis transducer
based on the difference between the measured current with respect to the target current.
In this mode, the control voltage required to maintain constant current is acquired as a
function of the tip position. This is the mode in which our experiments were carried out.

Typically an STM consists of a sharp metal tip mounted onto a head equipped with an
approach and scanning mechanism, connected to an electronic control unit as is shown
in figure 2.9. Our home-made STM head [154, 155] features an approach mechanism
consisting of semi-spherical “feet” that allow the whole STM head to move up and down
the ramps on the sample holders (see fig. 2.12). Inside the STM head, the tip is inserted
into a piezoelectric tube (see fig. 2.9) which enables scanning of surfaces by applying a
control voltage to the piezoelectric transducers (two for x,y sample plane and one for tip
height (z)).

Because of the proximity of the tip to the surface (sub-nm distance), the system is
extremely sensitive to vibrations and both STM head and sample must be decoupled
from the exterior. This is performed by using air dampers for the UHV chamber in which
the STM and sample are mounted, as well as decoupling the STM head laying on the
sample ramps from the chamber by using a damping stack [45].

In order to obtain an atomically sharp tip, a commonly used technique consists of
electrochemically etching a tungsten (W) wire [156]. A meniscus of an etching solution
(typically KOH) is formed in a metal loop by dipping in the solution (as one would make
soap bubbles). The W wire is connected to the cathode of a generator whilst the metal
loop is connected to the anode. As current is fed into the loop and to the wire by ions in
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Figure 2.9 — Schematic of an STM [46]. The main components are an atomically sharp
tip in a piezoelectric tube, controllable in x,y and z directions, a current amplifier, and a
control unit for feedback. The tip height z needed to provide constant current is recorded
as a function of the lateral position x and y.

the etching solution, the W wire is etched at the meniscus and becomes very thin until
the bottom part drops by gravity into a beaker filled with foam. The top part of the
dropped piece of wire is then used as the tip, which at that point has only a few atoms

at the point of rupture.
Tunneling current :

The Fermi levels of both tip and sample can be represented as shown in figure 2.10.
Without bias voltage, electrons tunnel through the gap in both directions with equal
probability. Applying a bias voltage between the sample surface and the tip shifts the
relative Fermi levels and a current can be measured since more electrons tunnel from the
sample to the tip through the vacuum gap (represented by the distance d) or vice-versa
(depending on which Fermi energy is higher). This tunnelling current is proportional to
the local density of states (LDOS).

An approximate model of the tunnelling observed in an STM setup was proposed by
Tersoff and Hamann [157], based on the Bardeen transfer hamiltonian theory [158]. To
simplify the problem, the model considers the separation of the Hamiltonian describing
the system into subsystems with known hamiltonians and neglects the interaction transfer
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Figure 2.10 — Schematic of the Fermi levels, vacuum levels and work functions for both
tip and sample atoms. Without bias voltage, the work functions of both the sample and
the tip are assumed equal (®s=®r). Bias applied to the sample (positive or negative)
shifts the Fermi level of the sample with respect to the tip and allows tunneling (gray
horizontal arrows).

hamiltonian. This however allows sufficient understanding of the ability of STM to reach
atomic resolution. More accurate models have been proposed, but will not be explained
in this thesis. All models, however, agree on the exponential dependence of the tunnelling
current on the sample-tip distance defined in equation 2.10.

~2xd (2.10)

Iix e with K=

Where m is the mass of an electron and ¢ is the work function for tunneling. The
exponentially decaying tunneling current with distance d (between sample and tip) is
what allows the STM to sense picometer variations in height. Indeed, increasing the

distance by only one A leads to a decrease by almost an order of magnitude in the

tunneling current.

47



Chapter 2. Graphene synthesis and characterization methods

2.5 UHYV experimental setup and sample preparation

Transfer experiments were carried out and characterized in the UHV environment. In
this section, we briefly describe the home-made UHV chamber, designed and assembled
by Nicolas Weiss [154,155]. We then describe the sample preparation technique we use
in our work.

2.5.1 The UHV chamber

Z
STM stage Lﬁ
mass X

SpCC[l’Oﬂ‘I eter

300 mm
L e |

Figure 2.11 — Drawing of the UHV chamber showing how the poles, coils, and yoke are
mounted on the chamber. The positions of STM, Auger, Ar* ion gun, and fast entry
lock (load-lock) are indicated. Adapted from [45].

Our home-built UHV experimental setup in the LNS laboratory at EPFL consists of a
large UHV chamber capable of reaching pressures lower than 1-1071% mbar after baking.
It is equipped with a main preparation stage, on which samples can be prepared as
described in section 2.5.2. A variable temperature STM (see section 2.4) can be lowered
onto the sample (on the main preparation stage) and a Magneto-Optical-Kerr-Effect
(MOKE) detector can be used for assessment of magnetic properties of samples. This
stage is also used for the CVD growth of graphene or for atom deposition by MBE.
Using a rotating wobble stick adapted for the experimental chamber, samples can be
moved onto a second stage, which consists of an L-shaped manipulator, with a vertical
axis holding the sample holder and a horizontal axis which allows to rotate the sample
holder in order to place it in the desired position (for either AES or MBE with a second
evaporator). This stage is also equipped with a heating filament.

Samples are mounted onto sample-holders as depicted in figure 2.12 and are electrically
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isolated from the holder with sapphire rings. Three springs hold the sample down by
pressing on the sapphire and the ramps for the approach of the STM tip are mounted on
top. These mounted samples are then inserted into the UHV chamber by means of a
load-lock, which can be pumped to a pressure of 1-10~7 mbar within a few hours.

Screws (Ti)
Sample

STM Ramps (Mo)

Connections
plate (AL,O,)

Spring

. £
= S
(W) 10 mm

Sapphires

Figure 2.12 — Schematic (left) and images (right) of the sample holder used in our
experimental setup. The sapphires isolate (electrically) the sample from the sample
holder. Adapted from [159].

Our setup can accommodate 3 sample holders in UHV, with an extra parking spot
allowing one to move the samples around. The sample holders are secured into the main
stage using a spring locking mechanism, which ensures proper electrical (via 3 pins, one
for sample bias and 2 for thermocouple) and thermal contact. A filament and application
of a high voltage bias between sample and ground allow annealing to temperatures higher
than 1600 K. Conversely, the sample can be cooled down to temperatures of about 70 K
via a helium flux cryostat in thermal contact with the sample stage via Cu braids. The
STM head, when lowered onto the sample holder, follows the variations in temperature
of the main stage (and sample).

2.5.2 Sample preparation

All the single crystals used in this thesis (Ir(111), Ni(111) and Cu(100)) were acquired
at the Surface preparation laboratory [160]. They are cylindrical and have a hat shape
with the upper part having a diameter of 7 mm and the lower 9 mm. On that lower
part, the samples are clamped between two sapphire rings into the sample holder shown
in figure 2.12. Before each experiment, the single crystals are cleaned from adsorbates
that formed after exposure to air, from previous MBE or CVD grown layers, or from
transfer residues. This is done by repeated cycles of sputtering and annealing. During
sputtering, the sample surface is bombarded by Ar* ions, which causes the surface to
erode and to eject atoms into vacuum. We use Ar* ions with 1.2 keV kinetic energy and
scan the beam over the sample for 10 to 120 mins at room temperature. The current on
the sample during sputtering is in the range of =1 pA. This is followed by annealing
to a temperature roughly equal to 2/3 of the melting temperature for 30 - 120 seconds,
during which the rough surface is smoothened to obtain large atomically flat terraces of
the specified orientation. In our experiments, the Cu sample was annealed to 600 °C, the
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SiC PDMS stamp PTFE

Figure 2.13 — Transfer stamp setup for transfers assisted by PVA, SiC or PTFE. The
transparent PDMS stamp is glued to the Cu chip and used as the stamp for PVA-assisted
transfer. On the left, the gr/SiC is glued on top of the PDMS for transfer from SiC. On
the right, the gr/PTFE tape is wrapped on the surface of the PDMS for PTFE-assisted
transfer.

Ni(111) to 900 °C and the Ir(111) to 1100 °C. Temperatures were measured with a type
K thermocouple on the base of the sample.

After multiple cycles, the cleanliness of the surface is checked with AES by comparison
to reference Auger spectra found in literature [149]. After confirmation by AES that
the surface is clean, graphene can either be grown on the single crystal as described in
section 2.6.2 in the case of gr/Ir(111) or the clean crystal can be used as a target for
graphene transfer as demonstrated in our work.

2.5.3 Graphene transfer process

For the transfer methods that we developed, a 5 mm-radius, 2 mm thick cylindrical piece
(chip) of Cu was cut to fit the standard sample-holder shown in figure 2.12. A 5 mm
thick piece of PDMS was molded using Sylgard 184 Silicone Elastomer [161] and roughly
cut to a cylindrical shape of 3 mm radius before being glued on top of the Cu adapter
with UHV-compatible silicone glue (DOWSIL 744 RTV Adhesive Sealant [162] ) (see
fig. 2.13 center image). This flexible stamp was used as a base to carry the supported
graphene layer. As will be shown in our work, it was used for PVA-assisted transfer (see
section 3.5), transfer from SiC (see section 3.7), where the SiC is glued on the PDMS
stamp, and for PTFE-assisted transfer, where PTFE-supported graphene is wrapped on
the PDMS stamp (see chapter 4).

For transfer, the target sample is placed on the L-shaped manipulator and the rotating
wobble stick is used to stamp the supported graphene onto the target sample (inspired
by the wafer-bonding principle). The pressing process is shown in figure 2.14.

The wobble stick to which the graphene-carrying stamp is attached can be moved in
all three dimensions and is free to rotate around its longitudinal axis. The L-shaped
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& k
Rotating manipulator

Target Ir(111) crystal

Figure 2.14 — UHV transfer procedure. (a) PDMS stamp with PTFE/BLG mounted,
ready for transfer onto the target Ir(111). The target Ir(111) on the L-shaped manipulator
can be rotated, giving it a motion along the red arrows. (b) Target and stamp in contact,
the stamp is pressed against the target.

manipulator allows for rotation of the target sample around a pivot point 15 cm from
the sample. The direction of motion for both the wobble stick rotation and the L-shaped
manipulator are represented by red arrows in figures 2.14 (a) and (b). Once the target
and stamp are properly (visually) aligned, the two are pressed (generally at RT with a
force of approx. 30 N) against each other with the wobble stick and held in position for
10-20 seconds (fig. 2.14 (b)). For other transfers involving different supporting layers,
the setup is identical.
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2.6 Graphene growth on Cu and on Ir(111)

Graphene was grown by CVD, both on polycrystalline Cu in a reactor, and on Ir(111) in
our UHV chamber. The graphene grown on Cu was used as our source of graphene for
transfers, whereas the graphene on Ir(111) was either used as a reference or as a target
for transfer in order to form BLG/Ir(111).

2.6.1 Graphene growth on polycrystalline Cu

Graphene growth by CVD on polycrystalline copper is the simplest way to grow large-area,
low-defect graphene [82]. The growth method uses the Cu substrate as a catalyst for
decomposition of a precursor carbon-containing gas to form a layer of graphene in a
hydrogen environment [163]. The process is in general self-limited by the fact that once
the Cu surface is covered by graphene, the catalyst Cu is no longer active and no more
decomposition of the precursor gas occurs.

Changing the relative pressures of the precursor gas (CH4) and the hydrogen influences
the properties and growth quality of the graphene [164]. These parameters were optimized
by A. Magrez for our reaction chamber in order to yield the highest quality monolayer
graphene.

First, a 25 um thin sheet of Cu is cut into a 1.5 x 4 cm? piece. For cleaning, it is placed
in acetone for 3 minutes before being rinsed in isopropanol or methanol for 2 minutes.
The sheet is then dried with a nitrogen gas gun.

Once clean and dry, the Cu sheet is placed at the center of a quartz tube in the reactor.
The volume in the quartz tube is then pumped to a pressure inferior to 5x 1073 mbar.
Once this vacuum has been reached, H, is added in the quartz tube to a pressure of
4 mbar.

The Cu sheet is heated up to 1031 °C in the reactor and annealed at that temperature for
an additional 30 minutes (this temperature was determined by placing a thermocouple at
the position of the sample with identical reactor settings). Methane (CHy) is then added
to the Hy in the quartz tube until reaching a pressure of 18 mbar. At this temperature, on
the catalyst Cu surface, the methane is decomposed and forms a monolayer of graphene
on the Cu surface [82], [165].

After 3 minutes of growth, the methane and hydrogen are pumped out while slowly
cooling the Cu sheet at a rate of 15 °C/min.

After growth, the Cu sheet is covered with graphene on both sides, and because of the
radial symmetry of the growth reactor, the graphene is of similar quality on both sides.
After every growth, Raman spectroscopy was used to characterize the quality of the
growth according to the discussion in section 2.1.1. In figure 2.15 the typical spectrum of
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2.6. Graphene growth on Cu and on Ir(111)

graphene on Cu grown with this method (averaged over 10 measurement points taken at
different locations of the 1.5 x 4 cm? sample) is shown. The strong Cu background can
be seen and the D, G and 2D bands are labelled. The resolution of the acquired Raman
spectra do not allow us to distinguish the D’ band from the G band suggesting that
defects are dominated by sp? type defects (see section 2.1.1). In order to fit the peaks,
the Cu background was subtracted. The main peak positions, FWHM and ratios are
given in Table 2.1. Each one of the values is given with a confidence interval evaluated
as the standard deviation of the dispersion of the values measured in the different spots.

0.02r

2D

0.015

0.01

Intensity [a.u]

0.005

1000 1500 2000 2500 3000
. -1

Raman Shift cm
Figure 2.15 — Raman spectrum of CVD-grown graphene on Cu. The sharp peak at
2330 cm™! is a measurement artefact. 488 nm laser wavelength, 2400 1/mm grating,
25 mW power, exposition time of 50 s, averaged over 15 sample regions.

Table 2.1 — Raman characterization of CVD grown graphene on polycrystalline Cu
averaged over 10 sample regions. The values are given with a confidence interval
evaluated as the standard deviation of the dispersion of the values measured in different

spots. The FWHM and peak positions are given in cm™!.

2D FWHM | 2D position | G FWHM | G position | 1(G)/I1(2D) | 1(D)/1(G)
34+3 271424 18+2 1588 2 | 0.35£0.07 | 0.10+0.03

The I(G)/1(2D) ratio for this CVD grown graphene corresponds to what is expected
for MLG (see Table 1 based on 50 references in [166]). The 20 % confidence interval is
believed to be due to different substrate interactions depending on local variations in the
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underlying Cu sheet quality.

The average I(D)/I1(G) = 0.10, indicates that the graphene is of high quality [129-131]
and the large (30 %) confidence interval is believed to be due to local variations in
graphene quality, which may be due to the Cu substrate or to localized defects in the
graphene lattice. This ratio varied between samples and more frequently our samples
were characterized by I(D)/I(G) = 0.15. Worse values of up to 0.3 were also observed,
but in this case the gr/Cu was not used for our transfer procedures (we used CVD
grown graphene with a maximum I(D)/I(G) = 0.15). These large differences in defect
density are attributed to the quality of the Cu growth substrate, variations in the partial
pressures of methane and hydrogen, as well as post-growth cooling rates and Cu substrate
placement in the quartz tube. Indeed, in some growths, if partial pressures varied by 20 %
or more from the optimum parameters described previously, highly defective graphene
was measured on the Cu substrate.

2.6.2 Graphene on Ir(111)

It is well known that high quality graphene with very large domains can be grown on
Ir(111) by CVD in UHV [13,14,167]. Graphene on Ir(111) is characterized by a well
aligned incommensurate (9.32 x 9.32) moiré superstructure that arises from the slight
mismatch between the two lattice constants of graphene (a = 2.46 A) and Ir(111) (in-plane
a = 2.73 A). There are (10.32 + 0.17 x 10.32 + 0.17) graphene cells per moiré cell, and
the graphene layer has been shown to be slightly compressed (0.4 %) in comparison to a
carbon layer in bulk graphite [167].

Considering the reciprocal lattice vectors kj, and %gr, the moiré reciprocal lattice vector
is given by [167] :
kMoiré:kgr_kIr (2-11)

And by expressing the vectors in real space, the distance between Moiré maxima (dpsoiré)

is given by :
27 21 21 dgr : dlr

=7 - 5 < UMoiré = 7 ;
dMoiré dgr dlr d[r - dgr

=253 A (2.12)

In our work, prior to growth, an Ir(111) single crystal is cleaned by repeated cycles of
sputtering and annealing (see preparation method in section 2.5.2). The clean Ir(111)
crystal is heated to 1400-1450 K in the UHV chamber with base pressure in the 1071 mbar
range and held at this temperature. After 20 seconds, a precursor gas (ethylene CoHy in
our case) is then added into the UHV chamber to a pressure of 1-10~% mbar and kept for
100 seconds (approximately 100 langmuir), after which the heating is shut off and the
gas is pumped out.
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(a) (b)

Figure 2.16 — 1500 A x 1150 A (a) and 600 A x 600 A (b) STM images of the moiré
formed by CVD grown graphene on Ir(111) (Vi=+1.7 V, =10 nA, T = 300 K)

Figure 2.16 shows STM images of graphene on Ir(111) grown with this procedure in
our UHV chamber. The moiré confirms that graphene covers the whole Ir(111) surface,
and is continuous over the 2 A iridium step on the left part of figure 2.16 (a). In our
work, studying the moiré continuity and domain size constitutes a way to characterize
the transfer of graphene onto Ir(111) by STM in-situ.

As was mentioned in section 2.1.1, the high fluorescence of Iridium makes Raman
spectroscopy unsuited for the evaluation of graphene quality [125]), and thus gr/Ir(111)
can be characterized by Auger spectroscopy (see section 2.3) and by STM in our lab, or
by XAS at the SLS synchrotron facility.
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8] Unsuccessful transfer methods

This chapter describes the different approaches and steps adopted to reach our goal
of graphene transfer in UHV. Our approach is inspired by wafer-bonding, a method
commonly used in the industry to bond one single crystal on-top of another when the two
don’t grow on each other by epitaxy, for example for Si on insulator technologies [168-173].
We use a variation of wafer bonding using the fact that the bonding to the target substrate,
which can be chemical, as is the case for graphene on iridium, is stronger than to the
support layer. Such a procedure is depicted for graphene transfer in figure 3.1. A
substrate with graphene on top is placed face-down onto a target sample. The two are
then pressed together with force F for time f7rqnsfer- The support layer is then lifted up,
leaving only the graphene layer on the target.

—

mmmm Graphene
mmmm Target

1. Supported graphene/target contact

Force F

2. Pressing/Heating 3. Lift-off

Figure 3.1 — Wafer bonding procedure, here with a support layer (in red) which can be
for example a TEM grid, SiC, BLG on Cu. The supported graphene is pressed against
the target with force F and the support is lifted after transfer.

Due to the atomic thickness of graphene, a supporting layer is mandatory; graphene cannot
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Table 3.1 — Methods for isolation of graphene from its growth substrate and support
layers for graphene transfer. Each line is a different graphene isolation method and each
column is a different support layer. Experiments that were unsuccessful are marked with
a (-), successful ones are marked with a (+) and those not attempted are marked as NA.

Naphtha. | PVA | PTFE | MLG/metal | TEM grid | SiC
Electrochem. bubbling | - - NA NA NA NA
Chemical etching NA NA |+ NA NA NA
Mechanical exfoliation | - + NA - NA NA
Commercial NA NA | NA - - -

be manipulated free-standing without being damaged. As was mentioned previously,
performing a transfer in a UHV environment implies that the transfer procedure should
not require the ex-situ removal of the support layer post-transfer. Therefore, the ideal
transfer method should involve a supporting layer that is weakly bound to graphene and
that would detach from it within the UHV environment.

Furthermore, only a single graphene layer should be detached upon transfer in order
to have full control of the number of graphene layers on the target. Systems such as
graphite, despite not requiring removal of a supporting layer after transfer, do not allow

control of the number of layers.

Table 3.1 summarizes the methods that were attempted in order to isolate and support
graphene for subsequent transfer. Each line shows a different process with which a
graphene layer is detached from its growth substrate, or in the case where we did not
perform the isolation, it is marked as commercial, and each column is a different support
layer that was used. The MLG/metal column is for samples for which graphene was
supported by another graphene layer on a metal, such as gr/Cu or gr/Ir(111). The
experiments marked with NA were either not attempted for incompatibility reasons with
respect to our goal, or they had not been prepared by us but were commercial. The other
experiments, unsuccessful (-) and successful (+) are described in this chapter before we
report in the following chapter on the most successful approach based on PTFE-assisted
transfer.

Although the PVA-assisted transfer described in section 3.4 was successful at transferring
graphene, it did not meet the UHV-compatibility condition since PVA had to be removed
in hot water after graphene transfer.
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3.1. TEM grid supported graphene for transfer

3.1 TEM grid supported graphene for transfer

A commercially available TEM grid-supported graphene sample meets the requirements
mentioned above. Indeed, the graphene is supported by the TEM grid and a holey
(perforated) amorphous-carbon (a-C) film, which is necessary because graphene cannot
be suspended over the TEM grid holes without breaking (see section 1.3). The benefits
of having a holey a-C layer are two-fold. First, the interaction between a-C and graphene
should be of the weak van-der-Waals type and second, the holey nature of the a-C sheet
reduces the surface in contact, which should lower the total binding force with graphene,
making it easier to detach.

Commercially available graphene on a TEM grid (PELCO Single Layer Graphene TEM
Support Films on Lacey Carbon, 300 Mesh Copper Grids) was purchased from TED
Pella [128]. The substrate consists of a TEM grid with equally spaced square holes of
54 um width. On top of this grid, lies the layer of holey a-C with 5 ym wide holes and
the graphene. According to the manufacturer, graphene was transferred onto the TEM
grid/a-C using a wet method (see section 1.3).

The Raman spectrum of the suspended graphene (over a-C holes) on the TEM grid is
shown in figure 2.3. The graphene is characterized by an average I(D)/I(G) = 0.077, with
values ranging between I(D)/I(G) = 0.09 and I(D)/I(G) = 0.055, indicating high-quality
graphene.

3.1.1 Transfer to Cu in air

Following the wafer-bonding procedure, transfers were attempted in air using clean
polycrystalline copper as a target. Copper was chosen because of the chemical bond it is
expected to form with graphene, which should be stronger than the vdW force between
graphene and a-C [174], therefore allowing detachment and transfer of graphene.

A 5x5 mm?, 25 um thick piece of copper (chosen for its flexibility and adaptability
to other surfaces) was immersed for 24 hours in acetic acid (CH3COOH) in order to
eliminate the oxidized surface layer. The sample was then cleaned in DI water and dried
with a nitrogen gun. The TEM grid was then placed on top of the clean Cu with the
graphene facing downwards and the two were pressed against each other by placing a
weight on top of the TEM grid at temperature T, during time tyyansfer, which also includes
the heating time (approx. 10 minutes to ensure the Cu and TEM grid are at the target
temperature).

Table 3.2 summarizes the transfer parameters for all experiments that were carried out,
with transfer temperature ranging from -20 °C to 150 °C, pressing force from 3 to 40
Newtons and transfer time between 30 minutes and 16 hours. To cool the sample down
to -20 °C, the Cu and TEM grid with the weight on top were placed in a freezer.
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Table 3.2 — Temperature T, pressing force (F) and transfer times parameters attempted
for graphene transfer from the TEM grid onto Cu.

T [°C] | F [N] | Transfer time [min] | Cooling time [h]
20 6.5 30 0
20 10 30 0
20 20 30 0
20 40 30 0
50 40 30 0
95 3 30 0
95 3 30 0.25
95 3 60 15
95 9 45 16
105 9 50 16
-20 3 120 0

After each transfer attempt, the TEM grid was lifted and the area of the Cu target that
had been in contact with the graphene was marked. Raman spectroscopy was then used
to assess whether graphene had been transferred by analyzing multiple points over the
contact area.

(a) (b) 3
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Figure 3.2 — (a) Raman spectrum of graphene supported by a-C. (b) Raman spectra
of gr/Cu post-transfer from the TEM grid onto the Cu target (at RT with 40 N force).
Each spectrum is acquired on a different area of the target Cu. 488 nm laser wavelength,
2400 1/mm grating, 25 mW power, exposition time of 50 s, averaged over 5 sample
regions.

Figure 3.2 (a), shows the Raman spectrum measured on graphene on the a-C. The a-C
spectrum is characterized by a large band that encompasses both D and G bands typically
observed in graphene. Indeed, the distinct D and G bands of the suspended graphene
shown in figure 2.3 are no longer distinct but mixed under one large peak with a shoulder
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3.1. TEM grid supported graphene for transfer

at around 1400 cm™!.

In figure 3.2 (b), the Raman spectra around the G and D bands for 7 points measured
on the contact area post-transfer at room temperature with 40 N pressing force are
shown. The Cu background was not subtracted. The Raman spectra show that only 3 of
the measured areas had visible D and G bands which are a combination between the
suspended graphene and the graphene on a-C (compare figures 2.3 and 3.2 (a)). The
spectra are characterized by I(D)/I(G) values that correspond to those that would be
obtained for an unordered structure such as a-C [175,176], again suggesting a-C was
transferred with the graphene. Its high thickness in comparison to the single layer of
graphene makes its contribution large.

iy 0

Figure 3.3 — Optical microscope images showing (a) a-C transferred onto the Cu surface
and (b) The TEM grid (in gold) with the damaged holey a-C sheet on top. The white
scale bars on each image measure respectively 10 um and 100 pm.

Figure 3.3 (a) is an optical microscope image of the a-C on the Cu target after transfer
at -20 °C with 3 N pressing force. Further inspection of the TEM grid post-transfer
revealed that the a-C sheet had been broken and torn in multiple locations (see fig. 3.3
(b)), again suggesting that when graphene was transferred, a-C was also transferred with
it, in varying amounts, depending on the parameters.

In order to determine whether graphene could be transferred without simultaneously
transferring the a-C, a piece of scotch tape was applied to the surface of the gr/a-C/TEM
grid and lifted to delaminate the graphene from the grid. This test revealed that graphene
was detached, but the underlying a-C was too. Indeed, visual inspection of the TEM
grid under a 20x objective microscope showed that the holey a-C was no longer on the
TEM grid. This test shows that the binding force between the graphene and a-C is larger
than that between a-C and the Cu TEM grid, making it impossible to transfer only
the graphene sheet using this technique. This could be attributed to a stronger than
vdW bond between graphene and a-C which could be due to contamination from the
sample preparation, which according to the manufacturer is done by chemical etching.

61



Chapter 3. Unsuccessful transfer methods

Further, if a-C is only very weakly bound to the TEM grid, the weakest bond breaks,
thus detaching both graphene and a-C from the TEM grid.

These negative results demonstrated the need of a support that could either be removed
after transfer without residue, or a supported bilayer of graphene from which a single
layer could be detached, both of which we describe in what follows.
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3.2 Commercial BLG for transfer

A good candidate fitting the requirements for the UHV transfer is bilayer graphene.
Indeed, two graphene layers in HOPG are bound by weak van der Waals forces and
should transfer to a stronger-bonding surface such as Cu. Ideally, two stacked layers of
graphene would be isolated from bulk HOPG and placed on a flexible support for transfer.
However, as mentioned previously, the processes that are used to isolate graphene layers
from HOPG give very little control on the number of layers. Alternatively, bilayer
graphene can be obtained by CVD, by segregation of C atoms from bulk substrates or
by mechanical stacking (see section 1.4).

In order to grow BLG/Cu, we applied the same experimental procedure as the one
described in section 2.6.1, but with increased Hy pressures (10-20 mbar), which has been
shown to yield a higher amount of graphene layers [177,178]. Raman spectra of samples
grown that way showed overall a low quality of graphene and large spatial variations of
quality and number of layers. We therefore abandoned the CVD approach for BLG and
turned instead to a commercial option to guarantee a uniform bilayer of graphene.
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Figure 3.4 — Raman spectrum of commercial BLG on a TEM grid. Measurements acquired
on the free-standing parts of graphene spanning over the 6.5 um holes of the Cu support
grid. 488 nm laser wavelength, 2400 1/mm grating, 25 mW power, exposition time of
50 s, averaged over 5 sample regions.

Bilayer graphene on a TEM grid was purchased from TED Pella (PELCO 2-Layer
Graphene on Ultra-fine 2000 Mesh Copper TEM Grid supported by 1 x 2mm Synaptek
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Slotted Grid) [128]. Raman spectra, as the one shown in figure 3.4, were acquired as a
reference prior to any transfer attempts on the BLG/TEM grid. Although the G and
2D bands are sharp and are characterized by I(G)/I(2D)< 2, which is considered to
characterize multiple layers of stacked graphene 2.1.1, the shape of the spectrum between
the D and G bands (around 1500 cm™!) is typically attributed to disordered systems
such as a-C, as was shown for the graphene on a-C in the previous section (see fig. 3.2
(a)). Unlike the single layer graphene on a TEM grid, the BLG was not supported by
an a-C layer, but was instead free-standing between the 6.5 um holes of the ultra-fine
copper grid, implying that the amorphous signal was due to the BLG, which was of low
quality. Further, the 1 x 2 mm? bilayer graphene was slightly lower than the rest of the
grid, making it impractical for transfer with the wafer-bonding approach. This motivated
the homemade production of bilayer graphene by mechanical stacking of two monolayers
grown by CVD (see section 3.4.2).

3.3 Naphthalene-assisted transfer

It was shown that polyaromatic hydrocarbons such as naphthalene (CyoHg) could be
used as a support layer for the transfer of graphene [179,180]. The advantage in using
naphthalene lies in the fact that it should easily evaporate upon heating, leaving no
residue, making it an ideal transfer supporting layer.

In the original method described by Chen & al., naphthalene is first drop-coated onto the
graphene on its growth substrate. The naphthalene/gr/Cu is then immersed in an etching
solution to remove the Cu and, after etching, the naphthalene/gr can be transferred to a
target. The naphthalene/gr/target is then heated to 60 °C for 1 hour for naphthalene
removal [179]. We adapted this method by delaminating the graphene from its growth
substrate using the electrochemical bubbling method [52].

A 5x5 mm? piece of CVD grown graphene on Cu was placed on a heating plate with
naphthalene crystals (manufactured by Sigma Aldrich [181]) placed on top of it. The
sample was then heated to approximately 60°C. At this temperature the naphthalene
melts and covers the whole gr/Cu surface under the effect of its own weight. Attempts
were made to use a glass plate with teflon tape to press the Naphthalene and obtain a thin
layer, but we were unable to detach the teflon tape from the naphthalene post-pressing.
We therefore carefully placed the minimal amount of naphthalene on top of the graphene
such that upon melting it would just cover the sample without making a visibly thick
layer.

For electrochemical delamination, the naphthalene/gr/Cu sample was clamped with a
small flat alligator clip and connected to the positive output of a DC power supply, while
a 0.5 mm diameter platinum wire was connected to the negative output. Both the sample
and the Pt wire were placed in a cold (10 °C) NaOH 1 M solution. When current is
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applied (5 V and 5-15 mA), hydrogen bubbles (with size and number varying with the
current intensity) form at the interface between Cu and graphene, and in less than 10
minutes, the graphene/naphthalene floats on the surface of the NaOH solution.

In order to evaluate the success of the transfer method, 25 pm thick polycrystalline Cu
was chosen as a target, as it would allow direct comparison to our CVD grown samples
by Raman spectroscopy. Once delaminated, the naphthalene-supported graphene was
fished out with a pair of tweezers and placed (graphene facing down) on top of the target
Cu and heated up to 60 °C for evaporation of naphthalene.

Multiple experiments were carried out with various currents during electrolysis. The
time for delamination varied between 3 and 10 minutes depending on the current. In
each case, Raman spectroscopy on the Cu sample post-transfer revealed that none of
the characteristic graphene bands (D, G and 2D) were detected. No graphene had been
transferred, and Raman spectroscopy performed on the Cu growth substrate further
revealed that the graphene was no longer on the Cu surface either, implying it had been
delaminated but had not remained attached to the naphthalene. It was concluded that
the bond between the naphthalene and the graphene was not sufficiently strong to avoid
graphene detachment from the naphthalene support film upon bubbling and that only
naphthalene was fished out.

Furthermore, in our experiments we observed that this method wasn’t as clean as
described, as residue from the naphthalene assisted transfer was visible by eye even after
sublimation. This could however be due to the fact that the graphene was separated
from the naphthalene during the electrolysis procedure; the absence of graphene between
the Cu and naphthalene could enable the naphthalene to stick to the Cu and be difficult
to remove completely.

The electrolysis experiment was also carried out without the naphthalene support layer
on top. Raman spectroscopy revealed that the graphene was not delaminated from its
growth substrate. This could be explained by the fact that the graphene could flexibly
detach and reattach to the Cu without the rigidity of the support layer and thus let the
bubbles escape without being peeled off.

Taking these factors into account, the Naphthalene supporting layer was replaced by a
Polyvinyl alcohol (PVA) layer, which was supposed to leave little residue after transfer
[54,110]. When the PVA-covered graphene on Cu was placed in the NaOH and the
electrochemical reaction was initiated, the PVA reacted with the solution and foam
was formed, degrading the PVA layer. PVA was not a compatible supporting layer for
electrochemical delamination. Instead, the original PVA-supported mechanical exfoliation
using a PDMS stamp was adopted as described in the following section.

PMMA could have been used as a support layer in this transfer procedure, but was
discarded because of the residues shown to be left behind during transfer procedures [94].
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3.4 PVA-assisted transfer in air

The PVA-assisted transfer method, illustrated in figure 3.5, is based on the mechanical
exfoliation of graphene from its growth substrate [54]. To support the graphene layer upon
delamination, ensuring the whole layer is transferred without breaking and wrinkling,
PVA is drop-coated on the gr/Cu (step 1). For delamination, a PDMS stamp is used
(steps 2 and 3) and the temperature-dependent adhesion between PDMS and PVA enables
the release of PVA post-transfer (steps 4 and 5). The PVA supporting layer is removed
post-transfer by immersion in hot water (step 6). This same transfer technique was also
demonstrated at large scale using a commercially available PVA foil and a commercial
hot-roll office laminator [182].

msmm Cu

mmmm Graphene
=== PVA

=== PDMS

mmmm Target substrate

1. PVA Coating 2. PDMS contact 3. Lift-off

6. Dissolve PVA 5. PDMS off 4, 150°C pressing

Figure 3.5 — Schematic illustration of the PVA-assisted transfer method. A gr/Cu sample
is first coated with PVA. A PDMS stamp is used to delaminate PVA/gr from Cu. PVA/gr
is stamped onto the target and PVA is removed by immersion in hot water.

For our experiments, a 0.1 M PVA solution was prepared by mixing PVA powder (Sigma
Aldrich [183]) with deionized water in a beaker, and heating the solution to 90 °C while
stirring with a magnetic stirrer for 4 hours.

The graphene used for these experiments was grown by CVD on a polycrystalline Cu foil
according to the procedure described in section 2.6.1. Pieces of 5x5 mm? gr/Cu were
cut and pretreated by placing them overnight in the PVA solution at 45 °C. This process
forms an ultra-thin layer of PVA on the graphene surface, which is said to improve the
bond between PVA and graphene [54]. Comparison between samples with and without
pretreatment did not show any evidence of improvement using this pretreatment step
and it was therefore discarded from the procedure in our work.

For PVA drop-coating, a 5x5 mm? gr/Cu sample is placed on a heating plate and,
using a syringe, a single drop of our 0.1 M PVA solution is dropped onto the surface of
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the gr/Cu. Upon heating of the sample, the water in the solution evaporates, leaving
behind a film of PVA. We found that for optimum coating, the temperature should be
slowly increased (approximately 20 °C per minute) from room temperature once the
drop of PVA is deposited up to a temperature of 70 °C. If the heating is too quick or
the temperature is higher than 70 °C when dropping the first PVA drop, bubbles will
form, making the PVA film of lower quality and more difficult to transfer and possibly
damaging the graphene. After 5 minutes at 70 °C, when all the water has evaporated,
a second drop is deposited at 70 °C on the surface while heating for another 5 minutes.
The second drop can be deposited at 70 °C without damaging the graphene since it is
protected by the PVA film from the first drop. The process is done with two drops in
order to have a sufficiently thick PVA film that won’t break upon delamination.

After the water from the second drop has evaporated, the PVA /gr/Cu sample is attached
with double-sided scotch tape onto a flat support. A half-spherical PDMS stamp is then
pressed by hand (approximately 30 N force) against the PVA surface of the sample.
Quick removal of the stamp after pressing delaminates the PVA /gr stack from the Cu
growth substrate and it remains attached to the PDMS stamp. This stack can then be
transferred onto a target sample by pressing (approximately 10 N force)against the target
with the graphene side facing down. To release the PVA/gr from the PDMS stamp, the
target sample is heated to 130 °C. At this temperature, the heat activates the release of
the PVA from the PDMS and the PVA /gr is detached from PDMS and lies on top of the
target sample.

Post-transfer, the PVA layer is removed by immersing the PVA /gr /target sample in DI
water at 90 °C, for 3 hours. Immersing the sample longer does not reduce the amount
of residual PVA, which is inevitable, as will be shown in the following section. The DI
water was changed multiple times during the process to minimize residue.

In the following we describe examples of PVA assisted transfer on different surfaces.
First, onto a transparent Si sample, which enables optical analysis of graphene and
then to create BLG on Cu, which may serve as a transfer medium. These experiments
demonstrate the versatility of this PVA-assisted transfer procedure.

3.4.1 Graphene transfer on Al,O3

As was mentioned in section 1.1, a single layer of graphene absorbs approximately 2.3 % of
visible light. By transferring graphene onto a polished Al,O3 crystal sapphire, transmission
mode optical microscope images reveal the light absorption and the continuity of the
graphene layer can be checked on the um scale. Further, a second layer can be transferred
and the optical images can confirm successful piling of the graphene layers. A 5x5 mm?
Al,O3 sample was immersed in Isopropanol for 15 minutes and rinsed in DI water for

cleaning. For transfer, the Al,O3 target was heated to 130 °C and stamped with the
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PVA/gr. After PVA removal, Raman spectra were acquired over 10 different sample
regions. Graphene covered the whole Al,O3 sample and the average Raman spectrum
shown in figure 3.6 shows that the graphene is characterized by an average I(D)/I(G) =
0.1, indicating high quality with low defect density.
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Figure 3.6 — Raman spectrum of graphene transferred onto Al,O3 using the PVA-assisted
transfer method. 488 nm laser wavelength, 2400 1/mm grating, 25 mW power, exposition
time of 50 s, averaged over 10 sample regions.

After characterization, a second layer of graphene was transferred on half of the MLG/Al,O3
sample for comparison in optical absorption. The optical microscope image shown in
figure 3.7 (a) shows a 800 x 640 um? region in the center of the sample, where both
MLG and BLG can be seen on Al,O3. Round surface contaminations with a diameter
of a few micrometers can be seen. They are supposed to be PVA residue, or surface
contaminations stuck under the graphene layer. In order to assess the change in graphene
thickness across the sample, we calculated the relative transmission by dividing the pixel
intensities by those of areas with no graphene on top (100 % relative transmission). The
relative transmissions for points between the two dashed red lines were calculated and are
plotted as a function of the pixel number in figure 3.7 (b). Their mean values along the
MLG and BLG parts are represented as blue lines at respectively 97.3 % and 93.3 %. The
absorption on the MLG part is, at 2.7 %, slightly higher in average than the literature
value of 2.3 %, which may be explained by residual PVA from the transfer procedure. It
has been shown that the absorption increases linearly with graphene layers [184], thus
according to our MLG measurement, two layers should absorb 5.4 %, according to the
literature value, 4.6 %. On the BLG part of our sample the average absorption was
6.7 %, which again could be caused by PVA residue on the surface. The variations in
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absorption with position also indicate that the residue is not evenly distributed, with
regions absorbing more than others. This result however confirmed that we were able to
transfer a second layer of graphene on top of the first one.
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Figure 3.7 — (a) 800 x 640 um? optical transmission microscope image of BLG (left half)
and MLG (right half) on Al,O3. The white scale bar represents 100 pm and the red
dashed lines show where the transmissions shown in (b) are calculated. (b) Relative
transmission as a function of horizontal position. Average relative transmission of 93.3 %
and 97.3 % for BLG and MLG respectively.

3.4.2 Mechanically stacked BLG/Cu

Bilayer graphene on Cu can be produced by mechanical stacking using gr/Cu grown by
CVD as the target of the PVA-assisted transfer. Since in this case only a single transfer is
necessary to obtain BLG/Cu, this sample should be less contaminated than the BLG/Si
sample and could be used as support for transfer in UHV. For direct comparison between
monolayer and bilayer graphene on Cu by Raman spectroscopy and by XAS, samples
consisting of MLG/Cu on one half and BLG/Cu on the other were made as is shown
in the procedure depicted in figure 3.8. Two pieces of CVD grown graphene on Cu are
cut (one 5x5 mm? and one 10 x5 mm?). The smaller piece is covered with PVA (step
(a)) and transferred onto half of the larger piece by the PVA-assisted transfer procedure
(step (b)). After PVA removal, the resulting sample consists of MLG/Cu on one half and
BLG/Cu on the other half, referred to as MLG after transfer (AT) and BLG AT (step
(c)) respectively. The MLG AT is distinguished from the MLG by CVD because it has
been immersed in water for the PVA removal, which may alter its spectrum. We now
turn to the characterization of these samples by Raman spectroscopy and XAS.

Raman analysis

Prior to the PVA-assisted transfer, the Raman spectrum of the CVD-grown graphene
on Cu (see section 2.6.1) was acquired. After transfer, both MLG/Cu and BLG/Cu
areas were measured. These correspond to the MLG AT and BLG AT in figure 3.8. The
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Figure 3.8 — Schematic illustration of the BLG/Cu stacking procedure. (a) One sample
of gr/Cu is coated in PVA. (b) Graphene is transferred by the PVA-assisted method onto
half of a MLG/Cu sample obtained by CVD. (c) After transfer (AT), a sample covered
half with MLG and half with BLG is obtained.

Table 3.3 — Raman characterization of MLG and BLG on Cu obtained by the PVA-
assisted transfer. The values are the averages on 5 measurement spots and are given
with a confidence interval evaluated as the standard deviation of the dispersion of the

values measured in different spots. The FWHM and peak positions are given in cm™!.

Sample 2D FWHM | 2D position | G FWHM | G position | I(G)/I(2D) | I(D)/1(G)
MLG CVD | 34+3 2714+4 1842 1588 +2 0.35£0.07 0.1+£0.03
MLG AT 34+3 2688+3 22+4 1583+1 0.33£0.08 0.11+0.04
BLG AT 40+4 2703+£3 1943 1585+2 1+0.7 0.08+0.06

MLG AT and BLG AT sample was annealed to 200 °C before measurements. In figure
3.9, the three spectra, each averaged over 5 sample regions, are plotted. The average
values of FWHM, peak positions, 1(G)/I(2D) and I(D)/I(G) ratios for these spectra are
given in Table 3.3 with a confidence interval evaluated as the standard deviation of the
dispersion of the values measured in different spots. The measurement error for a given

spot is much smaller and is therefore neglected. The sharp peak at around 2330 cm™! is

1

a measurement artefact and the one at 1300 cm™" is a background subtraction artefact.

Comparison between the 2D band of the CVD grown sample and the MLG AT shows
that the 2D band is redshifted (by 26 cm™!) after the transfer procedure, which indicates
possible doping of the graphene [185], that may be due to PVA residue adsorbed on the
surface that was not completely removed by immersion in water. For direct comparison
with the BLG AT, the MLG AT is used instead of the CVD grown MLG/Cu such that
the effects of these residues are taken into account. After transfer of the top graphene
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Figure 3.9 — Raman spectra of CVD grown MLG/Cu (in black), MLG AT(in blue) and
mechanically stacked BLG AT (in red) on Cu. Sample annealed to 200 °C. 488 nm laser
wavelength, 2400 1/mm grating, 25 mW power, exposition time of 50 s, averaged over 5
sample regions.

layer, the FWHM of the 2D band increases from 34 cm™! to 40 cm™! and the I(G)/I(2D)
ratio increases from 0.33 to 1.0. These values are in agreement with typical values for
monolayer and bilayer graphene samples (see Table 1 in [166]). Further, the 2D peak
position for the MLG AT spectrum is 2688 cm~! and for the BLG AT spectrum, the
peak is at 2703 cm~!, a blueshift that is typically attributed to the change in Fermi
velocity in bilayer graphene [186]. The very large spatial variations of the I(G)/I(2D)
and I(D)/I(G) ratios, expressed in the confidence intervals, are believed to be due to
specific local twist angles between the two graphene layers that may induce very large G
band intensities for some angles (a 12° twist angle has been shown to increase the G band
intensity by a factor 4 with respect to other twist angles) [34]. These may appear due to
the random alignment of the graphene domains during growth on polycrystalline Cu and
the subsequent transfer of another multi-domain graphene layer on top. Nevertheless,
these results suggest that we successfully stacked two high-quality layers of graphene on
the polycrystalline Cu sheet.

XAS analysis

To further characterize the success and the cleanliness of the PVA-assisted transfer
method, XAS measurements were carried out at the K-edge of C with linearly polarized
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(0° and 90° polarizations) x-rays on both the MLG and BLG regions of the sample.

In figure 3.10 (a), the XANES spectrum of pristine MLG after transfer is compared to
the same sample annealed to 420 °C in UHV for 30 minutes. The difference in intensity
and peak shape of the XANES suggests the presence of an amorphous C contamination
on the MLG after transfer. Indeed, the XAS intensity is strongly reduced on the annealed
sample, leaving only the m and o electron orbital absorption peaks. Annealing to
lower temperatures was not sufficient to reduce the contamination and in subsequent
experiments, the transferred samples were annealed to 420 °C. This C contamination is
supposed to be due to PVA, which contains carbon atoms that contribute to the XAS
background signal depending on the bonds they form on the graphene surface.

In figure 3.10 (b), we show the XANES spectra of both MLG and BLG regions after
annealing to 420 °C. To compare the amount of graphene on both MLG and BLG
parts, the 7w electron orbital XAS absorption peak intensities are measured in figure
3.10 (b). However, the masking of the signal of the first graphene layer by the second
layer must be taken into account for proper comparison. Indeed, during the background
subtraction, in order to take into account small variations in the x-ray beam intensity,
the spectrum of the clean Cu and the one with graphene are normalized to unit in the
pre K-edge of the C region. This normalization masks the difference in absorption of
MLG and BLG. By checking the absolute absorption intensity in the pre K-edge of the
C region, we found that each graphene layer reduces the substrate signal by about 25 %.
Taking this factor into account, the spectrum for BLG has to be multiplied by a factor
1.25. After multiplication, the m orbital peak intensities are 0.6 and 1.2 for MLG and
BLG respectively, confirming the presence of BLG on half the sample. Indeed, the peak
intensity is a measure of the number of contributing 7 electron orbitals, which should
theoretically be double in the case of BLG compared to MLG.

In summary, this transfer method is successful at making BLG samples, but the samples
obtained by this transfer method need to be annealed to 420 °C in order to remove the C
contamination from PVA. We were previously unable to detect this carbon contamination
by Raman spectroscopy, which could be due to the fact that PVA Raman bands disappear
upon thermal destruction while increasing background intensity [187] and could contribute
very little to the Raman spectrum of the transferred graphene. The bilayer prepared this
way is a potential candidate for transfer of graphene to a target surface since it no longer
requires the removal of a support layer as the remaining Cu/gr would remain attached to
the stamp. Furthermore, the thin polycrystalline Cu sheet on which the BLG is adsorbed
is quite flexible, making it easily adaptable to the morphology of the target surface.
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Figure 3.10 — Carbon K-Edge XANES of (a) pristine and annealed (420 °C) MLG AT and
(b) annealed (420 °C) MLG AT and BLG AT regions. The 0° and 90° polarizations have
been summed. Graphene 7 electron orbital absorption peak at 285 eV and o electron
orbital peak at 292 eV. The spectra were acquired at 60° incidence at room temperature
at the X-Treme beamline. Cu background was acquired on a clean Cu(100) single crystal
and subtracted.

3.4.3 BLG/Cu for transfer

Using the PVA-assisted method, mechanically stacked BLG/Cu samples were created to
be used as a transfer medium. After PVA removal, the Cu/BLG was annealed to 420 °C.
For transfer in air, a 5x5 mm?, 25 ym thick polycrystalline Cu sheet was immersed in
acetic acid (CH3COOH) for decapping and subsequently rinsed in DI water. Prior to
transfer attempts, the clean Cu was checked by Raman spectroscopy to verify that the
graphene-related D and G bands were not present. Using the wafer-bonding approach, the
BLG/Cu was placed with the BLG facing down on the clean Cu and a weight was placed
on the Cu/BLG/Cu stack. Pressing force and temperature were varied, but Raman
spectroscopy performed on each target Cu post-transfer in air revealed the absence of
transferred graphene in each of the attempts. This could either be due to a stronger
bond between the two graphene layers than the graphene-Cu bond or to a contaminated
interface which would not allow the top graphene layer to adhere to the target Cu.

To ensure the cleanliness of the target during transfer, the same experiment was repeated
in UHV conditions using a clean Ir(111) target crystal. An Ir(111) target was chosen in
hope of using STM imaging of the typical moiré pattern of graphene on Ir(111) to assess
the success of transfer in addition to AES. The BLG/Cu was glued with silicone glue on
top of a PDMS stamp adapted for our UHV setup (see section 2.5.1 and fig. 2.13). This
setup preserves flexibility and adaptability of the BLG/Cu stamp for pressing onto the
target.

Prior to transfer, the Ir(111) crystal was prepared according to the procedure described
in section 2.5.2 and cleanliness was checked by means of AES. The BLG/Cu/PDMS
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stamp was placed graphene-face down on the Ir(111) target at room temperature for
transfer and pressed with 30 N using the wobble stick (see fig. 2.14). The force used for
pressing is limited by the wobble-stick on which the stamp is mounted. The target and
the Cu/BLG stamp were pressed together for approximately 30 seconds before lifting
the stamp. Transfers were performed with the target at a temperature between RT and
80 °C. After transfer at RT, no AES peaks other than Iridium were detected, suggesting
no graphene was transferred. On the contrary, after transfer at 80 °C, a carbon peak was
detected on the Ir(111) surface, but oxygen was detected simultaneously on the surface as
is shown in figure 3.11. During the transfer attempt, the pressure climbed to 1-1078 mbar,
due to degassing of PVA or PDMS in contact with the hot target. Annealing to 430 °C
leads to partial desorption of carbon and oxygen while maintaining the C and O ratio
roughly equal as is shown in table 3.4. This suggests the presence of a large majority of
adsorbents containing both C and O, which suggests PVA (C,H40) or PDMS (C,HgOSi)
lies on the surface. This hypothesis is supported by the fact that we were unable to image
the surface with STM, even after annealing to 430 °C, as the STM tip was too unstable.
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Figure 3.11 — Auger electron spectra after UHV transfer from BLG/Cu onto Ir(111). In
blue after transfer at 80 °C and in red after subsequent annealing to 430 °C. The intensity
is normalized to the Ir peak height (at 54 eV). Primary electron energy 3 kV, 0.3 eV
step in analyzer energy. Intensity ratios in table 3.4.

In conclusion, although it is possible that some graphene had been transferred when
the target Ir(111) sample was at 80 °C, PVA or PDMS account for a large part of the
transferred material due to degassing and could not be removed, making this approach
unsuited for our goal. The lack of success in transferring the top graphene layer at room
temperature suggests that the adhesion between graphene layers is stronger than the
adhesion at the gr/Ir interface, even though the target Ir(111) was clean. This could be
due to interfacial contamination between the two layers due to the exposure to air or
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Table 3.4 — Auger intensity ratios measured in figure 3.11 and equivalent amount of C
in ML (calculated with respect to a reference CVD grown sample, see section 2.3) after
transfer from BLG/Cu onto Ir(111). The ratio between carbon peak intensity and oxygen
peak intensity Ic/Ip is given.

Sample Ic/ Iy Equivalent amount of C [ML] | Ic/Io
Pristine 2.7+0.1 | 1.0+0.04 1.9+0.1
Annealed 430 °C | 1.7+0.1 | 0.6+0.04 2.2+0.1

to the PVA residue on top of the BLG, which should however act as a glue. Interface
contamination can be reduced by carrying out the delamination process of graphene from
Cu for bilayer stacking in UHV, but still requires the sample to be exposed to air and
water.

3.5 Adaptation of the PVA-assisted transfer to UHV

Although the PVA-assisted transfer cannot be carried out completely in UHV, due to the
necessity to remove PVA in water, the crucial steps of graphene delamination and transfer
to the target can be at least partially adapted for UHV. By doing so, the interface between
the graphene and the target surface can be kept clean, free from air contamination. In
order to carry out the transfer in UHV, a PDMS stamp was adapted for our experimental
setup (as described in section 2.5.3). 5x5 mm? pieces of CVD grown gr/Cu were cut,
and PVA was drop-coated on each piece, as described in section 3.4. The PVA /gr/Cu
was then stuck to an aluminium plate adapted for our sample stages with double-sided
tape (see fig. 3.12 left).

The first step involves the delamination of the graphene from its Cu growth substrate
in the UHV chamber. The PDMS stamp (see fig. 3.12 right) is pressed against the
PVA /gr/Cu with the wobble stick (as shown in figure 2.14) and lifted in a quick motion,
delaminating the PVA /gr from the Cu growth substrate.

The target sample is then placed on the L-shaped manipulator and heated to 130 °C. For
transfer, the PDMS/PVA /gr is placed on top of the target sample and pressed for 10
seconds (with 10 N force) before gently lifting the PDMS stamp.

Post-transfer, the target sample, covered with graphene and PVA, must be taken out of
the UHV chamber and placed in water for PVA removal. After PVA removal in water,
the sample is reinserted in the UHV chamber. Following our findings in the XAS analysis
performed on PVA-assisted transfer of graphene, the sample was subsequently annealed
to at least 400 °C. This adapted PVA transfer technique was used to create mechanically
stacked bilayers of graphene on Ir(111) as is described in the following section.
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Figure 3.12 — Equipment for PVA-assisted transfer in UHV. On the left the aluminium
plate on which two PVA-covered graphene on Cu samples are fixed with double-sided
tape. On the right, the PDMS stamp used to delaminate the PVA /gr from the Cu.

3.5.1 BLG/Ir(111) for transfer in UHV

The unsuccessful transfers from BLG/Cu to an Ir(111) target motivated making a
supported BLG with a clean interface between the two graphene layers. Since graphene
can be obtained simply by CVD on Ir(111) (self-limited process yielding a single layer
of graphene), gr/ Ir(111) was chosen as the support for the BLG. The disadvantage of
using Ir(111) lies in the rigidity of the sample, which cannot perfectly adapt over the
target surface upon transfer.

Graphene was grown by CVD on Ir(111) in our UHV chamber as described in section
2.6.2 and the I¢/Iy; ratio of gr/Ir(111) was checked with Auger spectroscopy to confirm
ML growth (see bottom spectrum in fig. 3.13). The PVA-assisted transfer technique
adapted for UHV described above was then carried out using the CVD grown gr/Ir(111)
sample as a target for transfer. The process yields a BLG/Ir(111) sample after PVA
removal and annealing to 430 °C to remove the majority of PVA residue (see section
3.4.2). The two surfaces of graphene that are in contact with each other have not been
exposed to air and should therefore theoretically be bound by vdW forces, supposing
that no interlayer diffusion takes place when the sample is exposed to air and the PVA is
removed in the hot water. Figure 3.13 shows the Auger spectra for gr/Ir(111) obtained
by CVD and BLG/Ir(111) after PVA-assisted transfer and annealing to 430 °C. The
intensity ratio for I/ I for the CVD-grown gr/Ir(111) is 2.6. For BLG/Ir(111), the ratio
is 12. In section 2.3, comparison between a theoretical calculation of the Auger intensity
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ratios for BLG/Ir(111) and MLG/Ir(111) shows that the signal intensity ratio is not
simply multiplied by a factor of 2, but that the multiplication factor should be closer
to 3. With the single layer on Iridium at 2.6, an intensity ratio of 8 was expected for
BLG/Ir(111). Our ratio value of 12 is 50 % larger than the theoretical value, suggesting
that we still had PVA residue on the surface. However, this sample was used as the
graphene carrier for transfer using the wafer-bonding approach in UHV.
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Figure 3.13 — Auger spectrum of PVA-assisted BLG/Ir(111). The first layer of graphene
was grown by CVD, the second layer was transferred by the PVA-assisted method. The
intensities are normalized to the Ir peak height (at 54 V) and offset for clarity. Primary
electron energy 3 kV, 0.3 eV step in analyzer energy.

In order to transfer the top layer of graphene from the BLG/Ir(111) to the target,
the BLG/Ir(111) was flipped by 180° in the load-lock such that the BLG was facing
downwards. The BLG/Ir(111) was pressed for 10 seconds against a second Ir(111) crystal
used as the target, prepared as described in section 2.5.2. Following transfer attempts,
AES was performed on the surface to check for the presence of carbon on the target
Ir(111) sample. The procedure was repeated several times without success. This could
either be due to a weaker bonding force between graphene and iridium with respect to
the two layers of graphene (perhaps due to the use of PVA), or to imperfect alignment of
the two crystal surfaces in contact. Indeed, both samples being rigidly mounted, with no
PDMS stamp to allow the two surfaces to adapt to each other, an atomic-level alignment
of the two surfaces is practically impossible to perform.
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To check the first hypothesis, we tried the same procedure using Ni(111) as target since
due to the hybridization of the m-orbitals of graphene with the nickel d-electrons [188]
stronger adhesion than the graphene-iridium bond is expected. The Ni(111) target sample
was again prepared as described in section 2.5.2 and the same transfer procedure using
Ir(111)/BLG was performed, unsuccessfully, suggesting that a better alignment of the
surfaces was necessary. Further, these results again seem to suggest that PVA enables a
stronger bond between two graphene layers post-transfer. To test this hypothesis, a piece
of scotch-tape was pressed on the Ir(111)/BLG, taking care to have a uniform adhesion
to the surface before being lifted. Raman spectroscopy performed on the piece of tape
post-delamination revealed that no graphene was delaminated, confirming that a strong
bond had formed between the two graphene layers, making it impossible to transfer using
this technique.

To further understand how PVA contaminates the transferred graphene layer, the transfer
procedure was applied onto an Ir(111) target. Our results are presented in the following
section.
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3.6 PVA-assisted transfer from CVD graphene to Ir(111)
in UHV

Transfer of a graphene layer on clean Ir(111) can be compared to a CVD-grown graphene
on Ir(111) to assess the different graphene quality obtained with the two methods. In
theory, a clean transfer should allow one to see the moiré that is formed when graphene
is adsorbed on Ir(111) (see section 2.6.2).

Our UHV-adapted transfer method was applied to a clean Ir(111) sample according to
the procedure described in section 3.5. Post-transfer, PVA was removed by immersion in
hot water and the sample was reinserted in UHV via the load-lock. The gr/Ir(111) was
first annealed to 100 °C to desorb water residue and AES was used to assess the amount
of transferred graphene and carbon transfer residue by comparison to the reference AES
spectrum of CVD-grown graphene on Ir(111), which was characterized by I¢/I; = 2.7
during these experiments (see section 2.3)). A successful and clean transfer should be
characterized by the same ratio since this value should be independent of whether the
graphene was grown on the iridium by CVD or if it was transferred to it. On the contrary,
contamination of the graphene layer or the gr-iridium interface would change the ratio
because of the difference in electron absorption at different energies (54 eV vs. 270 eV).

Multiple transfers were performed following this procedure and in each case AES showed a
very high carbon content (in some cases equivalent in quantity to more than 2 monolayers
of graphene). This large amount of carbon was attributed to residues of PVA which were
not removed by immersion in the hot water, as was also observed for our transfers in air.

In Table 3.5, the evolution of the Ic/I;; ratio with respect to annealing temperature is
given for the sample on which the STM image shown in figure 3.14 was acquired. The
equivalent amount of C (in ML) was estimated by assuming a linear dependence between
Ic/ I and the coverage (considering that Ic/Iiy = 2.7 for 1 ML and I/l = 8.1 for 2 ML,
according to the discussion in section 2.3).

Table 3.5 — Evolution of the Auger Ic/ Iy ratio as a function of the annealing temperature
for gr/Ir(111) obtained by PVA-assisted transfer. Estimated equivalent amount of C
calculated with respect to a reference CVD grown gr/Ir(111). The error bars on the
ratios and equivalent amounts of C are 5 %.

Annealing T [ °C] 100 | 450 | 550 | 700 | 900 | 1100
Annealing time [min] 10 |30 |15 |15 |5 3
Ic/ Iy 8.0 |44 |4 41 139 |36
Estimated equivalent amount of C [ML] | 1.98 | 1.32 | 1.24 | 1.26 | 1.22 | 1.17

In general, after being inserted in UHV, the samples are annealed to at least 100 °C to
remove water contamination. Increasing the annealing temperature to 450 °C significantly
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reduces the carbon quantity, which indicates a large quantity of residual amorphous
carbon is desorbed from the surface. Annealing to higher temperatures further decreases
the Ic/ I ratio to a value of 3.6 (equivalent to 1.17 ML) at 1100 °C. The annealing time
was limited by the increase in pressure due to degassing; higher temperatures could be
maintained for shorter times. The Auger spectrum for the sample annealed at 1100 °C
is shown in figure 3.14 (a). The ratio in this figure is 3.3, equivalent to 1.11 ML, but
the value of 3.6 (or 1.17 ML) was the average over 3 different measurement areas on the
sample. The SNR of this spectrum is lower than the one shown in figure 2.8 (channeltron
voltage 1200 V). This is due to the channeltron voltage that was 1000 V for this spectrum
and was later increased to improve the SNR. On the same annealed sample, STM shows
multiple domains with multiple moiré orientations and periodicities and islands pinned
to the domain boundaries (see fig. 3.14 (b)). The standard deviation of the dispersion of
the different domain orientations is 21°. It is not certain whether the multiple domains
and periodicities are due to the growth method of the graphene, which is grown on
polycrystalline copper, inducing small domains of graphene [15], or if they appear during
transfer, due to the stress put on the graphene layer, which may lead to deformations and
thus modify the graphene as described in section 1.1.4. The large white islands seen on
the STM image shown in figure 3.14 (b) are interpreted as carbon residue from the PVA
support layer (in accordance with the higher I/l Auger ratio of the sample compared
to CVD grown gr/Ir(111)). These residues get stuck and accumulate at the boundaries
of graphene domains probably due to residue reorganisation during annealing.

Based on the chemical composition of PVA (C,H40) and the fact that no oxygen peak
was detected (no Oy peak at 520 eV in 3.14 (a)), we suppose that the residue is carbon
left over from the annealed PVA, which is supported by our XAS experiments (see 3.4.2),
which also showed that carbon residue was adsorbed on the surface. The residue coverage
measured on this image is 14 % (projected area on the surface) and the average apparent
height of the residue islands is 15 A.

To increase the size of the transferred graphene grains, we attempted to transfer a layer of
graphene grown on Iridium directly in the UHV chamber. The graphene layer was grown
on Ir(111) as described in section 2.6.2 (exposure of Ir(111) heated to 1400 K to 100
Langmuir of C,Hy). The sample was then taken out of UHV and covered with PVA before
being reintroduced in the UHV chamber for delamination. We were unable to detach the
graphene/PVA from the Iridium sample after multiple attempts, suggesting the adhesion
force between graphene and Ir(111) was larger than the PVA/PDMS bonding strength.

In conclusion, although we are able to transfer graphene to Ir(111) and see the moiré
pattern, the sample must be brought to air and then annealed to high temperatures upon
reintroduction in UHV, and is still covered with PVA residue. This makes it unsuited for
capping or building 3D heterostructures based on graphene without contamination from
air and PVA. Note that we speak here about amounts of contaminants in the 10 % of a
monolayer range, which is relatively clean compared to conventional transfer methods.
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Figure 3.14 - Graphene transferred on Ir(111) and annealed to 1100 °C (a) AES spectrum,
Ic/Iy = 3.3, equivalent to 1.11 ML of C (b) 1000 Ax 1000 A STM image (V;=-1.4V,
=300 pA, T = 300 K)

Nevertheless, a PVA-free procedure was necessary for a clean transfer that did not require
annealing to high temperature for residue removal nor immersion in water. The most
promising transfer media is a multilayer of graphene from which a single layer can be
detached. In what follows we describe our results using multilayer graphene on SiC as
the transfer media.
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3.7 Graphene on SiC for transfer

From private communications in August 2019 with Professor Satoru Tanaka from the
university of Kyushu, Japan, we learned that in his group they were able to transfer
graphene from one gr/SiC sample to another gr/SiC sample and obtain partial bilayer on
one side by pressing them against each other in high vacuum (HV). Their experimental
setup consisted of a press placed in a vacuum chamber, which enabled relative positioning
of the two surfaces in perfect parallel alignment unlike our experiments performed with
the wobble stick. The result of their transfer process is a partial transfer of a layer of
graphene. They, however, specified that the side on which the graphene was transferred
was random. These results nevertheless motivated the use of graphene on SiC as our
graphene source for transfer.

Commercial 7 x 7mm? monolayer graphene on the Si-face of 4H-SiC(0001) was purchased
from Graphensic AB [189]. These samples are prepared by Si sublimation from a SiC
substrate at high temperature and are described to have a homogenous graphene layer
on top of a carbon buffer layer on the Si surface [190]. The bond between the carbon
buffer layer and the Si should be stronger than the graphene-buffer layer bond; therefore,
the buffer layer should not be transferred with the graphene.

For more adaptability to the underlying target surface, the SiC sample was mounted on
top of a PDMS stamp as described in section 2.5.3. The gr/C/SiC was glued onto the
PDMS stamp with silicone adhesive (DOWSIL 744 RTV Adhesive Sealant [162]) and left
to dry overnight before being inserted into the UHV chamber.

The first transfer experiments were carried out using Ir(111) as target. Using our wobble
stick, the gr/C/SiC/PDMS was pressed against the clean crystal (graphene side facing
downwards) at room temperature for times varying between 10 seconds and 1 minute
with a pressing force of 30 N. None of the AES spectra revealed the presence of C on
the Ir(111) surface. This was mainly attributed to the combination of weak interaction
between Iridium and graphene, which could be attributed to surface contamination of
the SiC sample that had been in air prior to our transfer attempt and had not been
annealed in UHV, or to the difficulty of aligning both rigid surfaces for pressing using
the wobble stick. Indeed, in contrast with Prof. Tanaka’s experiment, our system did
not present the same perfectly parallel pressing system. Transfer was attempted with
the target sample at 100 °C and carbon was present in the Auger spectrum (equivalent
to 0.2 ML of C), but similarly to our results using BLG/Cu on the PDMS stamp, an
oxygen peak was also visible at 520 eV, again suggesting that carbon and oxygen had
been adsorbed on the surface due to degassing of the PDMS stamp during pressing.

To increase the probability of transfer by increasing graphene-target adhesion, a clean
Ni(111) crystal was used as a target. The previously described transfer procedure was
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Table 3.6 — Effect of annealing gr/SiC samples to 250 °C on the Carbon Auger peak
intensity.

Sample | Peak-to-peak pristine [a.u.] | Peak-to-peak annealed [a.u.] | variation
SiC 1 0.148 0.134 -10 %
SiC 2 0.169 0.156 -8 %

repeated and graphene transfer assessed with AES. Again, only the transfer at 100 °C
was characterized by a carbon peak in the Auger spectrum, along with oxygen.

In an attempt to reduce surface contamination of the graphene on SiC, the gr/C/SiC
sample was attached to a Cu sample-holder adapter using silver paste (see fig. 2.13 ). It
was then inserted in the UHV chamber and annealed to 250 °C for cleaning. The SiC/gr
was then taken out of the vacuum chamber and removed from the Cu before being glued
onto the PDMS stamp and reinserted in the UHV chamber. The AES spectrum before
and after annealing of two separate SiC samples were acquired at a primary electron
energy of 3 kV and a 2.34 A filament current. In both samples, a reduction in carbon
content was observed upon annealing. The carbon peak intensities are listed in table
3.6. Annealing decreases the C signal by roughly 10 %. This decrease is attributed to
carbon-containing surface pollution that was removed by annealing.

Although this procedure seems to reduce surface contamination (lower carbon content on
the surface), we were still unable to transfer the graphene from the SiC after carrying
out the same transfer procedure. This could be due to the necessity to re-expose the
SiC/gr to air after annealing in order to glue it to the PDMS stamp. Following these
negative results, the same scotch-tape procedure used on the TEM grid was carried out.
We were unable to delaminate a single layer of graphene from the commercial SiC/gr
sample, which demonstrated that this sample was unsuited for our transfer approach.

Following the “34e édition des Journées Surfaces et Interfaces” conference, organized by
the institute of nanoscience of Paris, we attempted the transfer of graphene from SiC/gr
samples prepared by Yann Girard of the University of Paris Diderot Lab. MPQ (CNRS -
UMR 7162). A 5 mmx 5 mm area of multilayer graphene was prepared on the C face of
n-doped SiC(000-1) by annealing to 1300 °C for 5-10 minutes [191]. Two types of samples
were prepared for us, one batch with 1-3 layers of graphene and the other batch with 3-6
layers.

The results obtained using these samples were identical to the previously described
commercial gr/C/SiC sample and the same scotch-tape test confirmed that the graphene
was strongly bound to the underlying graphene layers, which we were unable to explain,
as the interaction between graphene layers should be of the weak vdW type.
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3.8 Conclusion

From the results presented in this chapter, we conclude that the use of PVA for the
mechanical stacking of two graphene layers was incompatible with our goal to transfer a
single graphene layer. Indeed, we were not able to detach the top graphene layer from its
support. The PVA somehow enables a strong binding between the graphene layer and
the support on which it has been transferred. This would be possible if the graphene has
defects which would allow the PVA to reach under the layer of graphene and then bind
the graphene to the target supporting layer. This in turn would make it impossible to
transfer the graphene layer using the wafer bonding approach.

Furthermore, the rigidity of the graphene support is crucial for transfer. Indeed, when
graphene transfer was attempted from a rigid support, such as BLG/Ir(111) or SiC, the
graphene layer could not be properly put in contact with the target surface.

Our transfer method therefore requires a flexible support for bilayer graphene that is
mechanically stacked without using PVA. We present our transfer method, which meets
both of these requirements in the next chapter.
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In this chapter we present our PTFE assisted transfer method with which we were able
to transfer a monolayer of clean and high-quality graphene in UHV conditions. We
use the weak adhesion between two graphene layers supported by a PTFE tape. The
BLG/PTFE stack is mounted on a PDMS stamp which allows flexible adaptability to the
target surface. The BLG/PTFE is prepared by repeating the chemical etching of a Cu
growth substrate twice using PTFE as the support layer for graphene during etching. For
a complete characterization of the transfer method, samples obtained using this transfer
procedure were analyzed with AES, STM, XAS, and Raman spectroscopy.

4.1 Transfer procedure

Our transfer procedure was inspired by graphene transfer performed by chemical etching
of Cu/gr without the need of a support layer [192]. In this transfer method, graphene is
first grown by CVD on a thin Cu sheet, then placed in an FeCls solution which etches
away the Cu, leaving behind only the graphene layer. Due to its hydrophobic nature, the
graphene layer stays on the surface of the etching solution, which is then replaced with
DI water for rinsing. It is then fished out with the target sample, by pumping the DI
water out. This approach is interesting as it allows BLG to be made by stacking, without
leaving residue from a support layer such as PMMA or PVA.

In an attempt to reproduce these results, a 5x5 mm? piece of CVD grown gr/Cu was
cut and marked on the gr side with a blue pen (to check for graphene presence and
potential breaking) and placed marked side up in a 0.1 M FeCl3 solution in a beaker.
The hydrophobic nature of graphene on the underside of the Cu kept the sample at
the surface of the solution, such that the marked side was never in contact with the
etching solution. After etching, the FeCls solution was pumped out of the beaker with a
syringe and replaced gradually with pure DI water. This experimental setup is extremely
sensitive to movement. The air flow in the chemical fume hood was enough to break
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the graphene on the surface of the etching solution. After multiple experiments, where
the gr/Cu was etched for between 24 and 72 hours, we concluded that this technique
required an extremely precise pumping procedure which we were unable to attain.

To support the graphene layer during etching, a piece of Teflon (PTFE) tape was used.
Figure 4.1 shows schematically our transfer method which we describe in detail hereafter.
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Figure 4.1 — Schematic of the transfer procedure. (a) CVD grown monolayer graphene
(MLG) on both sides of Cu. (b) MLG on Cu covered with PTFE tape as a supporting
layer. Etching of Cu in FeCls solution and rinsing in DI water followed by etching in
HCI and rinsing in DI water removes the bottom layer of graphene and residue and
leaves a MLG on PTFE. (c) Same procedure as (b) but using PTFE/MLG as support
layer. Etching and subsequent rinsing in DI water leaves a BLG on PTFE. (d) Attach
PTFE/BLG onto PDMS stamp and transfer into vacuum chamber. (e) Press on clean
target sample in UHV. (f) Lift off PDMS/PTFE/MLG leaving behind MLG on target.

We start from a 5x5 mm? large sample of CVD grown (see section 2.6.1) graphene
on polycrystalline Cu (MLG/Cu/MLG) (fig. 4.1 (a)). This sample is pressed onto a
PTFE tape by hand for 5 seconds with a glass plate in an ambient environment. The
MLG/Cu/MLG/PTFE stack is placed with the graphene facing downwards in a 0.1 molar
(M) FeCls solution for 10 hours in order to etch the Cu away (fig. 4.1 (b)). During
this process, the PTFE/MLG/Cu/MLG floats on the surface of the etching solution.
After etching, a bilayer of graphene covered by PTFE is left floating on the surface.
This stack is rinsed in deionized (DI) water for 1 hour. The surface graphene layer is
weakly bound to the graphene layer in contact with the PTFE due to intercalation of
the etching solution between the two graphene layers and the hydrophobic nature of
graphene. Upon contact with the DI water, the change in surface tension causes the
top layer of graphene to break in parts along with etching residue (Fe from the FeCls
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solution), which then slide apart, leaving behind a single layer of graphene sticking to
PTFE. We confirmed this with Raman spectroscopy by comparing spectra before and
after rinsing. This PTFE/MLG sample is then placed with graphene facing downwards
in a 0.3 M HCI solution for another 10 hours to achieve further etching of remaining Cu
residue and residual Fe ions from the preceding etching solution.

This PTFE/MLG stack is then dried in air after rinsing in DI water. The same procedure
is repeated with a second piece of MLG/Cu/MLG, this time using the PTFE/MLG
formed in step (b) as the supporting layer (fig. 4.1 (c)). Because the two graphene layers
are placed in contact in air, no DI water lies in between and the two layers bind together
by van-der-Waals forces. The etching process yields 3 layers of graphene, and again, the
top-most layer and etching residues are removed after rinsing in DI water, leaving behind
bilayer graphene on PTFE (PTFE/BLG) (see fig. 4.2 (¢)). The PTFE/BLG sample is
placed with graphene facing downwards in a 0.3 M HCI solution for 10 hours. Finally,
after rinsing in DI water, a bilayer of graphene on PTFE tape is obtained (see below for
Raman spectroscopy analysis).

The PTFE/BLG stack is subsequently fixed with kapton tape onto a PDMS stamp (see
fig. 4.2 (d)), which is then used as the source for a wafer bonding transfer in UHV. First,
the entire stamp is introduced into UHV via the load-lock. Using our wobble stick (see
section 2.5.1), the PDMS/PTFE/BLG source and target sample are aligned parallel to
each other. The BLG is then pressed against the target surface at room temperature for
approximately 10 seconds with 30 N force (fig. 4.1 (e)). The vacuum pressure increase
during the transfer process is below 1 x 107'% mbar. After lifting off the stamp, the top
layer of graphene is transferred onto the target, as we will show below, while the PTFE
with the first graphene layer remains attached to the stamp (fig. 4.1 (f)).

In figure 4.2 (a), the square piece of CVD grown graphene on Cu is placed onto the
PTFE tape and pressed gently to flatten the Cu onto the PTFE.

Our Cu etching solution (0.1 M FeCls) was prepared by mixing solid Iron(III) chloride
hexahydrate (FeCls- 6H20, Sigma Aldrich) with DI water. For complete etching of the
25 pm thick Cu, the sample was immersed in the solution at room temperature for a
minimum of 8 hours.

4.2 Auger analysis

We measure the quantity of transferred graphene by in-situ AES. The relative intensities
of the main transition peaks of carbon and substrate (Ir(111) or Cu(100)) for samples
obtained by transfer are compared with reference samples of monolayer graphene grown
by CVD on both Ir and Cu. The gr/Ir(111) reference was grown in the UHV chamber
(see section 2.6.2), but the graphene on polycrystalline Cu reference was grown in an
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Figure 4.2 — Pictures of the transfer procedure. (a) MLG/Cu/MLG covered with Teflon
(PTFE) tape as a supporting layer (upside-down). (b) Etching of Cu in FeCls solution.
(c) BLG on PTFE (after step (c) in the transfer procedure). (d) PTFE/BLG onto PDMS
stamp mounted on sample holder (step (d) in the transfer procedure).

external reactor (see section 2.6.1) before being inserted into the UHV chamber. This is
due to the difficulty in growing graphene on Cu by CVD in our UHV chamber.

In figure 4.3, we show Auger spectra of clean Ir(111), of the reference gr/Ir(111) grown
by CVD, and of the gr/Ir(111) sample obtained by our UHV transfer method, the latter
immediately after transfer at 80 °C and after annealing to 1000 °C to study the effect
of annealing on the transfer. Each spectrum was normalized to the intensity of the
Iridium main peak, and the background was removed by subtraction of a fourth degree
polynomial. The most noticeable difference between the pristine and annealed samples
obtained by transfer is the shape of the carbon peak. The carbon peak of the pristine
sample is broader than the annealed and CVD grown samples, which could be due to the
fact that the graphene is floating on the surface and not chemically bound. Indeed, a
narrowing of the peak is observed after annealing. The shape of the shoulder at approx.
260 eV is also more similar to the CVD-grown sample upon annealing.
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Figure 4.3 — Differential Auger spectra obtained on clean Ir(111), CVD grown graphene
on Ir(111), gr/Ir(111) after the PTFE-assisted UHV transfer, and after post-transfer
annealing to 1000 °C. The intensity is normalized to the Ir peak height. The spectra
are offset for clarity. Primary electron energy 3 kV, 0.3 eV step in analyzer energy and
0.65 pA current on the sample.

Table 4.1 shows the intensity ratios of the main carbon peak to the main peak of Ir, or of
Cu (LMM transition at 920 eV) for both CVD grown and transferred graphene (the Cu
spectra are not shown in Fig. 4.3). For comparison, we also include the results obtained
with our PVA-assisted transfer method described in section 3.6. In order to estimate
the amount of transferred graphene, we assumed a linear dependence between the I¢/ Iy
(or Ic/Icy ) peak intensity ratios and the coverage. The coverage is given in monolayers
(ML) and by definition, for the CVD grown gr/Ir(111) sample, where a self-limiting full
monolayer is formed, is 1.0 ML. The pristine transferred sample is characterized by a
coverage of 0.8 ML, whereas the sample annealed in UHV is characterized by 0.9 ML.
This variation is attributed to the fact that the spectra were not acquired on the exact
same area since annealing is performed on the main stage (see section 2.5.1) of our UHV
chamber and because we transfer a graphene layer that does not completely cover our
sample ( 7 mm in diameter), the measurement spot could induce variations in the ratio.
Indeed, we acquired three Auger spectra on different points of another sample, for which
we obtained an average coverage of 0.9+0.1 ML. Segregation of carbon atoms from Ir
bulk was excluded by annealing clean Ir(111) to 1000 °C which did not cause any AES
detectable amounts of C. The same amount of transferred graphene was observed on the
Cu(100) surface. Therefore we are able to transfer very close to a full ML of graphene,
which after annealing, displays within our resolution the same AES spectrum than CVD
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grown graphene.

The last column of Table 4.1 shows the energy separation between C and Ir peaks,
averaged over 5 samples and are given with a confidence interval evaluated as the
standard deviation of the dispersion of the values measured on different samples. For
pristine transferred gr/Ir(111) samples this value is 220 eV, whereas after annealing to
1000 °C, it decreases to 218 eV, which is the value we find for the CVD grown graphene
on Ir(111) reference. Samples annealed to 500 °C were also characterized by the same
energy separation of 220 eV. The approximately 2 eV chemical shift in the peak positions
suggests that the annealing process induces a change in the bonding of graphene to the
substrate and makes it identical to the CVD grown graphene/Ir(111). The temperature
at which this transition occurs is between 500 °C and 1000 °C.

For the pristine and annealed gr/Cu samples, the difference in energy separation between
Cu and C peaks suggests a similar gr/substrate interaction in the two cases.

Because the transfer procedure includes the dissolution of the copper support with FeCl3
acid, we tested if any Cu or Fe residues remain on the surface. High energy resolution
(0.1 eV) spectra were acquired post-transfer within close ranges of the main Cu and Fe
absorption peaks (920 eV and 710 eV [149] respectively) but no signal has been detected
suggesting that both Fe and Cu contamination is below our experimental resolution of
about 2-3 % ML.

Table 4.1 — Auger main peak intensity ratios (in brackets the graphene growth/deposition
method), Ic/I; for graphene on Ir(111) or I¢/Ig, for graphene on amorphous Cu and
on Cu(100), estimated graphene coverage in monolayers, and energy difference AE =
E(C)-E(substrate) between C and substrate main AES peaks

Substrate Main peak ratio | Coverage [ML] | AE [eV]
Tr(111) (CVD grown in-situ) 1.82+£0.06 1.00+0.03 218405
Ir(111) (PTFE, pristine) 1.42+£0.07 0.78 % 0.04 22005
Ir(111) (PTFE, ann. 1000 °C) 1.62£0.07 0.89+0.04 21805
Ir(111) (PVA, ann. 500 °C) 2.26+0.12 1.24£0.07 2185+ 1.0
Ir(111) (PVA, ann. 1100 °C) 2.13+0.11 1.17 +0.06 2175+ 1.0
Polycrystal. Cu (CVD, ann. 150 °C) | 0.57 +0.06 1.0+0.1 648.5+0.5
Cu(100) (PTFE, pristine) 0.45+0.05 0.80 = 0.09 649.3+0.5

It is interesting to compare our PTFE-assisted transfer method with a PVA assisted
transfer method [54]. With this latter method we were able to transfer graphene to a
target surface both in air (on polycrystalline Cu, SiO, and Al,O3) and in UHV (on clean
Ni(111) and Ir(111)). However, after transfer in UHV, the sample must be exposed to
air and placed in hot water for PVA removal, before being reinserted in UHV. After
reinserting the sample in the UHV chamber, the Auger spectrum revealed very large
amounts of carbon and oxygen on the surface, masking almost entirely the Iridium peaks.
This large quantity of carbon (along with oxygen) is attributed to residues of PVA which
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4.3. STM analysis of transferred gr/Ir(111)

are not entirely removed during the immersion in hot water. Annealing to 500 °C for
15 minutes partially removes the PVA residues with the Ic/I; ratio close to 6.75, in
contrast to the reference value of 1.82 (see Table 4.1). Even upon annealing to 1100 °C,
PVA residues are still present, with an excess of 30 % of amorphous C remaining on the
surface as shown by the value of the I¢/ I}, ratio in Table 4.1). A similar trend is also
observed for the air transferred samples for which it was possible to have a mostly clean
graphene layer only after annealing to 450-500 °C for 30 minutes in UHV.

4.3 STM analysis of transferred gr/Ir(111)

STM performed in-situ on transferred gr/Ir(111) annealed to 1000 °C shows that the
surface is mainly covered by the characteristic moiré pattern formed by CVD grown
graphene on Ir(111) [24,193] (see fig. 4.4 (a)). A fraction (2 % in this STM image) of
the surface is covered by residue appearing as white islands in the image with a mean
apparent height of about 10 A. Multiple domains (marked with white dotted lines) of
the graphene moiré pattern can be seen, as is expected for CVD-grown graphene on
polycrystalline Cu used as source for the UHV transfer. The standard deviation of the
dispersion of the different domain orientations is 8°. The residue mainly agglomerates
at domain boundaries. Statistical analysis of the residue density observed over 30 STM
images acquired on different surface areas and on 7 different samples showed an average
residue coverage of 4 % (fraction of the surface covered by these residues). The chemical
composition of these residues is uncertain; the O and Fe content are below the detection
limit of our AES, which suggests that they are mainly composed of amorphous carbon.

For annealing temperatures below 1000 °C we were unable to observe the moiré structure
formed by gr on Ir(111). This could be due to a change of adsorption strength upon
annealing. The bonding of graphene to Ir(111) is mainly due to van der Waals interaction;
a weak covalent bond is however formed in the hcp and fecec moiré regions where the
distance between C and Ir atoms is reduced [194]. The annealing might structurally
rearrange the transferred graphene and transform the interaction with the substrate
from exclusively van der Waals into a coexistence of van der Waals and covalent bonded
regions in such a way as to enable the formation of the moiré pattern. This hypothesis is
supported by the observed shift in the relative position of C and Ir AES peaks (see last
column of table 4.1).

The lack of moiré could also be due to the fact that the transferred graphene has too small
domains for the moiré to form [14]. A somewhat similar situation reported in the literature
is represented by samples with an incomplete graphene layer made of separated islands,
obtained by exposing the Ir(111) surface to ethylene at room temperature. This type of
method, called temperature programmed growth (TPG) where the precursor molecule is
adsorbed at low temperature and annealed afterwards is very different from CVD, where
the precursor is adsorbed on the surface at high temperature. For these samples obtained
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by TPG, the moiré structure only appeared upon annealing to 730 °C [13].

20 nm 20 nm

Figure 4.4 — STM images of UHV transferred graphene on Ir(111). (a) PTFE assisted
method 1000 Ax 1000 A (V; =+0.3 V, I; =10 nA, T =20 °C). (b) PVA assisted method
1200 Ax 1200 A (Vi=-1.4 'V, I; =300 pA,T = 20 °C). In both cases, after transfer at
20 °C the sample has been annealed to Tyn, = 1000 °C.

For comparison, the STM image acquired on a sample produced with the PVA assisted
method (see fig. 4.4 (b)) shows approximately 20 domains characterized by different
moiré periodicities and orientations. The standard deviation of the dispersion of the
different domain orientations is 21°, in contrast to the 8° standard deviation for the
PTFE-assisted transfer. In addition, large islands with an apparent height of 15 A of
residue are localized at the boundaries of graphene domains and cover roughly 15 % of the
surface. The average size of the graphene domains with the PVA method is 700 nm?. In
contrast, using the PTFE assisted transfer method, the sample is much less contaminated
by carbon and we obtained graphene domains at least twice as large.

These results suggest that the PTFE-supported chemical etching is less damaging than
the PVA-supported delamination process. The timescale of the isolation of the graphene
layer from its growth substrate (a few minutes for PVA deposition and delamination
from Cu and a few hours for PTFE-supported chemical etching) is believed to play a
significant role, allowing graphene to slowly adapt to the carrier layer.

4.4 X-ray absorption spectroscopy analysis

The XANES spectra were acquired at the X-Treme endstation (synchrotron) at room
temperature at the K-edge of C on both in-situ CVD-grown graphene on Ir(111) (on two
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4.4. X-ray absorption spectroscopy analysis

different Ir(111) crystals) and on two (one high and one low quality, due to a bad transfer)
gr/Ir(111) samples prepared using our PTFE-assisted transfer method (see figure 4.5).
Incident x-rays arrive at 60° incidence on the sample surface and are polarized at 0° and
90° (see fig 2.5). The transferred samples were exposed to air on their way from our lab
to the synchrotron. Therefore they were annealed once inserted into the UHV chamber of
the X-Treme endstation to 150 °C prior to measurements. To take into account pollution
of the optical elements of the beam-line, spectra were acquired on a clean Ir(111) sample
and subtracted from the gr/Ir(111) samples prepared by CVD or by transfer.

These spectra were acquired at a different beam-time than the one where the samples
obtained by the PVA-assisted transfer procedure were analyzed (see XAS analysis in
section 3.4.2). During acquisitions, in order to avoid measurement artefacts due to
changes in the x-ray beam, the signal of an Au grid placed upstream with respect to the
sample is acquired simultaneously. Spectra can then be normalized with respect to the
Au grid signal, supposing that the signal is flat around the energies of interest. In the
case where this Au grid is polluted, the normalization may lead to erronous data. During
this beam-time, we were unable to properly clean this Au grid, and therefore instead of
applying the normalization based on the Au grid signal, we plot the difference between
the spectra acquired with the two incident x-ray polarizations (90°- 0°), also known as
XLD. Both the 7 electron orbital absorption peak at 285 eV and the o electron orbital
absorption peak at 292 eV are visible.

0.8
0.6
0.4
0.2

-0.2

XLD [a.u.]

04 —gr/Ir(111) CVD 1
—gr/lr(111) CVD 2
—HQ PTFE-assisted gr/Ir(111)

LQ PTFE-assisted gr/lr(111)

-0.6

-0.8

-1

_12 1 1 1 1 1 1 1 1 |

275 280 285 290 295 300 305 310 315 320
Energy [eV]

Figure 4.5 — XLD spectra of graphene on Ir(111) by both CVD and by PTFE-assisted
transfer (one high-quality (HQ) and one low-quality (LQ). m orbitals peak at 285 eV
and o orbitals peak at 292 eV. The spectra were acquired at 60° incidence at room
temperature and normalized to the m peak intensity.
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The spectra acquired on the two CVD-grown samples differ slightly, either because they
were grown on different crystals, or because of the alignment of the x-ray incident angle
with the surface normal, which is done with a precision of 2-3°. This factor also affects
the transferred samples.

The spectrum of the HQ PTFE-assisted gr/Ir(111) is identical to the CVD grown samples,
within the errors due to Ir crystal and x-ray incident angle alignment pointing out a high
crystalline order and a flat arrangement of the transferred graphene. In contrast, the LQ
PTFE-assisted gr/Ir(111) is characterized by a broader o electron orbital peak and by a
higher overall intensity, suggesting a disordered and rough graphene arrangement. These
results show that our transfer method allows us to transfer a flat graphene and not a
wrinkled layer, thus supporting the hypothesis that the lack of moiré prior to annealing
to 1000 °C is not due to high rugosity, but that the graphene needs to undergo a change
in adsorption type from full physisorption to partial chemisorption.

4.5 Raman analysis

Figure 4.6 shows the comparison between the Raman spectrum acquired on PTFE
transferred gr/Cu(100) and on graphene grown by CVD on amorphous Cu. In addition,
in order to characterize the graphene quality throughout the different steps of the transfer
procedure, figure 4.7 (a) shows the Raman spectra acquired on the first layer of graphene
on PTFE (MLG/PTFE), the graphene bilayer on PTFE after the second etching of
gr/Cu (BLG/PTFE) and the monolayer of graphene on PTFE after transfer of the top
layer onto Cu(100) (MLG/PTFE). For clarity, figures 4.7 (b) and (c) are enlargements of
the superposed G and 2D bands, respectively.

From a qualitative inspection of figure 4.6 we note that the two spectra are almost
identical, although the I(D)/I(G) peak height ratio is slightly lower for the CVD grown
graphene on Cu, indicating a small loss of quality during transfer. Analyzing the spectra
more quantitatively, we first note that the peak at 2330 cm™! is an artefact and the
peak located at 2450 cm™! is believed to be an overtone, a combination between a band
around 1100 cm™! and the D band (1350 cm™!) [140].

The average peak intensity ratios and peak full width at half maximum (FWHM) for
the spectra shown in figures 4.6 and 4.7 are given in Table 4.2. The peaks have been
fitted by Lorentzian or Gaussian functions (best fit chosen) after background removal and
normalization to the area under 2000-2200 cm™!. Each value is given with a confidence
interval evaluated as the standard deviation of the dispersion of the values measured
in different spots. Depending on the substrates, the difference between monolayer and
bilayer is small. This is independent of the quality of the measurement, and depends
on the studied system, where small local variations are of the same order of magnitude
than the differences between MLG and BLG, hence we rely on the mean values for our
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Figure 4.6 — Raman spectra of CVD grown graphene on Cu and PTFE-assisted transferred
graphene on Cu(100). 488nm laser wavelength, 2400 1/mm grating, averaged over 5
sample regions.

analysis.

The FWHM of the 2D band increases from 42 cm™! for PTFE/MLG to 49 cm™! for
PTFE/BLG and decreases to 44 cm™! for PTFE/MLG after the top layer has been
transferred. The I(G)/I(2D) ratio follows the same trend, increasing from 0.72 for
PTFE/MLG to 0.79 in PTFE/BLG, and decreasing to 0.71 for PTFE/MLG post-
transfer. These numbers clearly demonstrate that we have MLG/PTFE after the first
step, BLG/PTFE after the second step and the entire top layer of the bilayer graphene
attached to the PTFE stamp is transferred to the target surface during the transfer
procedure. Indeed, an increase in both the FWHM of the 2D band and the I(G)/I(2D)
ratio has been attributed to an increase in graphene layers [133,134]. The G band
FWHM follows the same trend, increasing from 37 cm™! (for MLG/PTFE) to 44 cm™!
(for BLG/PTFE) and reducing back to 27 ecm™! (for MLG/PTFE post-transfer).

To characterize the graphene structural quality, the I(D)/I(G) ratio of graphene on
Cu(100) post-transfer was compared to the CVD grown graphene on amorphous Cu.
The average value of this ratio increases from 0.12 to 0.15, a 20 % increase, suggesting
a small average loss in quality during transfer. However, the similar spatial variation
implies that we do not stress the graphene layer inhomogeneously during transfer, thanks
to the flexibility of the PTFE support layer and the PDMS stamp. The I(G)/I(2D)
ratio is identical for both the CVD grown and transferred sample, suggesting that a full
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Figure 4.7 — Raman characterization of graphene on the PTFE carrier. (a) MLG/PTFE
pre-transfer, BLG/PTFE pre-transfer and MLG/PTFE post-transfer of the top graphene
layer in UHV. (b) and (c), enlargements and superpositions of respectively G and 2D
bands for all three spectra. 488nm laser wavelength, 2400 1/mm grating, averaged over 8
sample regions.

monolayer is transferred (within the measured areas).

We note that it is difficult to quantify the structural degradation that graphene can suffer
due to attachment to the stamp. As can be seen in figure 4.7, the Raman spectrum of
PTFE has a large band at around 1380 cm™! making it impossible to distinguish the D
band of graphene from the tail of this peak. One could try to subtract a PTFE reference
spectrum to dig out the D band, but this would not be straightforward. The I(D)/I(G)
ratio can therefore not be used easily as an indicator of graphene quality for this specific
case. However, optimizing graphene quality pre-transfer should improve post-transfer
quality.

From our experiments, we also conclude that it is mandatory to have the second layer
of graphene on top of the first MLG/PTFE. Indeed, if the stacking procedure was not
repeated (fig. 4.1 (¢)), and we tried transferring graphene from MLG/PTFE to a target
by pressing, no graphene was transferred because the adhesion to the PTFE was stronger
than the adhesion to the target.

4.6 Damaged graphene on Ir(111)

As has been discussed in section 2.6.2, the growth of graphene on an Ir(111) crystal yields
a continuous quasi-defect-free graphene layer characterized by a moiré pattern due to
lattice mismatch (see fig. 2.16). However, both our growth (on polycrystalline Cu) and
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Table 4.2 — Raman characterization of graphene during the different steps of our UHV
transfer method. The FWHM is given in cm™!. The values are the averages on multiple
measurement spots and are given with a confidence interval evaluated as the standard
deviation of the dispersion of the values measured in different spots.The I(D)/I(G) ratio
cannot be calculated for graphene on PTFE due to the large PTFE band at around
1380 cm™!. The observed difference in 1(G)/1(2D) ratios for the same number of graphene
layers on Cu and PTFE is due to the variation of this ratio depending on the underlying
substrate [134-136].

Sample 9D FWHM | G FWHM | 1(G)/I(2D) | I(D)/I(G)
CVD grown gr/Cu (step a) 37+2 18+1 0.28 +0.03 0.12+0.04
PTFE/MLG (step b) 2+2 372 0.72£0.06 | -
PTFE/BLG (step c) 4911 4411 0.79£0.05 |-
PTFE/MLG post transfer (f) | 44+3 27+2 0.71+£0.06 | -
gr/Cu(100) (step f) 31+2 21+4 030£0.04 | 0.15+0.03

our transfer methods may introduce defects in graphene. To characterize the influence of
defects on the moiré pattern of graphene, CVD grown gr/Ir(111) was bombarded with
ions to induce defects and subsequently imaged by STM.

Figure 4.8 — 1000 A x 1000 A STM image of gr/Ir(111) damaged by ion bombardment
(Vi=-0.6 V, [ =100 nA, T = 300 K)

Graphene was first grown by CVD on Ir(111) as described in section 2.6.2. Following
growth, the graphene surface was sputtered with Ar* ions at 250 eV at T = 300 °C
for 240 seconds. The current on the sample was 1 uA. It has been shown that at this
energy, the penetration depth of Ar atoms in C is 1-1.5 nm [195] and therefore, both
the graphene layer and the underlying iridium are sputtered. To calculate how many
atoms were kicked out on average during sputtering from each graphene site, we consider
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the sputter yields in normal incidence for Ar* ions at 250 €V on both C (0.06) and Ir
(0.5) [196]. In our experimental setup, with a 55 ° incidence, this sputtering yield is
increased by a factor 2.5 [197]. For bulk Ir, we estimated that 3.75 atoms would be
kicked out, whereas for bulk C, this value would be close to 0.45. We considered that the
number of atoms kicked out on average for gr/Ir(111) during 240 seconds was in between
these two values. As shown in figure 4.8, after sputtering the moiré pattern is no longer
visible and instead gives place to a rough grainy structure that covers the Ir(111) surface.

In figures 4.9 (a) and (b), the bombarded sample was annealed in vacuum to respectively
700 °C and 1100 °C. After annealing to 700 °C, the moiré structure is still not visible and
the grainy structure can still be observed on the image, although it seems to be better
ordered than before annealing. Indeed, one can see that the grains orient parallel to the
Ir(111) step that can be seen on the upper left corner of the image. In contrast, after
annealing to 1100 °C, the moiré structure is clearly visible again. This suggests that at a
temperature between 700 °C and 1100 °C, a transition occurs where the graphene layer
repairs and the moiré appears. The dark hole visible on the right part of the image is
explained by the fact that the sputtering removed part of the C atoms, making their
number insufficient to cover the whole Ir(111) surface after the annealing. The 10 A high
white areas that are visible on the upper left of the image are attributed to residue from
the sputtering. These may be either Ir atoms or a C-Ir alloy.

Figure 4.9 - STM images of damaged gr/Ir(111). (a) 1000 Ax 1000 A, annealed to 700 °C
(Vi=-06V, =1 nA, T = 300 K) and (b) 850 A x 850 A, annealed to 1100 °C (V;
=0.1V,I, =75nA, T = 300 K).

A new CVD grown gr/Ir(111) sample was prepared and damaged with the same procedure
as described above. Figures 4.10 (a) and (b), show the gr/Ir(111) surface after annealing
in ethylene at 3-1077 mbar for respectively 5 minutes at 850 °C and 4 minutes at 1100 °C.
The effect of annealing temperature coincides with what was observed without exposure to
C,H4. The temperature at which the transition between a seemingly disordered structure
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Figure 4.10 — 1500 A x 1500 A STM images of gr/Ir(111) (a) annealed to 850 °C in
3-1077 mbar CoHy for 5 min, (V;=-0.8 V, I; =370 pA, T = 300 K) and (b) annealed to
1100 °C in 3-1077 mbar CyHy for 4 min, (V, =-0.8 V, I; = 3 nA , T = 300 K)

to the appearance of the moiré occurs is between 850 °C and 1100 °C. However, annealing
in ethylene allows for a full moiré to form on the surface, without holes as could be seen
in figure 4.9 (b). The exposed Ir(111) enables C to deposit on the surface and repairs the
holes generated by the sputtering. Residue on the surface is, however, still observed and
may be again attributed to C and Ir alloy or to Iridium atoms adsorbed on the surface. In
contrast to the STM results obtained in both our PVA assisted transfer method (section
3.6) and the PTFE-assisted transfer method (section 3.6), the orientation of the moiré
is uniform on the surface. This again suggests that in our transferred samples, where
multiple graphene domains (due to the polycrystalline Cu growth substrate) are visible,
the annealing step does not repair the graphene to form continuous domains, but as
mentioned previously, induces a change in adsorption from full physisorption to partial
chemisorption.
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4.7 BLG/Ir(111) by PTFE-assisted transfer

When two graphene layers are stacked on top of eachother with a small twist angle 6,
the moiré pattern that arises between the two graphene lattices gives rise to remarkable
electrical and optical properties strongly correlated to the twist angle. Such properties
include flat bands [35], van Hove singularities [198] and superconductivity [40]. To reach
these twist angles, graphene transfer is indispensable. In this section we demonstrate
the versatility of our transfer method by transferring a single layer of graphene onto
gr/Ir(111) grown by CVD (see section 2.6.2).

The Auger spectrum of the CVD-grown graphene is shown in figure 4.11. This spectrum
is characterized by Ic/I;; = 2.3. Following this CVD growth, we used our transfer method
to transfer graphene onto gr/Ir(111) to obtain BLG/Ir(111). The Auger spectrum of
the BLG/Ir(111) is also shown in figure 4.11. This sample is characterized by Ic/Iiy =
5, which is 2.2 times larger than the gr/Ir(111) sample. As was shown in section 2.3,
a bilayer of graphene on Ir(111) should be characterized by a ratio 3 times as large as
the monolayer. Supposing a linear relation between estimated coverage and ratio, we
transferred around 60 % of a graphene monolayer.

8_
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Figure 4.11 — AES spectra of CVD graphene on Ir(111) in blue and BLG/Ir(111) after
PTFE-assisted transfer of graphene onto gr/Ir(111) in red. The intensity is normalized
to the Ir peak height (at 54 eV). Primary electron energy 3 kV, 0.3 eV step in analyzer
energy.

Figure 4.12 shows two STM images of the BLG/Ir(111) sample. The sample was annealed
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to 300 °C before imaging to desorb air contamination from the surface that could be
introduced by the BLG/PTFE stamp.

In figure 4.12 (a), the gr/Ir(111) moiré, with a periodicity of 25.2 A, can be seen covering
most of the surface. In the middle, a larger periodicity moiré, showing contrast inversion,
and characterized by a periodicity of 47.6 A is attributed to tBLG. The height difference
is 6 A, which is attributed to a contribution of the electronic structure. In figure 4.12
(b), the gr/Ir(111) moiré can be seen on the lower right corner, while the majority of the
image is covered with a moiré with a periodicity of 68 A, again, attributed to tBLG. The
height difference is 4 A and contrast inversion is observed between the two regions. These
results are similar to what has been obtained by intercalation of C atoms (at a sample
temperature of T =900-950 °C), under a CVD grown graphene layer on Ir(111) to form
BLG/Ir(111) [113], but differ in the fact that we do not need to anneal the sample to
900 °C to deposit the graphene layer.

By growing the source graphene on single crystals, the domain size would be much larger
and therefore the defect density would be much lower and would enable large areas of
twisted bilayer graphene to be obtained with higher control on twist angles.

(b)

Figure 4.12 -~ STM images of BLG/Ir(111) on two macroscopically different areas (a)
880 Ax 670 A (V;=+1.9 V, I, =1 nA, T = 300 K). (b) 750 Ax 430 A (V;=+0.7 V,
I;=1nA, T = 300 K). The BLG/Ir(111) sample has been annealed to Tann = 300 °C.
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5y Conclusion and outlook

To the best of our knowledge, this transfer procedure is the first demonstration of a fully
UHV-compatible graphene transfer. This enables device fabrication, usually hampered by
impurities, to be carried out in UHV, thus enabling fully reproducible and clean results.
Further, surface science can be extended to the third dimension, by capping layers and
continuing growth etc. under clean conditions. For future studies or improvements, one
should investigate if the annealing step needed to get the moiré pattern on Ir(111) is
characteristic to Ir(111) as a target or if in general annealing is needed in order to heal
graphene or to increase domain sizes. In that case, one might consider growing higher
quality graphene on single-crystal Cu in order to start with larger graphene domain sizes.

Further, starting with very high quality graphene would improve control on the orientation
of the graphene domain and enable the stacking with a controlled angle of graphene layers
for studies in twistronics. This could be combined with improvements to the transfer
mechanism, by for instance designing a vertical press, with controlled alignment and
pressing force.

Cleanliness of the transfer can be further improved by optimizing the etching procedure
or by using alternative graphene isolation procedures with reduced residue such as
electrochemical bubbling, especially when using precious single crystals that could be
reused for new growths.
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